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PREFACE 

This 5'" Benelux Congress of Zoology, held at the University of Ghent on the 6'" and 7'" 
of November 1998, was an excellent congress! The 208 participants, 4 invited speakers, 
55 oral contributions and 84 poster presentations, ail of excellent quality, prove that 
"Zoology" is alive and well in the Benelux. Three student presentations were outstanding. 
Roy Erkens (University of Utrecht) was awarded the prize for the best student oral presen
tation and Adina Sannen (University of Antwerp) the prize for the best student poster pre
sentation (both awarded by the Royal Belgian Zoological Society). Mathieu Denoël 
(University of Liege) was awarded the prize from the Royal Dutch Zoological Society for 
the best poster presented by a Ph.D. student. 

The organisation was perfect, and on behalf of ail those present, I congratulate and sin
cerely thank Dr. Ann Huysseune and the whole Ghent crew who made this possible. The 
organisation and , indeed, the material presented certainly give our younger students a taste 
of what major international congresses are about. 

These proceedings of the 5111 BCZ retlect the high quality ofsome of the contributions. 
Thanks to the efforts of the guest editor, Dr. Jan Mees and the associate editor Dr. Nikki 
Watson (who meticulously corrected the English in less than no time), the first manu
scripts were delivered to the printer in January. However, without the considerable efforts 
of the Drukkerij Michiels n.v., it would not have been possible for you to have the pro
ceedings of this congress in your bands less than three months after the congress took 
place. 

Thanks to ail who made this superb event possible. 

ERNEST SCHOCKAERT, 
President 

of the Royal Belgian Zoological Society 
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MOLECULAR EVOLUTION ANQ. THE INCORPORATION 
OF SITE-TO-SITE RATE VARIATION 

IN DISTANCE TREE CONSTRUCTION METHODS 

YV ES VAN DE PEER(') 

Department of Biochemistry, University of Antwerp (UIA), 
Universiteitsplein 1, B-2610 Antwerpen, Belgium, 

e-mail: yvdp@uia.ua.ac.be 

Abstract. The construction of evolutionary trees based on sequence data is not self-evident. 
A part from the plethora of methods and software tools to choose fro m if one wants to in fer phyloge
netic tree topologies, one has also to be cautious about the sequence data themselves. ln this paper, 
we discuss how systematic errors can be introduced by one of the phenomena that often characterize 
sequence data, i.e. differences in substitution rates among the different sites of the molecule . 
Regarding pairwise distance methods, the se systematic errors can often be avoided if an appropriate 
substitution mode! is applied to the construction of phylogenetic trees. This is demonstrated fo r a 
phylogeny based on animal small subunit ribosomal RNA sequences. 

Key words: molecular evolution - phylogenetic trees - substitution models - among-site rate 
variation. 

INTRODUCTJON 

Radical advances in biotechnology and sequencing techniques have led to an explo
sive growth in the accümulation of biolog ical data. Specifica lly, new applications of the 
Polymerase Chain Reaction method and the use of automatic sequencing quickly provide 
us w itb a huge amount of sequence data that can be used to study the evo lutionary bistory 
of organisms, genes, and gene fa mili es . However, para ll el to the deve lopment and 
improvement of rapid sequencing teclrniques, advances in computer technolog ies in pa.r
ticular have been responsible for breakthroughs in our exp loration of molecular evo lution. 
S ince there is an ever-greater need for fas ter hardware and new computa.tional too ls in 
order to cope with the exponential growth of seq uen.ce data, these a.dvances were and are 
extremely important for molecular phylogeny to become esta.b li shed. Add itiona ll y, mo
dern networks and network fac iliti es such as the World Wide Web (WWW) have made li fe 
rnuch eas ier fo r molecular biologists and evo lutionists. Through the WWW, -a wea lth of 
info rmation becomes ava il ab le with a few mouse clicks or keystrokes : sequence data.bases 

(') Present aclclress · Department of Biology, Uni vers ity of Konstanz, D-78457 Kon tanz, German y. 
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can be browsed, servers with biological information can be consulted on-line, data can be 
exchanged rapidly, and software can easily be downloaded and installed. 

Because of these advances in computer hardware and software, one should expect the 
construction of phylogenetic trees - which is highly computer dependent - to have become 
quite easy. This is only partly true. Although fast âîtd user-friendly programs are now avai
lable, the number of different methods for tree topology inference has increased rapidly 
during th_e last few years. As a result, people are often bewildered by the vast range of com
puter algorithms that can be applied to sequence data. Moreover, literature on the construc
tion of phylogenetic trees is extensive and the pros and cons of different methods are 
frequently debated. On the other hand, the powers and pitfalls of the differe~t algorithms and 
methods are becoming more and more understood. Lately, much effort goes into the study 
of specific substitution models that try to exp Iain the evolutionary change of the molecules 
used for tree construction. If the "true" evolutionary process cou Id be described accurately 
by a certain mathematical mode!, trees inferred on the basis ofthat mode! would suffer Jess 
from systematic e1rnrs. One of the recently well-studied phenomena that often cause sys
tematic errors in a tree topology, is site-to-site rate variation in molecules. In this paper, we 
try to show and explain how differences in substitution rates among sites in the small sub
unit ribosomal RNA (SSU rRNA) can influence tree topologies that are inferred on the basis 
of evolutionary distances. For a more general discussion about tree construction methods and 
models of evolution, we refer to some of the ni ce reviews that have been written about phy
logenetic inference (NE!, 1987; FELSENSTEfN, 1988; SWOFFORD et al., 1996). 

PAfRWISE DISTANCE TREES 
AND SlTE-TO-SITE RATE VARIATION 

Distance methods for tree construction first fit a tree to a matrix of pairwise evolu
tionary distances. For every two sequences, the distance is a single value based on th~ frac
tion of positions in which both sequences differ, defined as dissimilarity. This dissimilarity 
is actually an underestimation of the true evo lutionary di stance, because some ef{the indi
vidual sequence differences are the result of multiple events. Since mutations are fixed in 
the genes, there is an increasing chance over time of multiple mutations hav ing occurred 
at the same sequence position. As a result, later mutations can hide prev ious ones . 
Therefore, in distance-based methods, the actua l number of substitutions is usually esti
mated by applying a spec ific evolutionary mode! that makes assumptions about the nature 
of evolutionary changes. When ail the pairwise distances have been computed for a set of 
sequences, a tree topology can then be inferred by a variety of methods, the most we ll- ' 
known of which is probably the neighbor-joining method (SA ITOU & NEl, 1987). 

Correct estimation of the evo lutionary di stance is crucial and several studies have 
shown that the use of an umea li stic substitution mode! can cause serious artifacts in tree 
topologies (OLSEN, 1987 ; VAN DE PEER et al. , 1993; LOCIU-IART et al. , 1994; DE RJJK et al. , 
1995; VAN DE P EER et al. , 1996a, b). However, since we do not have an exact hi storica l 
record of the events that took place in the evolution of sequences, it is not obvious how to 
correctly estimate the evolutionary distance. One of the first models used in the estimation 
of evolutionary distances is the one of Ju1<.ES & CANTOR ( 1969). This mode! starts from the 
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assumptions that ail substitutions are independent, that ail sequence positions are equally 
subject to change, that substitutions occur randomly among the four types of nucleotides -
in other words, there is no bias in the direction of change - , and that no insertions or dele
tions have occurred. Based on these pre-assumptions, the authors derived an equation for 
estimating evolutionary distances from ~bserved dissimilarity (see also Fig. 1): 

d = - ~ln ( 1 - ±1 ) 
AB 4 3 AB 

(Equation 1) 

where f"0 is the dissimilarity (fraction of observed differences) between sequences A and 
8 , and d"8 is the estimated evolutionary distance (fraction of expected di fferences) 
between sequences A and B . 

Severa) other equations were subsequently proposed for the estimation of evolutionary 

distances. For example, KJMU RA ( 1980) provided a method based on a model of evolution 
in which transitions and transversions may occur at different rates. Other equations are 

based on substitution models in which the four different nucleotides are not-used in equal 
proportions (TAJIMA & N EI, 1984), or where a bias in the di rection of change is accounted 
for (TAMVRA & N EI, 1993 ; ZHARKIKH , 1994). 

An important drawback of these models is that they ignore di ffe rences in substitution 
rate among the sites of a molecule. However, it has been known for some time that sub
stitution rates differ among sites is nearly ail genes. For example, Ü LSEN ( 1987) d'emon
strated that application of the JUK ES & CANTOR model to sequences composed of s ites w ith 
unequal rates could lead to arti fac ts in tree topology. He proposed a di ffere nt evolutionary 
mode! that assumed a log-normal di stribution of substitution ra tes over the sequence pos i

tions. JIN & N EI ( 1990) followed a s imilar approach but assumed that substitution rates 
were gamma distributed. On the bas is ofthi s distribution they deri ved several equati ons to 

compute evolutionary di stances fro m observed sequence di ss imilari tie,s, us ing a parame
ter a that describes the extent of the rate variati on. The main pr0'b lem w ith apply ing 
gamma di stances is the estimation of this parameter a , the accuracy of which depends on 
the estimation method, predefin ed tree topology, and on the number of sequences used in 
the estimation (SULLI VAN et al., 1996 ; YANG , 1996). 

Quantitati ve estimation of the substitution rates or vari ab ili ties of nucleotide sites is 
not obv ious. Max imum pars imony estimates can ge beav il y biased whil e maximum li ke
lihood estimates may experience computational difficu lt ies (YANG, 1996) . Recently, we 
deve loped a new method ca ll ed "substi tuti on rate ca libration" for measuring the re lat ive 
substitution rate of indiv idua l s ites in a nucleotide sequence a li gnment on the basis of a 

d istance approach (VAN DE PEER et al., 1993 ; 1996a) . The ma in adva ntage oftbi s approach 

is that nucleotide vari ab ili ly estimates are independent fro m a given tree topology, con

trary to estimates inferred frorn max imum parsimony or maxim um li kelihood methods 

(S ULLI VAN et al., 1996) , and that they can be based on a large number of sequences (V N 
DE P EER et al. , 1996c ; VAN DE PEER & DE WAC l-ITER, 1997a) . The latter po in t is particu
la rl y important s in ce the accuracy of the substi tution rate estimate increases with tbe num-
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ber of sequences taken into account. When the substitution rates of the individual 
nucleotides of the molecule are computed as described previously (YAN DE PEER et al. , 
1993; YAN DE PEER et al., l 996a), an equation can be derived that describes a more rea
listic substitution mode!, and that discriminates more selectively between sequence dis
similarity and evolutionary distance (see also Fig. 1): .. 

[( 4 )-} p l d,18 = p l - 3 f ,w - 1 

(Equation 2) 

This equation is similar to the general formula prbposed by R ZHETSKY & NEI (1994) 
(with parameter p = la) to compute gamma distances. 

4 

APPLICATION OF SUBSTITUTION RATE CALIBRATION 
TO TREE CONSTRUCTION 

When substitution rate calibration is applied to tree construction, sequence dissimila
rity is converted into evolutionary distance, but for a set of nucleotides mutating with 
variable rates, the conversion allows for a slower increase in dissimilarity as a fonction of 
distance than for a randomly mutating set (see Fig. c). This is achieved using equation 2 

Legend to the figure (see opposite page) 

Fig. 1. - A. Hypothetica l distribution of substituti ons in a sequence of 20 nucleotides. It is a~sumed 
that the rate o f substitution per site is the same fo r a il s ites in the sequence. Ln other words, ~ubstitu

tions (represented by gray squares) occur randomly. ln this particular example, 11 substi tuti ns are 
observed although 20 have really occurred. Severa! sites have undergone multiple substit11 tions; e.g. 
site 4 has mutated 3 times. When the di ssimilarity ( 11120) is converted in to evoluti onafy di stance by 
using the equation of Jukes & Cantor ( 1969 ; equation l , see text) a va lue of about 1 is obta ined. Thi s 
means that, on average, every site has been substituted once (20 substitutions in a sequence ·of 20 
nucl eotides) which is indeecl correct. 
B. Hypothetical distribution of substituti ons in a sequence of 20 nucleot ides but bere it is assumed 
that the rate of substituti on in site 20 is 100 times that of site 1 (thus assurning a rat io of 1/ 100). As 
a result, the maj ori ty of substitutions w ill take place nea r the end of the sequence. Consequently, tbe 
number of observed substi tuti ons w ill be small er than in sequences where substitutions occur ran
domly (see a) . ln thi s particular exa mpl e, the number of observed substitutions is on ly 8. If the dis
tance is computed accord ing to JUKES & CANTOR (eq uation 1, see tex t), the evo lu tionary di stance is 
about 0.57. Therefore, tbe evoluti onary distance is seri ously underestimated, since the " true" evolu

tionary di stan ce should be close to l. 
C. Grapb ic representation of the functions clescribing the relationship between evo lu tionary cli{ltance 
(ex pected fractio n of substituti ons) and di ssimil ari ty (observed fraction of substitu tions) wben sub
stitutions are assu.med to occur ranclom ly (upper curve; inverse of quation 1, see tex t), and when 
subst itution rates are ass umed to differ among sites (lower curve, in v<::rse of equation 2, see text). See 
tex t fo r detai ls. 
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with parameter p adapted to the shape of a rate spectrum constructed by grouping align
ment positions ofsimilar variability (see VAN DE PEER et al., 1993; 1996c). Using the lat
ter approach yielded some significant improvemen ts in tree topology for the evolution of 
eukaryotic SSU rRNA sequences of different groups ofprotists (VAN DE PEER et al., l 996a, 
l 996b; VAN DE PEER & DE WACHTER, 1997a). In particular, the rate calibration method 
largely avoids tree distortions due to the presence of sequences with increased evolutio-

A) 20 sites with identical substitution rates 

1 z 3 4 5 6 7 8 9 10 Il IZ 13 14 15 16 17 18 19 ZO 

Substitutions : occurred 

observed 

20 

11 

Distance (JÇ) = 

Dissimilarity = 

... 1 

0.55 

B) 20 sites with different substitution rates (ratio 1 : 1 OO) 

1 Z 3 4 5 6 7 8 9 10 Il 12 13 14 15 16 17 18 19 20 

Substitutions : occurred 20 

observed 8 

C) 1.0 

0.75 

1.0 

Fig. 1 

Distance (JC) = 

Distance (cal}_= 
Dissimilarity = 

Distance d 

0.57 
=1 
0.4 
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nary rates. These Iong-branch distortions are usually caused by the underestimation of 
large distances with respect to smaller ~mes if distances are computed assuming equal 
variability of ail nucleotides in a sequence (see Fig. le). 

100 

0.10 

100 

56 

Turdus migratorius 
Gallus gal/us 

Alligator mississippiensis 

100 l_D()j- Rattus norvegicus 
~---'-'-~ ---i_ Homo sapiens 

73_,- Latimeria chalumnae 
c__ Xe'nopus /aevis 

'--------- Herdmania momus 
---- Aslerias amurensis 

IOO Antedon serra/a 
Sa/macis sphaeroides 
Echinodiscus bisperforatus 

P/acopecten magellanicus 
Chlamys islandica 

Mytilus edulis 
Littorina littorea 
Aplysia sp. 

10
6°0 I Onchidella celtica 

100 1 Limicolaria kambeul 
~ Helix aspersa 

----Artemia sa/ina 
100 Daphnia pu/ex 

Tenebrio molitor 
73{~Eurypelma califomica 

100 Ixodes affinis 
Amblyomma tuberculatum 

~--- Schistosoma japonicum 
'----- Opisthorchis viverrini 

'--------Proteocephalus exiguus 

'--~l~O~O ============-B-ip-a-/z-.u-m_m_lz-·nea~:!esia iberica 

----Plectus acuminalus 

100 '----Ascaris suum 

100 ----Haemonchus p/acei 
'----=1 ~----Rhabditis myriophila 

'--------- Caenorhabditis elegans 

100 ------ Drosophila me/anogaster 
~----<'-____ 1_0-to ~---~-Anopheles psuedopunctipennis 

'-----Aedes albopictus 
----- Hydra lilloralis 

Anthopleura midori 
Anemonia su/cala 

Tetil/a japonica 
Axinella polypoides 

l ···"•'" 
hemlchordates 

J """"'"m' 

molluscs 

l•'\h••p•d• 

] pl•tyh•lmloth" 

J"'motod" 

J arthropods 

J c~ldarlans 
J porlters 

Fig. 2. - Evo lutionary tree of 44 SSU rRNA seqL1ences of an imais retrieved fro m the A.ntwerp 
SSU rRN A database (VAN DE PEER et al. , l 998). Evo lutionary distances were computed 
accord ing to Ju1<.ES & CANTOR ( l 969) whil e the tree topology wa.s tnfe rred by neighbor-joi.n
ing (SA ITOU & NEJ, 1987). The tree was roQted with the pori tèrs. Bootstrap va lues 
(FELSENSTEIN, 1985) above 50 % (out of 500 repl icatiol1s) are indica.ted. The scale on top mea
sures evo lutionary djstance in sub titutions per nuc leotide. Taxon de ignatiOL1S are placed to 
the right of the corresponding clusters. Ail ana lyses were pcrformed with the software pa k
age TREECON for Wil1dows (VAN DE PEER & DE WACHTER, l997b). 
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In the following example, rate calibration was applied to a phylogeny of Metazoa on 
the basis of SSU rRNA. Fig. 2. shows an evolutionary tree of 44 SSU rRNA sequences 
derived from different animais. The tree was constructed by neighbor-joining (SAITOU & 
NEI, 1987) on the basis of JUKES & CANTOR (1969) distances. Fig. 3 shows an evolutio
nary tree of the same set of sequences but with differences in substitution rates among the 
various sites of the SSU rRNA taken into account. Evolutionary distances were computed 
as described previously (VAN DE PEER et al., 1993 ; 1996a) and a "p" value of 0.44 was 
obtained (see equation 2). Although the same groups of animais can be found in both trees, 
there are some remarkable differences, the most important of which is the position of the 

0.10 
H 

84 Rhabditis myriophila ] 
----'-'10..o..Jo Caenorhabditis e/egans 

Haemonchus placei nematodes 
Ascaris suum 

P/ectus acuminatus 

100 Dugesia iberica J 
Bipalium trilineatum 

98 Proteocepha/us exiguus platyhelmlnthes 
6~ Schistosomajaponicum 
~ Opisthorchis vivemni 

100 Placopecten magellanicus 
Chlamys islandica 

9~ Myti/us edu/is 

~n ,- Littorina littorea molluscs 
1~ · Aplysia sp. 

74 ioof . . Sot" Onch1de/la celt1ca 
1oo_r Limicolaria kambeul 

1 Helix aspersa 
100 Ixodes affinis 

9 Amblyomma tubercu/atum 
Eurypelma ca/ifomica 

62 EArtemia salina 
100 72 Daphnia pu/ex arthropods 

------'-'-'-- Tenebn·o molitor 
74 

100 Drosophila melanogaster 
L---~10~0 Anophe/es psuedopunclipennis 

Aedes a/bopictus 
Sa/macis sphaeroides 
Echinodiscus bisperforatus 
Asterias amurensis 

100 
Anledon serra/a 

----- Herdmania momus 
Lalimeria chalumnae 

100 I Xenopus laevis 

78Z~ Rattus norvegicus 

9~~ • Homo sapiens 

73 f Alligalor mississippiensis 
97j Turdus migrotorius 

1- Gallus gal/us 

95 ~Hydra littorolis 
· 1o~Anthop/e11ra midori 

Anemonia su/cata 
100 ,- Tetil/a japonica 
~ Axinella polypoides 

J echlnoderms 

hemlchordates 

] '"•""'" 

J cnldarlafis 

J porlfers 

Fig. 3. - Evo lutionary tree of the sa me set of animals as in Fig. 2., but based on "substitution 
rate ca libration" . lnterpretation is as in Fig. 2. See text for deta ils. 
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insects Drosophila, Anopheles, and Aedes. As can be seen in the calibrated tree (Fig. 3), 
these three SSU rRNA sequences are characterized by an increased evolutionary rate. As 
a result they form long branches in the tree with respect to most other sequences. 
Nevertheless, when rate calibration is applied, they are clustered as expected: with the 
other arthropods and more specifically with the other insect Tenebrio. Contrarily, in the 
tree based on JUKES & CANTOR distances, Drosophila, Anopheles, and Aedes seem to form 
an independent evolutionary lineage and diverge near the base of the tree, which is often 
characteristic for fast-evolving lineages. 

As can be seen in Figs 2 and 3, the phylogenetic relationships and divergence order 
·between the different animal phyla are hard to resolve on the basis ofSSU rRNA data (see 
also e.g. ADDOUTE & PHILIPPE, 1993; MACKEY et al., 1996 ; PAWLOWSKI et al. 1996 ; 
WINNEPENNINCKX et al., 1996; ABOUHEIF et al. , 1998). This is probably due to a 1nassive 
radiation of new evol utionary lineages within a small time interval during the Cambrium 
(ERWIN, 1991 ; ADOUTTE & PHILIPPE; 1993 ; PHILIPPE et al. , 1994 ; but see WRAY et al., 
1996 for a different opinion). As a result, most internodes between the anima l taxa are very 
short and therefore difficult to reconstruct. Possibly, the addition of more sequences repre
sentative for the different animal taxa can further stabilize the animal tree, as previously 
suggested (TURBEVILLE et al., 1992 ; LECOINTRE et al., 1993). Altematively, the problem of 
short internodes in animal phylogeny can be tackled by combining different genes into one 
long alignment. fn this so-called multigenic approach, even complete (mitochondrial) 
genomes can be compared (CUMMINGS et al., 1995, ÜTTO et al. 1996). Additionally, infor
mation such as the gene order and inferred number of gene rearrangements can then be 
taken into account in the study of evo lutionary relationships (BOORE & BROWN, 1994 ; 
BooRE et al., 1995). For a more general discussion about animal phylogenies taking into 
account site-to-site rate calibration, we refer to WINNEPENN INCKX et al. ( 1998) 

DISCUSSION 

Pairwise di stance methods are often regarded as being inferior to cbaracter-based 
methods such as maximum parsimony because they strongly reduce the phylogenetic 
information of the sequences. However, as shown in this study and elsewhere (VAN DE 
PEE R et al., 1993 ; l 996b, VAN DE P EER & DE WACHTER, l 997a), di stance methods can be 
of great value as long as the distances are estimated accurately. Moreover, it is indeed just 
one of tbe advantages and strengths of methods that are based on an explicit mode! of evo
lution (such as distance and max imum likelihood methods), that appropriate substitution 
models can be developed to correct for multiple mutations. Furthermore, tree inferring 
methods such as neighbor-joining have the added bonus of being very fast, which a llows 
the construction of large trees, including severa l hundreds of sequences (see e.g. YAN DE 
PEER & DE WACHTER, l 997a). 

The use of a more sophisticated (and rea listic) substitu tion mode! uch as the one pre
sented here can thus make a big difference in the inferred tree topo logy (see e.g. Figs 2 
and 3). However, it is not always necessary to use such complicated models for estimating 
evolutionary di stances . As can be seen in Fig. 1 c, the effect of using different models of 
evolution can be quite extensive for large evolutionaty distances, but for small d istat1ces 
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( <0.25), the effect is often only marginal. Moreover, if closely related sequences are being 
analyzed by distance methods, it is even better to use a simpler model such as the one of 
JUKES & CANTOR, because of the lower variance compared to more sophisticated methods 
(SWOFFORD et al., 1996). 
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Abstract. In this paper, we present an overview of the biodiversity ofboth marine snai ls of the 
large genus Conus and their venoms. After a brief survey of Conidae malacology, we focus on the 
high degree of biodiversity of this genus, its specific biogeography as well as its habitat, and the 
relatively strict diet of its members. The venom of Con idae species contains a large number of pep
tides that can internet selectively with key elements of the peripheral and central nervous systems 
of vertebrates and invertebrates. Emphasis is on summarizing our current knowledge of the spe
cific actions of venom components on ionic channels, receptors and other key elements of cellul ar 
communication. The peptides isolated from venoms, called conotoxi ns, form different fami lies 
according to both their primary structure and their specific pharmacological targets. Three. fami lies 
encompassing the µ- , µ0- and ô-conotoxins target voltage-sensitive sodium channels but with dif
ferent modes of act ion or tissue selectivity. Another important class of conotoxins is the w-cono
toxin fami ly wh ich acts on voltage-sensitive ca lcium channels . The a-conotox in family is 
represented by severa l peptides blocking muscular or neuronal nicotinic acetylcho line receptors. 
Finally, a blocker of potassium channels is presented as we ll as two conotoxins acting on the N
Methyl-D-Aspartate receptor. Primary structures and cysteine frameworks of ail these conotoxins 
are shown and compared. At the end of the review, we report the contribution ofmolecular biology 
to identification of new conotoxins having original pharmacological properties . In conclusion, 
conotoxins have received increasing attention from phys iologists , pharmacologists, biochemists 
and physicians because of their selectivity as well as their pharmacological and tberapeutic JiJOten
tial. 

Key words : Con idae; Conus malacology ; Conus venoms ; µ-conoto xins; ô-conotox ins ; w-cono
toxins ; a-conotoxins; K-conotoxins ; conantokins. 
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THE BIODIVERSITY OF CONIDAE 

The Conidae (FLEMfNG, 1822) is a family of prosobranch gastropod molluscs which, 
together with the Turridae and the Terebridae, make up the Conoidea superfamily (genus 
and species names are according to COOMANS et al. ( 1979-1986), RôCKEL et al. ( 1995) and 
RICHARD, (1990)). These animais paralyse their prey with specialized mouth parts that 
inject venom via highly modified radular teeth. 

The more abundant species of Conidae can easily be found on the infra-li ttoral level 
of the inter-tropical zone. Their elegance and the large variety of colours of their shells 
make them very popular among amateurs, while for the researcher they represent experi
mental rnaterial that is now being used ever more frequently. A vast nurnber of sarnples 
have been accumulated and there is a wealth of literature devoted to the Conidae, making 
its members ideal and original models both for the study of evolutionary biogeography and 
for the development ofpharmacological applications based on the knowledge ofhow cone 
venom fonctions. 

A BRlEF SURVEY OF CONIDAE MALACOLOGY 
AND CONCHOLOGY 

In its natural environment, the only v isible part of the cone is very often its inhalent 
siphon, although sometimes the sheath of the proboscis bearing the ocular peduncle, lying 
immediately below the siphon and sticking out from the anterio r end of the animal, can 
a lso be seen (Fig. 1 A). Cones crawl over the substrate using a muscular foot that is largely 
hidden by the shell. The posterior end of the animal bas a small, nail-shaped infolding 
operculum. The colours of the siphon, the proboscis and the foot vary widely between dif
ferent members of the fa mil y, but are extrernely uni form within many species, an exam
ple being the red tones of Conus imperialis. ln some cases, however,-colours are very poor 
indicators of specific rank. 

Like many neogastropods, cones are dioecious, their reproduction involvi ng internai 
fe1tilisation after mating between the two sexes. The fact that the female has a semina l 
receptacle and that sexual partners gather at certain seasons (KOHN & PERRON, 1994 - per
sona! observation) makes it possible, or even likely, that in numerous species the fernale 
is inserninated by several different males . The f(lrnale can lay from a few hundred to seve
ra l million eggs that are contained in egg capsules (KORN, 1994). Capsules are in he sbape 
of a fiat purse, and are placed by the fernale under blocks of coral or rock to protect them. 
The first stage of la.rval development occu.rs ins ide tbese capsules. For species with a 

Legend to the figure (see page 18) 

Fig. 1. - (A). Conus consors, a piscivorous specie collected in Chesterfields Islands and ac ·Limated 
in aquarium. Radula tooth morphology from Conus consors (piscivorous specie ). - (8). onu 
imperialis (vermivorous species). - (C) and Conus t rtile (mol lust:ivorou pecies). - (D). Note 
the presence in (B) of a long harpoon, posteriorly-direct d with o curved tip. - (E). Conus con
sors sting ing a fish by using the« harpooners » strategy. 
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«direct development »,the young larvae look almost like miniature adults when they leave 
the capsules. They can be distinguished by the small protoconch shell with a small num
ber of spirals and with roughly the shape of a conical cap with the top bent forward, as can 
be seen, for example, on Conus magellanicus (POINTIER et al., 1987). Sometimes the lar
vae go through a planktonic stage of develo ment ofvarying length. In Conidae, this stage 
may last from a few days (species probably undergoing lecithotrophic development) to 
weeks or months (species with larvae that feed in the plankton): in the latter case, at the 
top of the adult shell (or teleoconch), a multi-spiral protoconch is present which is larger 
(has more spirals) than that of the species with direct development. Conus catus is an 
example of a cone which bas a planktonic developmental stage, lasting in its case for 
approximately three weeks. Very little is presently known about the growth of cones, in 
contrast to the many families of tropical molluscs (RICHARD, 1982, 1986). Data that until 
now have not been published put the life span ofa few species ofcones living on reefflats 
in French Polynesia at between ten and twenty years. 

lt is essentially only the last whorl of the teleoconch that can be used to observe the 
shell characteristics ; the upper whorls, hidden by the last whorl, form the spire. ln its 
general aspect, the shell ofa cone can be turbinate (e.g. C. monile, C. thomae, C. bayani), 
conical (C. pertusus, C. dalli, C. pretiosus), biconical (C. arcuatus, C. excelsus, C. can
cellatus ), obconical ( C. lenavati, C. hirasei, C. sugimotonis) or even fusifo m ( C. glans, 
C. coccineus, C. nucleus). The spire, which can have various numbers of whorls (such as 
C. kintoki, with a flattened spire, or C. milneedwardsi , with a very high spire) may have a 
convex (C. rolani, C. bu/bus), straight (C. sulcocastaneus, C. dayriti) or concave profile 
(C. armadillo, C. schepmani) . The last whorl may be totally smooth (C. dusaveli, C. 
eburneus) or it may have many ribs (C. proximus, C. raoulensis) ; its texture may also vary 
substantially between members of the same species, as is the case with C. muriculatus and 
C. mucronatus. The shoulder can be either smooth and angular ( C. stria tus, C. thalas
siarchus), rounded (C. omaria, C. zebra) or scalloped (C. imperialis, C. marielae). The 
aperture is either narrow and covers the whole length of the peristome (C. coelinae, C. 
shikamai) or is vase-shaped toward the anterior (C. geographus, C. tinianus) ; on the inside 
it is lined with a columella that is usually smooth but it can also hav7 ,a fold at its base that 
varies in size but is constantly present in a small number of sp~c·iés (C. angasi, C. lozeti, 
C. luciae). ln some species the periostracum is rather thin and transparent, and the under
lying polychromatic patterns can be seen through it (C. textile, C. plinthis) , but in most 
species it is thick and relatively opaque, more or Jess totally hiding the coloration of the 
shell (C. leopardus, C. virgo). During the last few years the siphonal canal (anterior) and 
the anal canal (posterior) have been studied with a view to providing add itional distinctive 
elements for the specific rank. 

A HIGH DEGREE OF BIODrVERSlTY 

The first Conidae (genus Conorbis) appearecl right at the begin ning of the Eocene 
periocl, a lmost 60 million years ago. They evolved fro m an ancestra l group belonging to 
tbe same family as ea rlier Strombicl ae ; the d irect ancestor of the cones was more than 
likely a member of the Turriclae fam ily. During that period , the world 's ocean was un i-



BIODIVERSITY OF CONUS SPP. AND TI-IEIR VENOM COMPON ENTS 21 

formly warm, with surface water temperatures of at least 22°C at low latitudes. However 
it was during the Lutetian period that the family began to expand, with the appearance of 
Conospira, Cryptoconus, Hemiconus, Mamiconus; even the Lithoconus group appeared 
during this period. lt is possible to collect a large number of species dating from this period 
in France, particularly in the Paris basin ( C. calvimontensis, C. diversiformis, C. granati
nus, C. glabratus) and also in Normandy (C. douvillei). A little later, during the Miocene 
period (Helvetian), during which time man y of th~modern groups of cones ·appeared, the 
first fish-eating cones made their appearance with the diversification of the Chelyconus 
group. C: aldrovandi, C. pelagicus and C. ponderosus were among the cones that existed 
at that time. Ln Europe, the diversity of the family seemed to decline somewhat during the 
Pliocene (C. antiquus, C. brocchii and C. striatus are from this period), before expanding 
rapidly again during the Pleistocene. Nevertheless, compared with other families of mol
luscs, very few Conidae fossils have been found , primarily because their favoured habitats 
are seldom fossilized. 

Today, the Conidae family is prospering in its natural environment, particularly in the 
Indo-Pacific province and in the southern Atlantic. The ease with which scientists can now 
travel and obtain material , the improved access to the scientific literature and to standard 
specimens, together with the ability to go prospecting in new areas (an example being the 
trawling of the bathyal zone) are some of the reasons why the last few decades have seen 
such large increase in the descriptions of new taxa (genus, sub-genus and species). Many 
scientists and several extremely competent and enlightened amateurs have attempted , with 
varying degrees of success, to propose an up-to-date cone taxonomy (COOMANS et al., 
1979 to 1986 ; KOHN, 1963 to 1992; w ALLS, 1979; RICHARD, 1990). The work of Alan 
KOHN, professorat the University of Seattle (USA), is undoubtedly among the rnost inter
esting, and the recent book by RôCKEL, KORN & KOHN ( 1995) is an almost exhaustive sur
vey of what is known at the present time about the taxonomy of cones from the 
Indo-Pacific province, down to the specific rank, based on morphological and biometric 
criteria of the shell. Although this book is now an obligatory starting point for ail the taxo
nomists of this family, it is not wholly satisfying, and work is in progress that will attempt 
to improve cone taxonomy and make it congruent with the evolution of the family. 

It has been estimated that there are at least 600 extant species, with at least 700 species 
and sub-species divided into about thirty « groups », which are currently under study to see 
ifthey correspond to monophyletic taxa. lt is already well established that a large number of 
these taxa correspond at most to sub-genus rank. The table below indicates the « worl<.ing 
groups » that RICHARD ( 1990) defined, and shows a few examples of present-day species that 
belong in each group ; most of the groups are either species groups or sub-genera. 

AFRJCONUS GROUP: C. borgesi, C. cuneolus, C. grahami, C. irregularis. 

ASPRELLA GROUP : C. aculeiformis, C. comatosa, C. elegans, C. insculptus. 

CHELYCONUS GROUP : C. achatinus, C. aemulus, C. catus, C. ermineus. 

COCHLJCONUS G ROUP: C. centurio, C. emmginatus, C. gradatus, C. poo1>mani. 

CONASPRELLA GROUP : C. acutangulus, C. baileyi, C. memiae, C. nereis. 

CON US GROUP: C. araneosus, C. bandanus, C. marmoreus, C. nocturnus. 

CYLJNDER GROU P : C. abbas, C. gloriamaris, C. telatus, C. textile. 
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CYLINDRELLA GROUP: C. marielae, C. moluccensis, C. sibogae, C. sulcocastaneus. 

DARJOCONUS GROUP: C. crocatus, C. magnificus, C. omaria, C. pennaceus. 

DAUCICONUS GROUP: C.ferrugineus, C. planorbis, C. striatellus, C. swainsonii. 

,' DENDROCONUS GROUP: C. betulinus, C. jigulinus, C. genuanus, C. glaucus . ... 
EMBRIKENA GROUP: C. pergrandis, C. potusmarumai, C. stupa, C. stupella. 

ENDEMOCONUS GROUP : C. boucheti, C. dayriti, C. otohimeae, C. spirofilis. 

, FLORACONUS GROUP: C. anemone, C. peronianus, C. spectrum, C. tinianus. 

GASTRIDJUM GROUP: C. cuvieri, C. eldredi, C. geographus, C. tulipa. 

HERMES GROUP: C. artoptus, C. nussatella, C. viola, C. violaceus. 

LA UTOCONUS GROUP: C. californicus, C. taslei, C. unifasciatus, C. ventricosus. 

LEPORICONUS GROUP: C. cylindraceus, C. mitratus, C. nucleus, C. tenuistriatus. 

LEPTOCONUS GROUP: C. amadis, C. ammiralis, C. locumtenens, C. splendidulus. 

LITHOCONUS GROUP : C. eburneus, C. leopardus, C. litteratus, C. tessulatus. 

PHASMOCONUS GROUP: C. Janus, C. neptunus, C. ochroleucus, C. pretiosus. 

PIOCONUS GROUP: C. consors, C.fischoederi, C. magus, C. richeri. 

PROFUNDICONUS GROUP: C. lani, C. profimdorum, C. scopulir:;Q la, C. smirna. 

PUNCTJCULJS GROUP: C. arenatus, C. pulicarius, C. vautieri, C. zeylanicus. 

REGICONUS GROUP: C. aulicus, C. auratinus, C. aureus, C. auricomus. 

RHJZOCONUS GROUP: C. capitaneus, C. miles, C. mustelinus, C. namocanus. 

RHOMBUS GROUP: C. imperialis, C. zonatus. 

STEPHANOCONUS GROUP: C. archon, C. cedonulli, C. mappa, C. regius. 

STRJOCONUS GROUP: C. barthelemyi, C. gauguini, C. gubernato1~ C. striatus. 

TEXTILIA GROUP: C. bullatus, C. cervus, C. dusaveli, C. vicveei. 

TURRJCONUS GROUP: C. exelsus, C. gemmulatus, C. sowerbii, C. subaequalis. 

VARIOCONUS GROUP: C. cepasi, C.jitscolineatus, C. naranjus, C. nobrei. 

VJRGJCONUS GROUP: C. berdulinus, C. coelinae, C. Jântoki, C. martensi. 

VIRROCONUS GROUP: C. chaldaeus, C. coronatus, C. ebraeus, C. miliaris. 

XIMENJCONUS GROUP: C. paraguana, C. perplexus, C. tornatus, C. ximenes. 

A RELATfVELY STRICT DIET 

The Conidae are relatively strict carni vores . Based on the study of KOHN (1959), they 
can be put into three categories: vermivorous (C. coronatus, C. imperialis, C. lividus, 
C. striatellus, ... ), which feed principally on annelids and polychaetes: Eunicidae, 
Terebellidae, Sabellidae; piscivorous (C. calus, C. ermineus, C. geographus, C. con
sors, ... ) which feed on fish ; and molluscivorou (C. textile, C. dalli, C. retijèr, C. aurati
nus), which feed on molluscs such as Strombidae, Cymatiidae and other Conidae 
(RICHARD persona! observations) . L 1M (1969) estimated that 65% of cones were worm
eaters, l 8% were fish-eaters and 16% moll usc-eaters (figures rounded ofi) . More recent 
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studies have tended to confirm these findings. At least two types of identification keys 
have been proposed, one of which is based on diet. The first relies on the morphology of 
the radular teeth, which have now been described in numerous species (ROLAN & 
RAYBAUDI MASSILIA, 1994) and which seem to be highly adapted to predator preference 
(ENDEAN & RUDKIN, 1965) and to the strategy used by Conus to envenomate their prey (LE 

GALL et al, 1999). The second is based on the presence or absence of a few specific shell 
characteristics (LIM, 1969). Nevertheless, there are a few exceptions that do not fulfil these 
conditions and certain observations show that the existence of a fourth category, including 
omnivorous cones with a more varied diet (C. californicus, C. pictus, ... ), should be con
sidered. Finally, several species are known to frequently stray from their diet, C. regius 
(considered to be vermivorous) being a well-known example. 

Cones first paralyse their prey by firing a harpoon-like radular tooth (Fig. lB-D), a 
veritable poisoned dart through which the venom is injected. The tooth is fired by the pro
trusible proboscis, which is then used to ingest the prey. These darts have their origin in 
the transformation of the radular ribbon which, during the course of evolution, may have 
lost its lateral and median teeth white the outside teeth grew longer, became hooked and 
jagged. They are well separated and stored, ready for use, in a radular sac at the back of 
the pharynx. 

ln fact, the venomous device of the Conidae consists of four organs (Fig. 2) : the 
venom gland, the venom duct, the radular sac and the pharynx-proôoscjs complex. 

Fig. 2. - Venom apparatus ofConidae. lt comprises the proboscis 
(p), the pharynx (ph), the radula sac (rs), the venom gland (vg) 
and the venom duct (vd). The ro le of these various components 
is deta iled in the text. 

The venom gland, otherwise known as the g land of Le ibl in, is the largest 01 gan of the 
venomous apparatus. H isto logica l observations have confirmed the mechanica l funct ion 
of thi s g land , which was once considered to be respons ible for secreting the pois0n. A 
transverse section shows tbat the interna i structure has three layers : two lc=iyers of po ly
gonal ce ll s between which li es a fi brous ring about one hu ndred ·mjcrons thick that acts as 
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a kind of skeleton, reinforcing the cobesion of the outer layer. The crescent shape gland is 
whitish, lies at right angles to the axis of the cone's body, slightly to the left sicle, and with 
the concave sicle facing forward. 

The venom duct is the main organ of the venomous apparatus. lt is a long yellowish 
tube, 4 to 6 cm long and a few hundred micrometers in diameter, wound into a ball. lt 
emerges from the back of the pharynx, on the right si de, just behind the muscular ring that 
forms the base of the rostrum (this description corresponds most closely to C. lividus ). A 
section through this duct shows a large luminous area filled with an abundance of venom 
in the form of strings of coloured granules, surrounded by a thin epithelium of cuboidal 
secretory cells lying on a fibrous base. The wall of the tube comprises an intermediary 
layer of smooth ring muscles and an outer layer of longitudinal muscles. lt is, as HERMITTE 
pointed out as far back as 1946, not just a simple duct for the transport of venom to the 
envenomation apparatus but the organ where the venom is made. 

The radular sac consists of a short arm whose front end emerges on the right side of 
the pharynx, and a long, curved arm that starts at the middle of the short arm and contin
ues toward the right front edge of the interior cavity. 

The odontoblasts at the bottom of the radular sac are responsible for synthesizing 
the teeth. The teeth are initially chitinous and flexible but then become hard during 
their migration from the long to the short arm (MARSCH, 1977). En ~to the short 
arm, the radular teeth are organised into two parallel and longitudina l rows , with their 
sharp ends pointing toward the bottom of the sac. Once inside the short arm , the 
mature and rigid teeth now face towards the opening into the pharynx. They are he ld 
there by a fle xible and transparent ligament comprising a cylindrical stack of acellu
lar strips attac hed to the base of the tooth. The teeth , ready for use, are in fact thin cal
cified sheets, from a few tens of micrometers to one or two centimeters long, rolled 
up to form cylinders and flared at the edges. This configuration allows them to accu
mulate venom. 

The morphology of the radular teeth can vary enormously between species and is 
strictly related to diet (ENDEAN & RuDKJN, l 965), indicating a high degree of functional 
adaptation. The teeth of the vermivorous spec ies are generally smaller and simpler 
(straighter, with fewer, simpler barbels) (Fig. 1 C). Some piscivorous Conus tether their 
prey before engulfing them, and are named « harpooners » (F ig. l E). In contrast to the ver
mivorous and molluscivorous species, these pisc ivorous species have the most complex 
radular tooth morphology, wbich in ail likelihood they require to perforate the fish tegu
ment (see Fig. l B). 

The proboscis-pharynx complex is at the front end of the Conidae venomous appara
tus. The end of the short arm of the radular sac emerges on the right side of the pharyux. 
It then continues toward the front as a pre-pharynx, surrounded by a long protrusible pro
boscis. The latter is itse lf contained within a rostrum, which is a kind of sheath bea.ring 
among other things the ocular peduncles. 

lt wou ld appear that, during an attack, the animal invaginates the end of its proboscis 
down as far as the front open ing of the short arm of the radu lai· sac to load a tooth. The 
tooth is then ejected in the direction of the prey by a rapid devagination of the proboscis. 
Histological sections of the proboscis show that the wall is covered with a thick layer of 
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muscle-type cells, which are ail sheathed in a thick tegument of transversally striated 
fibres. This structure gives the organ its phenomenal capacity for extension and confrac-
tion. "' 

The toxicity of cones has been known for a very long time. As early as 1705 , 
RUMPHIUS reported the death of a native woman on the island of Banda (the Molucca 
islands) after she was stung by a Conus textile. Sir Edward Bel cher was himself the 
victim of a Conus aulicus while collecting specimens·of marine molluscs du ring the 
famous scientific expedition on the H.M.S. Samarang; luckily, the sting was not 
fatal. The first accidents in eastern Polynesia reported in the literature were due to 
Conus tulipa , a species thàt is abundant on certain atolls of the Tuamotu 
Archipelago. 

Although ail cones are capable of stinging the imprudent collector working on sunken 
reefs, the sting of most species only results in slight pain (C. eburneus, C. virgo, and the 
vermivorous species in general). Cones that provoke the most serious consequences are C. 
geographus, C. omaria, C. striatus, C. tulipa, C. textile and C. magus, :. e. mainly fish-eat
ing, followed by mollusc-eating cones. 

BIOGEOGRAPHY 

The geographic range of a species depends on its capacity to adapt to imposed exter
nal factors , and especially on its means of dissemination. A majority of Conidae spec ies 
have a high rate of reproduction but are rather stenotopic in relation to ecologica l factors 
and have a relatively short larval life, although some species do have planktonic periods 
lasting about a month (C. coronatus, for example). As a result, none of the Conidae spec ies 
is cosmopolitan or even circumtropical. Pan-provincial species do, however, ex ist and 
poorly distributed spec ies can be found in ail of the great q.ceanic subdivi sions of the 
globe, although the situat ion varies accord ing to the biogeogl"aphical province. In the lndo
Pacific, the number ofplanktonic spec ies is 4 to 5 tirnes bigher than that of non-planktonic 
species, whereas in the southern Atlantic the ratio is inverted between the two categories 
of larval development (it is doubled in the case of the Caribbean and the ratio is even 
greater in the case of West Africa). 

For the lndo-Pacific, at least 50 of the 330 spec ies (number rounde.d off) occur 
throughout thi s biogeographica l reg ion. These species (including C. catus, C. chaldaeus, 
C. ebraeus, C. lividus) represent a percentage of the spec ific wea l. th in Con idae that 
increases as one leaves the Philippines (25%) in the direction of Madagascar (50%) or 
French Polynes ia (75%). Th is corresponds to an ax is of impoverishment in species, more 
pronounced to the east than to the west, going away from the Philippines . As a result, 
a lmost ai l of the spec ies of Conidae in western Polynes ia are pai1-Indo-Pacific or endemic. 

Generall y speaking, Jess than fifty species of Conidae have a distribution zone which 
covers ail of the bi ogeographical prov ince to wb·icb they belong. More than halfoftbe oth
ers are spec ies that are di stributed over several biogeographical regions, not oecessaril y 
adjoining, of the same province. ln addition, each biogeograpbical reg ion has species of 
Con idae that are present so lely in that region. 
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Furthermore, each region has a collection of various numbers of macroendemic 

species. The distribution of these species can cover the whole region ( C. taenia tus, in the 
north-west of the lndian Ocean and the Red Sea), or just an archipelago (C. julii, in the 
Mascarene Islands). More often than not, however, endemism depends on geographical 
insularity. Some archipelagos have numerous endemic species and/or sub-species, such as 
the Marquesas Islands, which are the islands furthest away from a continent. Some of 
these micro-endemic species are restricted to a group of islands (C. gauguini on the 
Marquesas Islands (RICH ARD & SALVAT, 1973)), to one island (C. magellanicus, in 
Guadeloupe) or even to a single bay (C. nobrei, in Angola). The table below provides a 
few examples of endemic species in several regions of the inter-tropical zone : 

PANAMANLAN REGION: C. archon, C. bartschi, C. purpurascens, C. vittatus 
CARlBBEAN REGION : C. cardinalis, C. cedonulli, C. granulatus, C. jucundus 
BRAZILLAN REGION: C. clerii, C. carioca, C. scopulorum, C. selenae 
SENEGALESE REGION: C. adansonii, C. cloveri, C. mercatOJ; C. taslei 
PERSJAN REGION : C. ardisiaceus, C. melvilli, C. milesi, C. stocki 
CALEDONIAN REGION : C. boucheti, C. lamberti, C. lienardi, C. luciae 
POLYNESIAN REGION: C. encaustus, C. marchionatus, C. marielae, C. vautieri 
SOUTH AFRICAN REGION: C. infrenatus, C. natalis, C. pictus, C. tinianus 

EACH CONE HAS ITS OWN HABITAT 

We are now beginning to have a good ins ight into the lifesty le of the Conidae that li ve 
in shallow water, particularly those that live in the coral reefs of Melanes ia and western 
Polynesia, wbere one of the authors ofthis articl e has been on numerous miss ions. ln these 
areas, cones are to be found on dead cora l substrates, su ch as s lab s ( C. balteatus, 
C. ebraeus, C. miliaris), on madrepora clumps (C. circumcisus, C. magnificus, C. omaria) , 
on rough detrita l acc umulations (C. coffeae, C. jlavidus, C. imperialis) or in sandy bas ins 
( C. arenatus, C. bulla tus, C. tessulatus). Certain spec ies bave very spec ific hab ita ts, su ch 
as C. legatus, w hich li es buried in the sand w ith Halimeda , on the outer s lopes of the 
Society Is lands, or C. miles, which li ves nestled in the grass s ituated behind the alga l crest, 
on the outer reefs of the Tuamotu ato ll s. 

In other reg ions of the reef environment, ast stretches of the sea bed secl iment have 

been co loni sed by diffe rent species : C. ammiralis, C. aulicu " C. generali , in the thick 
mass of grass, C. ammiralis seems to have been replaced by C. pseudor,;edonulli (obser

vati ons made in the Ami rante Is lands, w hich form part of the Seychelles is lands). 

The rocky coasts also have the ir own species of Con idae, whicb take up residence 

under blocks of rock (C. ardisiaceus, C. monachus), in mud (C. artopus, C. viola) or 
among algae (C. klemae, C. orion). Sorne members of the famil y have even settled iJ1 man
groves (C. trigonus) . 

The above examples correspond to s ituations very fr qucntly obscrved during fie ld 
m iss ions, but they are not exhaustive. Every cone has at so me time been observcd outs ide 
of its zone of pred ilection. Genera lly speaking, the majority of spec ies (at lea t 60%) are 
considered to be part of the epi faun a. Tn French Polynesia , for ex ample, abou t twenty 
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species of cone from a total of seventy, i.e. less than half, are part of the endofauna. 
However, for paleogeographical reasons, this region is particularly poor in endofauna in 
the lagoons of its atolls. 

Each zone of the reef also has its dominant, characteristic and exclusive species. ln 
French Polynesia, C. coronatus and C. quercinus can be more easily found on the fringing 
reef, whereas C. pulicarius and C. ratus are more abundant on the barrier reef. To find 
C. calus and C. retifer, it is best to look on the outer reefs of atolls where the conglomer
ates lie on slabs. C. moreleti can be found in the depressions under rocky outcrops on the 
outer slopes. On the outer slopes, below low tide mark, numerous discoveries are still to 
be made. lt is from this poorly accessible zone that the few rare samples of C. adamsonii, 
C. aurisiacus ând C. luteus corne. 

The ocean islands of the central Pacifie are surrounded by steep slopes. However 
Australia, for example, has a continental shelfwith numerous species of endemic Conidae, 
including C. rufimaculosus, C. sculetti and C. wallangra. 

Even further down, light is now being shed on the Conidae fauna of the bathyal level , 
particularly around New Caledonia (C. boucheti, C. estivali, C. kanakinus, C. luciae), in 
the south-west of the lndian Ocean (C. patens, C. gradatulus, C. caillaudi) and along the 
coast of Brazil (C. capricorni, C. candidus, C. selenae) . The samples trawled in the New 
Caledonia region are so abundant that they have enabled a bionomic diagram to be pro
posed for a bathymetric gradient that goes from a depth of 1 OO to 700 m. (RôCKE L et al. , 
l 995). Of the 17 species of cones trawled below 450 m. , eight were captured a live: C. a lis: 
(460 m. , max. depth), C. boucheti (500 m.), C. ichinoseana (490 m.), C. loyaltiensis (480 
m.) , C. luciae (485 m.), C. pergrandis (509 m.), C. profundorum (500 m.) and C. tera
machii (675 m.) . At these depths, none of the species found so far are cosmopolitan. 
1-Iowever C. orbigny i has been trawled in the Mozambique channel and near Madagascar 
(C. orbignyi elokismenos), off lndonesia and the Philippines (C. orbignyi orbignyi), and 
off New Caledonia (C. orbigny i coriolisi) and it form s, together w ith C. emersoni 
(A merican Pac ifie) , C. macginty i and C. mazei (southern AtlaDtic), a group of ciJ·cum
tropical species. 

CONlDAE VENO MS 

The venoms of cone sna il s contain short peptides ca ll ed conotoxins. Each coi1e pro
duces a mi xture of conotoxins that have multiple biological acti vity (OLIVER.A, 1997 ; LE 
GALL, l 999). In genera l these peptides have a highl y conserved structure that w ill be 
rev iewed according to the molecul ar targets invo lved in the ir spec ific actions. 

Conotoxins acting on sodiu m channels: theµ-, µ0- and o-conotoxins 

Sodium channels are transmembrane prote iDs that p lay a fondamenta l role in mem
brane excitabili ty. At least s ix different tox in receptor binding sites have been identified 
on the sodium channe l-protein (rev iewed by CATERALL, 1986; GOR.DON, 1997) . From a 
general standpo in t two fam ilies of conotoxins bave been reported to interact w ith voltage
dependent sodium channe ls: the ~L-conotox ins , w hich block the channels by binding t0 
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their receptor-site 1, and the ô-conotoxins, which mainly modify channel inactivation by 
binding to their receptor-site 6. 

The 1-1-conotoxins from the venom of piscivorous Con us 

The ~t-conotoxins, first purified from the venom of C. geographus, µ-Gill.A , µ-GlfIB 
and µ-GIIIC (CRUZ et al. , 1985) are basic peptides comprising 22 amino-acid residues folded 
by three disulfide bridges and include an amidated C-terminal (Table 1). Electrophysio
logical experiments, performed on sodium channels purified from rat muscle or brain and 
incorporated into lipid bilayers, revealed that µ-GIUA reversibly inhibits muscle sodium 
channels, in a voltage-dependent manner, without affecting neuronal sodium channels (CRUZ 
et al. , 1985). The specificity of action of ~t-conotoxins on muscle sodium channels was fur
ther confirmed by MOCZYDLOVSKY et al. ( 1986), who repo11ed that the toxins have no affin
ity for neuronal sodium channels, but instead inhibit the specific binding of 'H-saxitoxin and 
' H-tetrodotoxin on receptor-site 1 of muscle sodium channels. 

TABLE 1 

Sequences of µ- conotoxins that black voltage-gated sodium channels 

µ-conotoxins 

Piscivorous Co1111s 
C. geographus 
µ-GIIIA 
µ-GIIIB 
µ-GIJIC 

C. purpurascens 
µ-PIIlA 

Sequences* 

RDC CT OOKKCKDRQ C KOQRCC A 
RDCCTOOR KCKDRRCKOMKCCA 
RDCCTOOKKCKDRRCKO L KCC 

Z RL CCG FOK S CR S RQ C KOHRC C 

Framework CC c c cc 

MoUuscivorous Conus 
C. marmoreus 
µO-MrVIA 
µ0-MrVIB 

ACRKKW EYC 1 VPI1 GF L YCC P GL I CG PF VCV A 
AC S KKWEYC 1 VPI L GF VYCC P GLI CGP F VCV A 

Framework C c cc c c 

*See references in text. 

Fol lowing the chemical syntheses of ~t-conotox ins (CRUZ et al. , 1989), these conopep
tides proved to be tools of parti cular interest both for study ing synaptic transmiss ion 
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mechanisms at the vertebrate neuromuscular junction (SOSA & Z ENGEL, 1993), and to 
functionally discriminate between the different types of voltage-dependent sodium chan
nels, i. e. muscle or neuronal (CRUZ et al., 1989). 

Recently, a nove! polypeptide (µ-PJIIA) was isolated from the venom of C. purpuras
cens (SHON et al., l 998a). As reported for µ-conotoxins, ~t-PIIIA comprises 22 amino-acid 
residues folded by three disulfide bridges (see Table 1 ). Although µ-PIIIA was shown to 
block muscle sodium channels by binding to their receptor-site l , its action was not 

reversible. Moreover, in contrast to previ~usly reported µ-conotoxins , µ-PIIIA also 
reversibly inhibited rat brain type II sodium channels expressed in Xenopus oocytes. This 
result raises questions about the specificity of µ-conotoxins , purified from piscivorous 
coné snails, on muscle sodium channels. 

Here again, the conotoxin µ-PIIIA provides a good tool to pharmacologically differ
entiate between different sub-types of voltage-dependent sodium channels : ( 1) the sodium 
channels from skeletal muscle sensitive to µ-PlllA and µ-GlllA , (2) the neuronal sodium 
channels (type II) that are sensitive to ~t-PIIIA and resistant to ~t-GUIA , and (3) the neu
ronal µ -Pl!IA and µ-GIIIA-insensitive sodium channels (see SHON et al. , 1998a). 

The Jl- ami µ0-conotoxins from the venom of 1110/luscivorous Con us 

The recent characterization of two µ-conotoxin s, µ-PnfVA and µ-PnIVB , purified 
from the venom of the molluscivorous cone snail C. pennaceus (see Table 1) · ntroduces 
another specific ity in the blocking action of µ -conotoxins (FAINZILBER et al., î 995a). 
lndeed, these toxins specifically act on mollusc neuronal sodium channe ls w ithout alter
ing mammalian neuronal sodium channels, i. e. those of either bovine ch.romaffin cells or 
rat brain synaptosomes. 

Finally, two conotoxins, the µ0-conotoxins MrVJA and MrVIB, have been purified 
from the venom of the molluscivorous cone C. marmoreus. These toxins differ from 
those described above firstly, because they are composed of 3 1 amino-ac id residues 
(instead of 22, see Table 1 ), and secondly, because they do not bind to the receptor-s ite 1 
of sodium channe ls. In particular, µ0-MrVIA blocks rat brain type II sodium channe ls 
expressed in Xenopus oocytes, but ne ither affects nor modifies the specific binding of 3H
saxitoxin to rat brain rnembranes or to Torpedo electric organ (FAINZILBER et al., 1995 b ; 
Mc lNTOSH et al. , 1995, TERLAU et al. , l 996a) . Therefore, ~tO-MrVlA ip hibi tory action on 
the neuronal sodium chaone l occurs through the binding to a receptor-s ite that is differ
ent from site 1. 

The frconotox ins from the 11enom ofmoll11sci11orous Conus 

The identification of the receptor-s ite 6 of voltage-dependent sodium channels was 
made possible by using a nove l conotox in purified from the venom of C. textile named ô
Tx VIA, (FAINZILBER et al., 1994). This hydrophobie peptide of 27 amino-acid res idues is 

fo lded by three d isulfide bridges (Table 2) (HI LL YARD et al. ' 1989 ; f AINZILBER et al. , 
199 1). Specifi c binding stud ies, invo lving an iod inated deri vative of ô-TxV lA, revea led 
that ô-TxV IA interacts w ith high affinity, and in a voltage- independent mann er, w ith the 
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receptor-site 6 of rat brain sodium channels. lt should be noted that ô-Tx VIA was reported 
to have no toxic activity when injected into mammals (ZLOTKfN et al. , 1996 ; SHICHOR et 
al., 1996). Until now, there has been no clear explanation to account for this discrepancy. 

TABLE 2 

Sequences of ô-conotoxins that inhibit sodium channel inactivation 

0-conotoxins Sequences* 

Piscivorous Co1111s 
C. nigropunctatus 
0-NgVIA SK CFSOGTFCGI K.OGL CCSVR gjFSLFCI S F E 

C. purpurascens 
8-PVIA E ACYAOGTFCGI KOGL CCSEF [gLPGV CFG 

Molluscivorous Co1111s 
C. textile 
ô-TxVlA 
8-TxVIB 

C. gloriamaris 
0-GmVIA 

Framework C 

* See references in text. 

WCKQSG E CNLLDQN CCDGY o r VLV 
W C K Q S G E MC N V L D Q N CC DG Y C 1 V F V 

VKPCRK EGQLCDPI FQNCCRGWNCV LF 

c cc c 

The 0-conotoxins /rom the venom ofpiscivorous Con us 

T 
T 

V" 

c 

In contrast to ô-TxYlA, the two ô-conotox ins, ô-NgVIA and ô-PVlA, purified from the 
venom of C. nigropunctatus and C. pwpurascens respecti vely (see Table 2), were reported 

to have a tax ie activity when injected into mammals (FATNZILBER et ai. , l 995c; SHON et al. , 
1995). In addition, ô-PYJA and ô-NgYIA were shown to suppre s and/or slow odium chan
nel inactivation in rat hippocampal cells and in mollusc neurons respecti vely (TER.LAU et al. , 
1996b ; FATNZILBER et al. , 1995c) . A lthough both ô-PVIA and ô-NgYlA were reportecl to 
inhibit the specific bincling of ô-Tx VlA on rat and mollusc neuronal membranes, ô-NgYlA 
is supposecl to bine! to sodium channels on a receptor-site clifferent from site 6. 

Conotoxins acting on calcium channels: the w-conotoxins 

Because ca lcium ions play a crucia l raie in the regulation of variou cell function 
including neurotransmitter release, enzyme acti vation, axonal growth, mu cle contraction, 
membrane exc itabili ty and gene expression, voltage-depen lent ca lcium channel have 
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been studied in great detail. The understanding of the physiological function of calcium 
channel sub-types, notably those named N, P/Q, has been made possible by using toxins 
isolated from the venom of various cones. Indeed, the w-conotoxins purified from the 
venom of piscivorous cones, due to their high specificity, have been essential tools to cha
racterize the different sub-types of calcium channels innerve cells and chemical synapses 
(see for reviews, CRUZ & ÜLIVERA, 1986 ; Mc CLESKEY et al., 1987 ; RIVIER et al., 1987 ; 
MY ERS et al., 1990 ; ÜLIVERA et al. , 1994; MILJANlCH & RAMACHANDRAN, 1995). 

The first w-conotoxin that was isolated and purified from the venom of C. geographus 
was named w-GVIA (OLI VERA et al., 1984). Then, two other w-conotoxins were directly 
purified from the venom of the cone C. magus : w-MVIlA and w-MVllB (ÜLIVERA et al., 
1987) and two others were characterized (w-MYIIC and w-MVHD) from cDNA gene 
sequences, extracted from the venom duct (KOCH et al. , 1990 ; MONJE et al., 1993). Other w
conotoxins have been isolated : w-SYLA and w-SVIB from the venom of C. striatus, w-TVLA 
from the venom of C. tulipa and w-RYIA from the venom of C. radia/us (M[LJANICH et al. , 
1991 ; RAMI LO et al., 1992). Ali these w-conotoxins are basic peptides composed of24 to 29 
aminu-acid residues folded by three disulfide bridges (Table 3) {NISHI UCHI et al., 1986). 

W-conotoxins 

00-GVIA 
00-MVIIA 
W-MVHB 
00-MVIJC 
00-MVIID 
00-SVlA 
00-SVTB 
00-TVIA 
00-RVIA 

Framework C 

TABLE 3 

w-conotoxins that black voltage-gated sodium channels 

Scqucnces * 

CKSOGSSCSOTSY N CCRS CNOYTK R CY 
CKGKGAKCSRLMYDCCT GS CR SG K C 
CKGKGASCHRTSYDCCTGSCNRGK C 
CKGKGAPCRKTMYDCCSGSCGRRG K Î 

CQGKGASCRKTMYNCCSGSCNR G R C 
CRSSGSOCGVTSI CCGR CYR G K C 
CKLKGQSC RKT SY DCCSG SCGRSGK C 
C LSOG SSCSOTSYNC CR S CNOYSRKC 
CKPOGSOCRVSSYNCCSS OKSYNKKCG 

c cc c 

•:•See references in tex t. 

c 

Conusspccics 

C. geographus 
C. magus 

C. striatus 

C. tulipa 
C. radiatus 

The conotoxin w-GV!A exerts a specific action on N-typ calcium channels. lndeed, 
it irreversibly blacks calcium channels in various mammalian neuronal preparations 
(FELDMAN et al., 1987 ; REGAN et al., 199 1). As a resul t of it specific action, w-GYlA 
inhibits neurotransmitter relea e at the frog neuromuscular junction, a revealed by the 
blockade of nerve-evoked end-p late potentia ls, the spontaneou miniature end-plate poten
tia ls being unaffected by the toxin (K ERR & Yo HIKAM I, 1984 ; Kov NO et al., 1987). 
Surprisingly, w-GVIA was reported to have no effect on the mammalian neuromu cular 
junction (ANDERSON & HARVEY, 1987). The w-MV!TA al o blacks N-type calcium chai1-
nels but, in contrast to w-GY IA, its effects are rever ible (OuvERA et al., 1987). 
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Conotoxins acting on nicotinic acetylcholine receptors: the a-conotoxins 

Among the prominent conotoxins found in cone venom, the a-conotoxins define a set 
of peptides sharing a similar cysteine pattern and pharmacological target: the nicotinic 
acetylcholine receptors (nAChRs). Unlike the a-neurotoxins from snake venoms (com
prising 60 to 80 amino-acids), the a-conotoxins are small peptides of 12 to 30 amino-acid 
residues, usually folded by two disulfide bridges and showing a characteristic cysteine pat
tern (- CC- -C- -C- ) (Tables 4 and 5). Due to their small peptide length, these 
conopeptides can be easily obtained by chemical synt!1esis. Moreover, the preparation of 
spec ific derivatives is relatively straightforward since a-conotoxins have many chemical 
groups that c_an potentially be modified. As a consequence of the high variability in the 
sequence of a-conotoxins from one species to another (ÜLIV ERA , 1996), a great number of 
these toxins have been characterized. They present a high specificity for the different types 
of nAChRs, i. e. peripheral nAChRs of skeletal muscles and central nAChRs of neurons, 
and even for the different receptors sub-types. 

TABLE 5 

a -conotoxins that inhibit neuronal nicotinic acetylcholine receptors 

a-conotoxines 

Pisvivorous Conus 
C. magus 
a-Mii 

Vermivorous Co1111s 
C. imperialis 
a-lrnl 

Framework 

*See references in text. 

Séquences* 

G CC SN P VC HL E H SN L C 

GCCSDPRCAWRC 

cc c 

The a-conotoxins acting on peripheral nA ChRs 

c 

The a-conotoxin Gl, isolated from C geographus (GRAY et al. , 198 1), Ml from C 
magus (Mc l NTOS H et al. , 1982), SI frorn C stria tus (ZAFFARALLA et al., 1988) and EJ from 
C ermineus (MARTINEZ et al. , J 995) target periphera l nACh.Rs that are composed of a2~yô 

su bu nits. Sorne of these conotox ins recently aroused in terest due to their abi li ty to speci 
fically inhibit one of the two acety lcholine binding sites ofnAChRs. Lndeed, in mammals, 
the a -conotoxins Ml and G I have been shown to specifica lly target the a /ô binding site 
compared to the a /y binding site of muscle nAChRs (KR EINKAMP et al. , 1994 ; GROEBE et 
al. , 1995). However, in the fis h Torpedo marmorata, these toxins preferentialJy bi nd to the 
a/y ite (HANN et al. , 1994 ; GROEBE et al. , 1995). S ite-directed mutagenesis ofnAChRs 
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ofmouse skeletal muscles led to the identification ofthree amino-acids that differ between 
ô and y subunits and that are involved in the binding of a-conotoxins (SINE et al., 1995). 

The conotoxins aA-EIVA and aA-EIVB, purified from the venom of C. ermineus, as 
well as the conotoxin aA-PIVA purified from the venom of C. purpurascens, are polypep
tides comprising 25 to 30 amino-acid residues folded by three disulfide bridges (Table 4) 
(HOPKINS et al., 1995; JACOBSEN et al., 1997). As reported for the a-conotoxin SI, the two 
conotoxins aA-EIVA and aA-EIVB block nAChRs of m~mmalian skeletal muscle by 
binding indifferently to their two sites, i.e. a/ô an a/y. 

The a-cQnotoxins acting on neuronal nAChRs 

Various a-conotoxins are high-affinity ligands for neuronal nAChRs (Table 5) which 
are composed of a ( a 2 to a 9) and 13 (132 to 13.) subunits. It is worth noting that the number 
of nAChR subunits, identified to date, allows the targeting of a great diversity of nicotinic 
receptors (by multiple combination of the subunits) in various tissues. The a-conotoxin 
Iml, purified from C. imperialis (MCINTOSH et al., 1994), selectively targets the a , sub
unit, which forms an homomeric nAChR. In contrast, nAChRs composed of a 3132 subunits 
are potently blocked by the a-conotoxin MII isolated from the venom of C. magus 
(CARTIER et al. , 1996). The a-conotoxins PnIA and Pn!B, both purified from C. pen
naceus, block Aplysia neuronal nAChRs (FAINZILBER et al. , 1994). More recently,~the a
conotoxin Epl, isolated from C. episcopatus, was characterized as a specific inhibitor of 

a 3132 and a 3134 nAChRs (LOUGHAN et al., 1998). 

Finally, a-conotoxins have been reported as useful tools for phylogenetic discrimina
tion between vertebrate nAChRs (ZAFFARALLA et al., 1988). In addition, these conotoxins 
have proved to be very effective in probing nAChRs by photoaffinity labeling with con
siderable accuracy (MY ERS et al. , 1991 , 1993). Therefore, it appears that a-conotoxins rep
resent useful tools for probing the surface of the acetylcholine receptor. Both the work so 
far carried out on a-conotoxins and the wide variety of cone species give great promise 
for potential applications of these conotoxins. The discovery of new, highly specific li g
ands will improve the understanding of the pharmacology, physiology and structure-activ
ity relationships of nAChRs. 

Conotoxins acting on potassium channels: the K-conotoxin 

The conotoxin K-PVILA, purified from the venom of C. purpurascens, is a polypeptide 
comprising 27 amino-acid residues folded by tlu·ee di sulfide bridges and including an ami
dated C terminal (Table 6) (TERLAU et al. , J 996b). E lectrophys iologica l studies revealed 
that K-PVllA reversibly blocks the Shaker-type of potass ium channels expressed into 
Xenopus oocytes, witbout affecting either the Kv1. 1 or the Kv'-4 type of potassium channel s 
in rat brain (SHON et al. , l 998b ). The conotoxin K-PVUA appears th us to be a specific tool 
to study the Shaker type of potass ium channels. The conotox ins K-PVUA and ô-PVlA act 
in synergy for rapid prey immobili zation , as required by the « harpooners » strategy used 

by C. purpurascens. 

.. 
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TABLE 6 

Sequence of the K-conotoxin that blacks the voltage-gated potassium channel 

K-conotoxin Sequence* 

K-PVIIA CRI ONQKCFQHLDDCCSRK C NRFNKCV 

Framework c c cc c c 

*See references in text. 

Conotoxins acting on N-methyl-D-aspartate receptors: the conantokins 

The conantokins are a family of conotoxins including conantokin-G, purified from the 
venom of C. geographus (M c INTOSH et al., 1984; ÜLIVERA et al. , 1985), and conantokin
T, isolated from the venom of C. tulipa (HAACK et al. , 1990). These toxins have been 
reported to block N-methyl-D-aspartate receptors and, as a consequence, to inhibit cal
cium influx into central nervous system neurons. 

Conantokins comprise 4 to 5 y-carboxyglutamate residues (Table 7). These resjdues 
have been suspected to play an essential role in the formation , in the presence of czylcium 
ions, of stable a-helices, which are necessary for the physiological action of conantokins. 
It is worth noting that conantokins do not contain cysteine residues. 

TABLE 7 

Conantokins present in the venom of C. geographus and C. tyJipa 

C. geographus 
Conantokine-G 

C. tulipa 
Conantokine-T 

*See references in tex t. 

GE yyL QyNQ yLlR yK S N 

G E y y Y Q K M ·L y N L R y A E V K K N A 

SEARCHING FOR NEW CONOTOXINS 

Using molecular biology techniques , it has been poss ib le to search in the venom duct 
of Conidae species for spec ific ADN coding for preprop€ptides, which are precursors of 
mature toxins. Such prepropeptides have three structural segments : a sigraal sequence, a 
propeptide region and the mature tox in region . For a given fa mi ly (for example the a 
conotox in family), the C-terminaJ end of the prepropeptide (signal sequence) is well 
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conserved, whereas the N-terminal part ( coding for the mature toxin) is hypervariable 
(WOODWARD et al., 1990). The conserved signal sequence may play an addressing role 
towards a determined region of the endoplasmic reticulum where the prepropeptide may 
undergo post-traductionnal modifications. Such modifications have been characterized 
in conotoxins, and include C-terminal arnidation, glutamate carboxylation, prolyl 
hydroxylation (STONE et al., 1982), tryptophan bromination (JIMENEZ et al., 1996, 1997) 
and lyrosine sulfatation (LOUGHNAN et al., 1998). The signal sequence cou Id also help 
the specific formation of the disulfide bridges leading to the mature toxin . lndeed, a lin
ear peptide containing 6 cysteines can fold into 15 different isomers. Notably, only one 
form possessing biological activity is found in the venom. Although the role of the 
propeptide is at present unknown, it may help the formation of disulfide bridges. The 
mature toxin region is hypervariable in its sequence within a conserved cysteine frame
work. The variability of the residues between the cysteines produces a great variety of 
toxin sequences. Thus , with a conserved structure (same cysteine framework) , the toxin 
may exhibit a specificity for either sodium, calcium or potassium channels . This bio
chemical strategy can be summarized as follows: one common structure for diverse 
physiological activities. 

In conclusion, the genus Conus represents an almost inhexaustible source of bioactive 
products because of its species richness, each species demonstrating an original set of 
conotoxins. Thus, the venoms of Conidae present a challenge both due to the number of 
toxins they contain and their pharmacological diversity. These conotoxins, by their se lec
tive pharmacological action , are of great interest for neuroscientists requiring selective 
tools to study nervous fonction. Moreover, conotoxins can have multiple applications, for 
example the probing of ionic channels with fluorescent toxins or mapping of binding sites 
between toxins and given ionic channels or receptors. ln thi s way, conotoxins have already 
greatly improved our understanding of the function of some voltage-sensitive ionic chan
nels. By way of peptide synthesis, most of the conotoxins are now available in large quan
tities for widespread use. Sorne conotoxins such as w-conotoxins have major therapeutic 
potential. lndeed, the w-conotoxin MYILA is used in chronic neuropathie and malignant 
pain to relieve patients resistant to opioid treatments. To date, venoms fFo m a dozen Conus 
species have been partially studied. Gi ven the diversity of the genus Conus and the num
ber of conotoxins found in the venom from each spec ies, the search for new bioacti ve 
compounds in Conidae spec ies offers great promise. 
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Abstract. It is not sufficiently understood why some lineages of cichlid fi shes have proli ferated 
in the Great Lakes of East Africa much more than anywhere else in the world, and much faster than 
other cichlid lineages or any other group of freshwater fish. Recent field and experimental work on 
Lake Victoria haplochromines suggests that mate choice-mediated disruptive sexual selection on 
coloration, that can cause speciation even in the absence of geographical isolation, may explain it. 
We summarize the evidence and propose a hypothesis for the genetics of coloration that may help 
understand the phenomenon. By defining colour patterns by hue and arrangement of hues on the 
body, we cou Id assign almost ail observed phenotypes of Lake Victoria c ichlids to one ofthree fi:;male 
(« plain », «orange blotched», «black and white») and three male («blue», « red-ventrum», « red
clorsum ») colour patterns. These patterns diagnose species but frequently co-occur also as morphs 
within the same population, where they are associated with variation in mate preferences, and appear 
to be transient stages in speciation. Particularly the male patterns occur in almost every genus of the 
species flock. We propose that the patterns and their association j n o polymorphisms express an 
ancestra l trait that is retainecl across speciation. Our mode! for ma le colour pattern assumes two struc
tural loci. When both are switched off, the body is blue. When switched on by a cascade of po ly
morphie regulatory genes, one expresses a yellow to recl ventrum, the other one a yellow to red 
dorsum. The expression of colour variation initiates speciation. The blue daughter species wi ll inheri t 
the variation at the regulatory genes that can, w ithout new mutational events, purely by recombina
tion, aga in expose the colour polymorphism, starting the process anew. Very similar colour patterns 
also dominate among the Mbuna of Lake Malawi. ln contrast, similar colour polymorphisms do not 
exist in the lineages that have not proli ferated in the Great Lakes. The colour pattern polyrnorph ism 
may be an ancient trait in the lineage (or lineages) that gave rise to the two .large haplochromine radia

tions. We propose two tests of our hypothesis. 

lNTRODUCTION 

Why cichlid fi shes have proliferated in the Great Lakes of East Africa (FRYER & ILES, 

1972) mucb more than anywhere e lse in the world, and more than any other group of fresh
water fish is not su:fficiently understood. Morphological and molecular estimates of the phy
logeny of the East African species flocks suggest that the species that now live in the three 
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main lake systems (Lake Victoria, Lake Tanganyika, Lake Malawi) have also evolved in 
their confines, and that, in the \:ase of Lakes Victoria and Malawi, the entire flocks are 
derived from one or a few closely related ancestral species (LLPPITSCH, 1993; MEYER, 1993; 
N!SHIDA ,- 1997). Explanations for the outstanding species richness, as well as for variation in 
richness between these and other lakes, and between different cichlid lineages in the lakes 
must be sought in lake- and lineage-specific variation in the relative rates of speciation and 
extinction. Understanding the relative contributions of the four possible factor combinations 
is important for understanding diversification in cichlids, and may contribute more generally 
to the understanding of causes of variation in animal species diversity. 

Geological evidence strongly suggests that gross and net rates of speciation are extraor
dinarily high in some of the Great Lakes. The three Great Lakes differ considerably in age. 
Lake Tanganyika is the oldest, estimated at 9-12 My (COH EN et al. , 1993). Malawi is esti
mated at 1-2 My (FRYER & lLES, 1972). The basin of Lake Victoria is estimated at 0.25-0.75 
My (FRYER, 1996), but the lake most likely dried up 200,000 years ago (MARTENS, 1997), and 
seems to have dried up again in the late pleistocene and fi lied up agaureoly .l 3,200 (B EUN ING 
et al. , 1997) to 12,400 (Jo1-1NSON et al. , 1996) years ago (also STAGE R. et al., 1986). 
Contradicting the expectation that species numbers increase over time, the younger lakes con
tain considerably more endemic cichlid species than the old Lake Tanganyika. Recent fi gures 
of known species stand at about 200 for Lake Tanganyika (SNOEKS et al., I 994), compared 
with more than 500 for Lake Malawi (KONINGS, 1995), and about 500 for Lake Victoria 
(S EEHAUSEN, 1996). Notwithstanding that some biologists retained doubts that Lake Victoria 
had been entirely dry as recently as in the late pleistocene (FRY ER, 1997), it is beyond doubt 
that, if the basin was not entirely dry, only a shallow though extensive swamp can have per
sisted, possibly with seasonal pools. Whether or not some endemic cichlid species survived 
the drought to spawn the modern species flock, speciation must have been truly explosive in 
Lake Victoria. Recent field and experimental work points to a poss ible explanation. 
Supporting a hypothesis based on earlier studies of Lake Msilawi cichlids, mate choice-media
ted di sruptive sexual selection on coloration seems a suitable mechanism to cause speciati on 
even in the absence of geographical isolation. ln thi s paper we summari ze the evidence and 
propose a hypothesis for the geneti cs of coloration that may help understand the phenomenon. 

MATE CJ-IOl CE, SEXUAL SE LECTION AND SPEClAT ION 
IN CICHUDS 

Most of the species-rich East Afri can cichlid lineages posse ·s polygynous mating sy tems 
in which females invest heavil y in parenta l care (mouthbrood ing) while males do not con
tribute to parenta l ca.re. Sexual selection holds particular prom ise to explain elevated specia
ti on rates in such situations (WEST-EBERHARD, 1983 ). The strongly asymmeb·ic invesb11ent in 
parental care is conducive to sexual selection upon male secondary sex ual haracters. A pre
dicted, ma.ny polygynous cichlids have sex,ually strongly dimorphic breeding coloration and 
sexually dimorphic courtshi p behaviour, and the most specie -rich lineage of cichlids is 
polygynous (DOMfNEY, 1984). Tbese are the haploclu·omines with more tha.n 1200 lrnown 
species (KONINGS, 1995 ; TURNER, 1996 ; SEEHAUSEN, 1996; K u . N et al., l 997), that mal e 
up the entire endemic species fl ock of Lake Victoria and 99% of the endemic species in Lake 
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Malawi. Ecological field work and population genetical studies conducted in the late 70s and 
early 80s on two haplochromine taxa in Lake Malawi suggested the possibility of sympatrie 
speciation via colour polymorphism associated with coloration-based mate selection 

(HOLZBERG, 1978; MARSH et al., 1981 ; McKA\f et al., 1982, 1984). 

The absence of intermediate colour morphs, and the Jack of evidence for the predicted 

gradations in the degree of morph differentiation and isolation (Mc KA YE et al., 1982) may 
have ·contained the impact of these findings. Most authors continued to propagate various 
allopatric speciation models to explain the evolution of cichlid species tlocks. Specifically, 
speciation in separate lake basins and in marginal lagoons (satellite lakes) has been pro
posed to explain the origin of the haploch.romine species tlock in Lake Victoria (FRYER & 
ILES, 1972; GREENWOOD, 1974; KAUFMAN & ÜCHUMBA, ] 993 ; M EYER, 1993 ; FRYER, 
1996; but see HooGERHOUD et al., 1983). We had argued that there are biological arguments 
for intralacustrine origin of species diversity, derived from distribution patterns and eco

logical specializations among the recent fauna (S EEHAUSEN, 1996: 269ff). This view 
received support (KAUFMAN et al. , 1997) after new geological evidence for a very recent 

desiccation (complete or incomplete), in combination with new datà on the shape of the 
lake basin became available, that made a particularly strong case for speciation wirh· 1 one 
water body. Core evidence from the deepest part of the lake, together with seismic ev i
dence, suggests a several millenia-long total desiccation of the lake that ended 13 ,000 to 
12,400 years ago (JOHNSON et al. , 1996 ; B EUN ING et al., 1997). The implications for the 
palaeoclimate (nearly 50% of the rainfall in the region stems from lake-derived moisture) 
make it unlikely that satellite lakes could have persisted dming the drought (JOHNSON et al. , 
1996). Basin morphology rules out the existence of more than one basin when the lake 
filled up again (JmrNSON et al., 1996). Palaeohydrological ev idence rules out that lake level 

fluctuations since the refill , potentially causing allopatric speciation in satellite lakes, could 

account for any major part of the 500+ speciation events (B EUN fNG et al. , 1997). The largest 
satellite Jake today (Lake Nabugabo) contains merely 5 endemic cichlid species despite the 
fact that it has been isolated from Lake Victoria for at least a third of the time tbat was avai
lable for the formation of the modern species tlock of Lake Victoria (GR.EENWOOD, 1965) . 
The case of the haplochromines in Lake Victoria, therefore, is a challenge to the conven
tional view (MAYR , 1963 ; PATERSON, 1985) that speciation occurs as a byproduct of popu
lation differentiation in geographical isolation. Although not of quite so recent orig in , the 
species tlock of Lake Malawi poses a similar challenge (TURN ER, J 994). The water level of 
Lake Malawi has tluctuated much over the millenia but also in thi s case, the bas in mor
phology rules out the possibility that the lake had ever been split into isolated subbasins (for 
sympatrie origin ofcichlid species tlocks e lsewhere see also SCHU EWEN et al. , 1994). 

However, given the lack of empiri ca l demonstration of the mechanics of sympatrie spe

ciat ion in cich lid fish , many researchers remained reluctant to consider sympatri e modes of 

speciat ion in cichlid species tlocks. This has recently began to change. Speciation models, 
tailored to match the case of the haplochromine cichlids, sugge t the possibility of rapid 

sympatrie speciation under sexual selection (TURNER & BLJRROWS, 1995 ; PAYNE & 
KRAKAUER, 1997 ; YAN DooRN et al., 1998) . Patterns in species divers ity and intraspecific 
polymorphisms, support thi s poss ibili ty now more strnngly Lh an b fore because evidence bas 
been produced for gradations in the degree of isolation and different iat ion of co lour morphs, 
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from situations in which they are conspecific colour morphs to situations in which the same 
phenotypes behave as reproductively isolated species. Experimental studies of mate choice 
in polymorphie populations and among sympatrie species, and genetics of polymorphisms, 
begin to make the mechanics of speciatio!:!_ visible, as we shall summarize : 

NEW TESTS OF DOMINEY 'S SEXUAL SELECTION 
AND HOLZBERG ' S POLYMORPHISM HYPOTHESES 

The hypothesis that colour and mate preference diversification are associated with spe
ciation (DOMIN EY, 1984) received support from comparative studies of patterns in colour 
variation and species diversity. A study of Lake Malawi haplochromines revealed that the 
evolution of n~ale nuptial coloration is neither phylogenetically nor ecologically con
strained (DEUTSCH, 1997). A study that used a consensus tree of the greater East African 
cichlid radiation , and information on coloration and ecology from a large number of 
species, reveal ed that male nuptial coloration has likely arisen under sexual selection and 
is evolving in frequent association with speciation in cichlid clades with a polygynous 
mating system (SEEHAUS EN et al. , 1999). 

A systematic study combining anatomical and ecological evidence wi th a large data set 
on the geographical distribution and variation in coloration of more than 1 OO species of hap
lochromines from rocky habitats in southern Lake Victoria revealed patterns that are consis
tent with the hypothesis of HoLZBERG ( 1978) that colour diversification is the first step in 
speciation (SEEl-IAUSEN, 1996 ; SEEl-IAUSEN et al. , l 998a): (1) C losely related (= congeneric) 
species with identical geographical distribution usually have conspicuously different body 
coloration (usually red or yellow versus blue) but usually differ little in ecology. (2) C losely 
related species with different geographical di stributions but considerable ove~·lap, often di:ffer 
only in fin coloration and do not differ much in eco logy either. (3) Sympatrie and allopatric 
species that are not closely related differ or do not diffe r in coloration but usually di:ffer dis
tinctly in ecology. ( 4) There are forms li ving sympatrically that differ in body coloration but 
diffe r neither anatomically nor ecologically. Breeding in capti vity in fo ur of such cases has 
demonstrated that these are conspecifi c colour morphs that are not, or only incompletely iso
lated (Neochromis omnicaeruleus, Seehausen & Bouton, 1998 : four male and two female 
colour morphs obtained frorn breeding with a monomorphic pair ; N. greenwoodi, Seehausen 
& Bouton, 1998, Pundamilia pundamilia, Seehausen & Bouton, 1998, P nyererei, Witte
Maas & Witte, 1985: two male colour morphs obtained in s ingle clutches). Field work bas 
shown that what are interbreeding colour morphs in some localities can be isolated sib ling 
species in other loca li ties (S EEHAUSEN, 1997 ; SEEHAUSEN et al. , 1997). 

Three predictions regarding mechani sms, y ielded by the hypothes is that co lour d iver

s ifi cation is the first step in speciati on, have been tested on a subset of the same Lake 
Victoria haplochrornines, and partly also on Lake Malawi hap lochromines . A li tbree were 
supported by a il tests done to date : (1 ) lt bas been show n that coloration affects intraspe
cifi c mate choice, sucb that co lour polymorphism is assoc iated Witb mate preference poly
morphi sm, poss ibly exerting di srupti ve sexual selection on colorati on (S EEHAUSEN, VAN 
ALPH EN & LANDE, unpubl. ). (2) There is direct interspecific mate choice among close ly 
related spec ies (HOLZBERG, 1978 ; MARSH, et al., 198 1 ; SEEHAU EN, 1997; KN fGHT et al., 
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1998) in which coloration is important (SEEHAUSEN & VAN ALPHEN, 1998). (3) Closely 
related species are reproductively isolated only by mate choice (SEEHAUSEN et al., l 998b ). 

If conspicuousness of, and diversity in coloration evolve under sexual selection, diversi
fication of coloration is possible only where light conditions make colour variation visible. 
Three predictions regarding patterns, yielded by this hypothesis were also supported by 
tests: The unde1water light regime (band widtb of the spectrum) is the ecological variable 
that explains most of the variation in the number of species that coexist at isolated rocky 
islands in Lake Victoria, most of the variation in the number of sympatrie colour morphs 
within a species, and most of the variation in the distinctiveness of hue difference between 
sympatrie species (SEEI-IAUSEN et al., 1997). Hence, there is now strong support both for the 
hypothesis of speciation by sexual selection {DüMINEY, 1984) and. for the hypothesis of spe
ciation without geographical barriers via colour polymorphism (HOLZBERG, 1978). 

SHORTCOMINGS 
OF THE SEXUAL SELECTION HYPOTHESIS 

Recent reviews of the fish speciation literature showed that speciation rates of poly
gynous cichlids in large lakes did not seem generally different from those in monogamous 
cichlids or other fish taxa. Speciation rates of freshwater fish were found to be generally 
higher in lakes than in ri vers, which may be due to frequent disruptive natura l selection in 
lacustrine environments, which can lead to sympatrie ecological speciation (SKULASON & 
SMITH, 1995 ; SCHLUTER, 1996). The haplochromines in Lakes Victoria and Malawi were 
the only striking exception (McCUNE, 1997 ; SEEHAUSEN, l 999a, b ). They speciated by one 
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to several orders of magnitude faster than ail other fish groups for wpit h information was 
available, including other polygynous cichlids . As a direct consequence, close to two 
thirds of the currently known more than 2000 cichlid species belong to the haplochrom ine 
tribe, while the remaining species are distributed over 14 other tribes . This strongly 
implies effects of lineage-specific properti es on speciation rates. Beyond those, env iron
ment-specific properties are strong ly implicated too: haplochromines have undergone 
diversification only in some of the many lakes in which they occur (SEEHAUSEN et al., 
1997), and the riverine haplochromine sister taxa to the lacustrine spec ies flocks lfave not 
undergone more diversification than other riverine cichlid lineages. African r ivers harbour 
about 50 haplochromine spec ies (GREENWOOD, 1979). 

Hence, the explanation for the unique spec ies ri chness of haplochromine spec ies 
flocks has to be sought in lineage-specific properties that unfold tbeir impaçt on di vers ifi

cation only under some extrinsic conditi ons . Mate choice based on co loration could be thi s 
property because the impact of sexual selection on co lorati on depends 011 visual conditions 
and predation reg imes (END LER, l 99 1 ), and because both di ffe r profoundly between lakes 
and ri vers, and differ a lso between djfferent lakes. Sympatrie spec iat ion due to djsruptive 
sexual se lection on coloration is predictab ly even faster than sympatrie speciation du to 
di sruptive natural se lection because the rnating system is direct ly under di ruptive selec
tion (Wu, 1985 ; TURNER & BUR.ROWS, 1995 ; PAYNE & KR.AKAUER, 1997). When ecolo
gica l opportun ity is avai lab le - and the particular anatomy of cichlids makes it that it very 
often is (GA LI S & ORUCKER, 1998) - speciation by disruptive sexual selection will proba-
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bly speed up the adaptive radiation process by rapidly generating sympatrie genetically 
isolated incipient species that can respond more quickly than can interbreeding resource 
utilization morphs to the disruptive natural selection. Because ecological differentiation 
that is sufficient for coexistence can be less discrete than ecological differentiation that 
would cause assortative mate choice (which is required for ecological speciation), species 
packing is expected to become more dense in taxa that speciate by disruptive sexual selec
tion, provided that signal space (e.g. colour vis1bility and perception) does not limit signal 
diversification. Beyond causing speciation in sympatry, disruptive sexual selection has a 
role in maintaining reproductive isolation in sympatry between populations that have 
diverged in sympatry or allopatry. Tt is, therefore, suitable to explain the high speciation 
rates in haplochromines in lacustrine environments. Yet, alone it is insufficient because 
several other cichlid lineages ( Oreochromis Günther, 1889, Ectodini , Tropheini) that share 
the same mating and parental care system with the Lake Victoria and Malawi hap
lochromines (polygynous ; female mouthbrooding), and also have sexually dimorphic col
oration, do not share the high speciation rates with haplochromines . Moreover, the 
haplochromine species tlocks in Lakes Victoria and Malawi live side by side with three 
other haplochromine lineages that are stunningly species poor: Serranochromis Regan , 
1920, Pseudocrenilabrus Fowler, 1934 and Astatoreochromis Pellegrin , 1903t. Only one 
Serranochromis species lives in Lake Malawi , only one Astatoreochromis sp-e ies and 
only one Pseudocrenilabrus species live in Lake Victoria. 

A GENETICAL HYPOTHESIS DERIVED FROM PATTERNS 
OF COLOUR VARIATION 

We propose that ancestral genetical colour polymorphisms exist in the rapidly radiated 
lineage(s) , that are not present in others, and that this difference causes the difference iJl 
propensity to speciate under sexual selection. To describe colour patterns and catego1üe 
intra- and interspecific variation in female and male Lake Victoria haplochromines, we 
inspected more than l 0,000 and photographed more than 1000 individuals of 120 species 
and an additional 11 female and 24 male colour morphs (fernales of 108 spec ies y nd colour 
morphs, males of 138 species and colour morphs, subsequently referred to as « morphs » ). 
More than 300 photos of most « morphs » have been published (SEEHAUSEN, 1996) . 
Brightness and saturation in male coloration varied greatly between conspecific popula
tions (S EEHAUSEN et al., 1997) but colour pattern (a rrangement of co loms on the body) 
varied much less (S EEHAUSEN et al., l 998a). 

Defining colour patterns by hue and a1i-angement of hues on the body, hence not cons ider
ing the melanophore systems (S EEHAUSEN et al., 1999), we could assign I 05 of the 108 fernale 
« morphs » to one of three female patterns, and 124 of the 136 male « morphs » to one of three 
male nuptial patterns (Table 1, Fig. 1 ). The female colom patterns were: (i) «Plain » : Th is is 
the most common colour pattern in females (96 « morphs ») . lt is a cryptic brownish pattern 
that varies in lightness, possibly clepending on the background co lour in the environment. (ii) 
«Orange blotchecl » (OB): This is bright and conspicuous, consisting of clark brown blotches 
on brigbt orange or pink (8 «morphs») . (iii ) «Black and white» (WB) : This is simi larly bright 
and conspicuous and consists of black blotches on brownisb to whitish (6 « morphs »). « OB» 
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and «WB» patterns also occur occasionally in males. The common male nuptial colour pat
terns were : (i) «Blue»: blue is the only hue on the entire flanks, including the head 
(66 « morphs » ). (ii) « Red-ventrunrn: the anteroventral region of the body (gill cover, ch est 
and ventrum) is yellow, orange or red, the remainder of the flanks is yellow-green, blue or grey 
(35 « morphs »). (iii) « Red-dorsum »: the anterodorsaÎ region of the body (head and dorsum) 
and the dorsal fin are yellow, orange or red, the rernainder of the flanks is yellow-green or blue 
(26 « morphs »).The extension of the yellow-red patches in« red-dorsurn »and« red-ventrum » 
is very variable. Even entirely yellow or red individuals can be assigned because the brightness 
center of the yellow-red coloration is distinctly anteroventrally or anterodorsal!y, and the dor
surn or ventrum respectively is uncoloured. Both colour pattern trirnorphisms, but that of the 
males in particular, are comrnon also in various genera of Lake Victoria haplochromines that 
inhabit other habitats and were not included in this study. 

TABLE 1 

Distribution of Je male and male colour palterns over species 
of rock-dwelling haplochromines jiwn Lake Vic toria 

Ali species are discussed in Seehausen (1996), many of which are still undescribed. Femàlè' Pi!!
terns: P « plain », OB « orange blotched », WB « black and white blotched» , Y « yellow »; male patterns: 
B « blue », Rv « red-ventrum », Rd « red-dorsum », others are wri tten out in full. Melanie phenotypes 
that could not be assignecl to a coloUJ pattern are given as « Melanie». Overa ll n > 10,000. 

Species 

Neochromis greenwoodi Seehausen & Bouton, 1998 
Neochromis omnicaeruleus Seehausen & Bouton, 1998 
Neochromis ' unicuspid scraper' 
Neochromis 'yellow anal scraper ' 
Neochrom is 'orange anal picker' 
Neochromis rufocaudalis Seehi\usen & Bouton, 1998 
Neochromis gigas Seehausen & Lippitsch, I 998 
Neochromis 'short heacl ni gricans' 
Neochrom is ' recl ta il giant scraper ' 
Neochromis ' bl ack tail giant scraper ' 
Neochrom is 'easte rn blue scraper' 
Neochromis ' long black' 
Neochromis ' Bi hi ru scraper' 
Neochromis ' large eye ni grica ns' 
Neochromis ' pseudo bl ack' 
Mbip ia mbipi Seehausen, Lipp itsch & Bouton , 1998 
Mbip ia 'short scraper ' 
/o.lfbipia ' large eye black ' 
Mb ipia ' red anal blue' 
Mbip ia lutea Seehausen & Bouto n, 1998 
Mb ipia ' recl carp ' 
Mbipia ' orange carp ' 
Pundami/ia ' Ukerewe ' 
Pundamilia azurea Seehausen & Lipp itsch, 1998 
Pundami/ia ' pink anal' 

f èmales 

P, OB 
P, OB, WB 
P, OB 
P, OB 
P, OB 
p 
p 
p 

? 
? 
p 
p 
p 

J;> 

p 
p 
p 
p 
p 
p 
p 
p 
p 
p 
p 

males 

B, Rv, Rd 
B, Rv, Rd 
B 
Rv 
B 
B 
B 
B 
B 
B 
B 
B, Rv 
B 
? 
Melani e 
B 
B 
B 
B, Rd 
Rv 
Rv 
Rv 
B 
B 
B 
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Species 

Pundamilia ' red rim anal' 
Pundamilia ' Bwiru' 

Pundamilia 'red anal' 
Pundamilia pundamilia Seehausen & Bouton, 1998 

Pundamilia 'big blue' 
Pundamilia ' red head' 
Pundamilia 'red tlank' 
Pundamilia 'ail red' 
Pundamilia nyererei (Witte-Maas & Witte, 1985) 
Pundamilia igneopinnis Seehausen & Lippitsch, 1998 
Pundamilia 'lemon fin ' 
Pundamilia 'orange dorsal' 
Pundamilia macrocephala Seehausen & Bouton, 1998 

Pundamilia 'blue deepwater' 
Pundamilia ' yellow deepwater' 
Pundamilia ' slender deepwater' 
Pundamilia 'orange anal' 
Pundamilia 'small mouth' 
Pundamilia 'ail black' 
Lithochromis 'yellow chin' 
Lithochromis 'Ukerewe' 
Lithochromis ' black Ukerewe' 

females 

p 
p 
p 
p 
p 
p 

? 
? 
p 
p 
p 
p 
p 
p 
p 
p 
p 
p 

? 
p 

? 
p 

Lithochromis ' long snout' P 
Lithochromis rubripinnis Seehausen, Lippitsch & Bouton, 1998 P 

Lithochromis ' scraper ' P 
Lithochromis ' pseudoblue ' P 
Lithochromis xa11thopte1yx Seehausen & Bouton, 1998 P, OB 
Lithochromis ' orange ' P 
Lithochromis 'Gana ' ? 
Lithochromis rufus Seehausen & Lippitsch, 1998 
Haplochromis ' blue obliquidens' 
Haplochromis Livie/us Greenwood, 1956 
Haplochromis ' orange chest silvery scraper ' 
1-/aplochromis ' purple ye llow' 
Haplochromis ' red back scraper ' 
Ptyochromis 'striped rock sheller ' 
Ptyochromis 'Zue sheller ' 
Ptyochromis sauvagei (Pfe ffer, 1896) 
Ptyochromis xenognathus (Greenwood, 1957) 

Ptyochromis ' deep water rock sheller ' 
Ptyochromis ' red giant sheller ' 
Ptyochromis ' red rock sheller ' 
Macropleuroc/us bicolor (Boulenger, 1906) 
Paralabic/ochromis ch ilotes (Boulenger, 191 1) 

Paralabidochromis ' short head chi lotes' 
Paralabidochromis cf chromogynos (Greenwood, 1959) 

p 
p 
p 
p 

p 
p 

? 
p 

P, WB 
p 
p 
p 
p 

P, WB 
P, WB 
p 

WB 

males 

B 
B 
B 
B,Rv 
B, Rv, Rd 

Rv 
Rv 
Rv, Rd 
Rd, Melanie 
Rd, Melanie 
Rd 
Rd 
B 
B 
Rd 
Rd 
Melanie 
Melanie 
Melanie 
B 
B 
B 
B 
B, Rd 
B, Rd 
B, Rd 
Melan ie, Rd 

Rd 
Rd 
Rv 
B 
Rv 
Rv 
Rd 
Rd 
B 
B 
B, Rv 
B, Rv 
B, Rd 
Rv 
Rv 
Rv 
B, Rv 
Rv 
? 
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ISpecies 

Paralabidochromis ' pointed jaw chromogynos' 
Paralabidochromis ' fleshy lips ' 
Paralabidochromis ' long teetb' 
Paralabidochromis 'short snout scraper ' 
Paralabidochromis ' blue short snout scraper ' 
Paralabidochromis ' red short snout scraper' 
Paralabidochromis ' elongate short snout scraper ' 
Paralabidochromis 'rock macula ' 
Para/abidochromis ' rockkribensis ' 
Paralabido. plagiodon (Regan & Trewavas, 1928) 
'Haplochromis 'cyaneus Seehausen, Bouton & Zwennes, 1998 
'Haplochromis' ' Zue rockpicker ' 
'Haplochromis ' ' rockpicker ' 
'Haplochromis ' 'e longate rockpicker ' 
'Haplochromis' ' orange anal picker ' 
'Haplochromis ' ' sky blue picker ' 
'Haplochromis' ' pseudorockpicker ' 
'Haplochromis 'jlavus Seehausen, Zwennes & Lippitsch, 1998 
'Haplochromis' ' red pseudorockpicker' 
'Haplochromis' 'chessboard picker ' 
Psammochromis riponianus (Boulenger, 1911 ) 
Psammochromis ' blue sharp snout' 
Psammochromis ' rock riponianus ' 
Psammochromis saxicola (Greenwood, 1960) 
Psammochromis aelocephalus (Greenwood, 1959) 
Psammochromis ' red Zebra ' 
Psammochromis ' Ruti-Psammo ' 
Psammochromis 'striped crusher ' 
Psammochromis 'yell ow giant crusher' 
Lipochromis cryptodon (G reenwood, 1959) 
Lipochromis 've lvet black cryptodon' 
Lipochromis ' blue rnicrodon' 
Lipochromis cf melanoplerus (Trewavas, 1928) 
Lipochromis ' nyerere i paedophage' 
Lipochromis ' matumbi hunter ' 
Harpagochromis serranus (Pfeffer, 1896) 
Harpagochromis ' big blue hunter ' 
Harpagochromis howesi (Van Oij en, 1992) 
Harpagochromis ' ora nge rock hun te r ' 
Hcopagochromis caviji-ons (Hilgendorf, 1888) 
'Astatotilapia ' nu bila (Boul enger, 1906) 
'Astatotilapia ' ' incurved dorsal head profile' 
'Astatotilapia ' ' large brownae ' 
'Astatotilapia ' ' black long snout ' 
'A slatotilapia ' ' black cave' 
'Haplochromis' ' brown narrow snout' 
'Hapfochromis' 'orange bell y' 
'Haplochromis' ' pa le egg dummy' 
'Haplochromis' 'stone' 

females 

? 
p 

WB 
p 
p 
p 
p 
y 
y 
p 
p 
p 
p 

? 
p 

? 
p 
p 

? 
? 
p 

? 
p 
p 
p 

? 
p 
p 

? 
? 
OB 
? 
P, OB 
? 
p 
p 
p 
p 
p 

Blotched 
p 
p 
p 
p 

? 
? 
? 
? 
p 
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males 

B 
B 
? 
B 
B 
Rv 
Rv 
Rv 
Rv 
Rv 
B 
B 
B 
B 
B 
B, Rd 
B, Rd 
Rv, B 
Rv 
Rv 
B 
B 
Grey 
Grey 
Rv 
Rv 
? 
? 
Rv 
B 
B 
B 
Rv 
Rd 
Grey 
B 
B 
B 
Rv 
? 
B 
B 
B 
Melan ie 
Rd 
Rd 
Rv 
Grey 
B, Rd 
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Colour patterns that are very similar are common also among Lake Malawi haplo
chromines, in particular in the Mbuna species flock including the species of the genus 
Aulonocara Regan, 1922 (Fig. 1 ; photos in KONINGS, 1995, e.g. : Pseudotropheus tro
pheops Regan, 1922 species complex on pp. 30, 31 ; P zebra (Boulenger, 1899) species 
complex on pp. 48, 49, 54, 55; Cynotilapia Regan, 1922 species on pp. 106-107; , 
Petrotilapia Trewavas, 1935 species on pp. 72, 73; Labeotropheus Abel, 1927 species on 
pp. 27, 131 ), with two differences: (l) colour patches that are red in Lake Victoria are gen
erally yellow in Lake Malawi; (2) the genetical basis ofWB-like female coloration in the 
Lake Malawi species flock is likely to be different from that of WB coloration in the Lake 
Victoria flock. Heterozygous females look similar in both cases but homozygous females 
in Lake Victoria become almost black, while homozygotes in Lake Malawi seem to 
become white. Two studies that quantified interspecific hue. variation in male Mbuna, 
though not considering distribution of hue patches on the body, found a strikingly bimodal 
distribution of hue in colour space, where most species were dominated by blue or yellow 
(McELROY et al., 1991 ; DEUTSCH, 1997). Functional explanations for the haplochromine 
colour patterns are given elsewhere (SEEHAUSEN, l 999b ). 

Experimental and systematic studies have demonstrated that in Lake Victoria haplo
chromines, ail these colour patterns that can diagnose species frequently co-occur in one 
population (SEEHAUSEN, 1996; SEEHAUSEN & BOUTON, 1996; SEEHAUSEN et al. , l 998a; 
and unpublished data mentioned above in the section « new tests ... »). In 18 of the studied 
species, populations were polymorphie for male nuptial colour pattern, three additional 
species had different male nuptial colour patterns in different populations, and populations 
in 10 species were polymorphie for female colour pattern (Table 1 ). As summarized above, 
laboratory studies demonstrated that sympatrie occurrence of several male nuptial colour 
patterns is associated with variation in female mate preferences within (S EEHAUSEN, 
1999a; SEEHAUSEN, YAN ALPHEN & WITTE, unpubl.) and between species (KNIGHT et al. , 
1998; SEEHAUSEN and VAN ALPHEN, 1998), and sympatrie occurrence offemale colour pat-

Legend Io the figure (see page 52) 

Fig. 1. - Representatives of the male and female colour patterns from two ecologically different gene
ra of the Lake Victoria species flock and two ecologically di fferent genera of the Lake Malawi 
species flock. Columnwise from le ft to right and from top to bottom. 

- Column l (Neochromis, algae scrapers from Lake Victoria) : N. omnicaeruleus «blue» male, 
N. omnicaeruleus «red-dorsum» male, N. spec. «long black» «red-ventrunm male, N. omni
caeruleus « plain » female, N. omnicaeruleus «OB» female, N. omnicaeruleus «WB» female. 

- Column 2 (Pundamilia, macroinvertebrate and plankton eaters from Lake Victoria) : P pundamilia 
«blue» male, P nyererei «red-dorsum» male, P spec. «red heacl» «red-ventrum» male. 

- Column 3 (Pseudotropheus Regan 1922, a lgae scrapers from Lake Malawi): P zebra «blue» male, 
P spec. «zebra gold» «ye llow-dorsum» male, P spec. «aurora yellow » « yellow-veotrum>> male, 
P zebra, « pla in » female, P estherae Konings 1995 «ÜB» female, P. ca/lainos Stauffer & 1-lerf, 
1992 «WB» female. 

- Column 4 (Aulonocara, macroinvertebrate eaters from Lake Malawi): A. stuartgrarilj Meyer & 
Riebl 1985 «blue» male, A. j acobfreibergi (Günther, 1889) «red-clorsunm male, A. stuartgranti 
«red-ventrunm male. The photos o f Lake Malawi c ichlids are reprocluced witb permi ion from 
K ONINGS ( 1995). 
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terns is associated with variation in male mate pr~ferences within (SEEHAUSEN, YAN 
ALPHEN & LANDE, unpubl.) and between species (HOLZBERG, 1978; KNIGHT & TURNER, 
pers. comm.). The degree of isolation and differentiation between colour morphs varies 
between localities in Lake Victoria, ranging from little to distinct differentiation with com
plete isolation (SEEHAUSEN, 1997; SEEl-IAUSEN et al. , 1997, SEEHAUSEN, VAN ALPHEN & 
LANDE, unpubl.). 

Studies of colour variation in relation to geographical distribution, conducted in Lake 
Victoria, show that when closely related species are sympatrie in their entire distribution 
range, they more often than closely related species with different distribution ranges 
exhibit alternative colour patterns, where one has «blue» males and the other one « red
dorsum » or « red-ventrum » males, or where one has «OB» or «WB» females and the 
other one does not (S EEHAUS EN, l 999b ). Altogether, this implies that the two commonly 
observed and widely distributed colour polymorphisms that we describe, can be transient 
stages in sympatrie specia-tion by disruptive sexual selection. As far as published informa
tion allows conclusions, this hypothesis is also supported by the distributions of colour 
patterns over closely related sympatrie species among the Mbuna of Lake Malawi 
(KONINGS, 1995[']), and by population genetical studies on one sibling species complex 
the species of which differ in male nuptial colour patterns (MCKAYE et al. , 1982), and 
another one the species of which differs in female colour patterns (McKAYE et al. , 1984). 

The stereotypic recurrence of colour patterns and their stereotypic associations into 
polymorphisms in various genera of Lake Victoria haplochromines, and even in the 
Mbuna of Lake Malawi , is peculiar. It is difticult to imagine that it would have evolved 
over and over again in ail genera of endemic Lake Victoria cichlids and Lake Malawi 
Mbuna. lt would be easier to understand if patterns and polymorphisms were ancestra l 
traits of the lineage (or lineages) that gave ri se to the two big radiations. That a polymor
phi sm could cause speciation and yet be retained through large radiations is paradox ica l. 
However, it does not need to be contradictory. Studies on the geneti cs of haplochromine 
coloration revealed epi static interactions between structural and regulatory genes, where 
the latter influence expression of the structural genes (fin coloration of haplochromines 
[KORNF IELD 1991] ; « WB » and « OB » fe male colour pattern polymorphism [SEEHAUSEN, 
VAN ALPH EN & LANDE, unpubl.]). From ongoing experiments we hçive indications that sim
ilar epistatic gene interactions may also be in vo lved in male nupti al colour pattern po ly
morph ism. 

We propose here a hypothesis fo r the geneti cs underl ying male nuptial colour poly
morphism that is sui table to expia in the retention of the polymorpbism through peciation 
events that are caused by its very presence. A similar mode! ma.y be relevant also for female 

(') K ONINGS ( J 995) g ives distribu tion maps of Labeotropheus pecies. At e ight local it ies h fou nd 
two spec ies li v ing sympatri ca ll y. At a il but one place the sympatrie species d isplay a lternative hue 
patte rn s. At s ix places a ye ll ow-ventra l spec ies coex is t w ith a blue species, atone es t coast loca
li ty a ye ll ow-ventral spec ies (L. .fuelleborni Ahl , 1927) coex ist w ith a ye llow-clo r a l sp c ie (L. tre
wavasae Fryer, 1956), and at ano ther Wes t: coast loca li ty two blue spec ics were found togctl1e r. 
(Ye llow-ventra l fro m the East coast was as igned to L. trewava ·ae, and blue from the Ea t coast to 
L..fuelleborni w hil e the reverse is true am ong the We l coast fi hes, cxcept for the one blue p pu la
tion of L. fue lleborni) . N umerou · other exa mples .can be fo und in Koning ' book. 
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colour polymorphisms. If the three male colour patterns are coded for by non-allelic struc
tural genes, that are switched on or off by cascades ofregulatory genes, the retenti on of the 
polymorphism as a «trait of speciation» Becomes plausible. Our mode! assumes two struc
tural loci, one ofwhich, when switched on, expresses a yellow-red ventrum, and the other 
one a yellow-red dorsum. When both are switched off, the body is entirely blue. These 
·structural genes are switched on by a cascade of polymorphie regulatory genes as a conse
quence of recombination (Fig. 2). Expression of the structural genes for « red-ventrum » 
and « red-dorsum » has consequences for the probability of mating with females that differ 
in their preferences for red and blue mates. Such preference variation has been found 
(SEEHAUSEN, l 999a), and cou Id be due to variation in spectral sensitivity, or « wiring » in 
the eye and the brain, causing variation in individual perception of the male colours. The 
selective mating between red males and red-sensitive females, and blue males and blue-sen
sitive females would lead to speciation. Species of Lake Victoria haplochromines differ in 
their relative sensitivities to blue and red light (SMIT & ANKER, 1997). 

D D 

• D 

D • 

Fig. 2. - Schematic genetical mode! for persistance tlu·ougb speciation of the colour polymor
phism that causes speciation. Boxes represent genes, lettres outside boxes represent planotypes 
Large boxes represent a structura l gene complex for «red coloration» that is expressed (capita l 
R) only when particular alleles at a number of polymorphie regulatory loci (smal1 boxes) corne 
together. If tl1e strnctura l gene is not expressed, the phenotype is blue (capital B). 1 f females 
vary in their preference for blue and red, selective rnating of blue males witb blue-preferring 
females and red males with red-preferring females may lead to speciation. Bath claugbter 
species inheri t the structural gene complex that causes colour variation when switched on in 
some and switched off in other inclividuals. White the red daughter species has lost the varia
tion at the regulatory loci that can cause variation in expression of the structura l gene, and muta
tional events would be requi red to restore it, the blue daughter pe ie inherit the variation. 
New red morphs can be generated in the blue claugbter species purely by recombination. The 
rate at wbich red morphs are produced wi ll depend on tlie number ofregulato1y loci reEjuired to 
interact in order to express the structural gene, and on the number of alleles at tl1cse loci. 
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The structural genes for alternative colours that cause speciation when exposed, would 
be inherited by both daughter species. Wh ile the red daughter species has lost the variation 
at the regulatory loci that can cause this variation in expression of the structural genes, and 
mutational events would be required to restore it, the blue daughter species inherits the 
variation (Fig. 2). Selectio.,g would operate mainly upon the regulatory gene interaction 
while the structural gene complexes would be conserved (though variation in extension 
and hue of the yellow/red colour patches implies responsiveness to selection within the 
structural gene complexes). New red morphs, and therewith the variation in colour expres
sion, that holds the potential to break up the sexual coherence of populations, can be gene
rated in the blue daughter species purely by recombination. 

Species of other lacustrine cichlid lineages can also be polymorphie for coloration. 
Severa! colour polymorphisms have been described by KüHDA et al. (I 996) and are shown 
by KONINGS (1988), but none of the colour patterns involved resembles those associated 
with disruptive selection and sympatrie speciation in Lake Victoria. Despite existence of 
intraspecific (SEEHAUSEN, 1996: 258 for Astatoreochromis alluandi Pellegrin, 1903; 
TWENTYMAN-JONES et al., 1997 for Pseudocrenilabl'l1S philander (Weber, 1897), and inter
specific (GREENWOOD, 1979; 1989 for Astatoreochromis and Pseudocrenilabrus ; SKELTON, 
1993 for Serranochromis) colour variation in the haplochromine lineages that did not show 
any explosive diversification, the colour patterns and polymorphisms associated with dis
ruptive sexual selection in Lake Victoria and Lake Malawi haplochromines appear to be 
also entirely absent from these lineages. Jn a detailed study of colour variation only one 
colour type of the genus Pseudocrenilabrus was found in any one lake in southern Africa 
despite a 16-30,000 years history (TwENTYMAN-JON ES et al. , 1997). In contrast, even small 
lakes that are inhabited by haplochromines of the Lake Victoria lineage, such as crater lakes 
in Uganda, commonly have more than one sympatrie colour type (L. and C. CHAPMAN, 
L.S. KAUFMAN & R. OAUTO-KWAYO, pers. comm.). We propose that this difference between 
species-poor and species-rich lineages in propensity to generate colour polymorpbisms 
ex plains the difference in rates of speciation, and in resulting species richness under envi
ronmental conditions that are conducive to selection on coloration. 

PROPOS ED T ESTS OF THE GEN ETICAL HYPOTH ESIS 

Our hypothesis ought to be tested by breeding experiments but al so yields at Jeast two 
explicit and testable predictions about pbylogeneti c patterns. 

( 1) The frequency of intraspecific co lour polymorphi sm should di ffer between spec ies 
with different preclominant colour patterns. Polymorphi sms should be more common in 
species that have the pattern with inheritecl epistati c variat ion at the regul atory gene leve l 
as the ir predominant pattern . Hence, spec ies with « blue » a predom inant ma le nuptia l 
colour pattern should have red morphs more often than spec ies with « red-ventrum » or 
« red-dorsum » as predomioant colour pattern should have« bl ue » morphs. 

(2) The male nuptial co lour polymorphism should have been present in the common 
ancestor of vari ous genera of Lake Victoria cichlids, and possibly in the common ancestor 
of the species tlocks of Lake Victoria and Lake Malawi (or the Mbuna of Lake Malawi). 
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Abstract. Ocean-floor sediments harbour a variety ofprotistan taxa , includin g ciliates, fla
gellates, naked amoebae, testate amoebae, foraminifera and xenophyopbores. Only the 
foraminifera and xenophyohores, however, are reasonably well studied at th e spec ies leve l. 
Despite being an important component of deep-sea communities, these protists are frequently 
disregarded in biodiversity studies. This is unfortunate because « live» (rose Benga l stained) 
foraminifera are rich in species and morphologically very diverse . Indi v idual samples from 
well-oxygenated bathyal and abyssal settings may contain up to 150 and so rn et im es more than 
200 live species (> 63-~1111 fraction). The local diversity of foraminifera seems broadl y compa
rable to that of nematodes among th e meiofauna and polycbaetes among the macrofauna. 
Particularly at abyssal sites, many species are undescribed and belong to poorly-known, soft
shellecl taxa. Extrapolating from local to g lobal di vers ity (a popular activity in biocliversity 
research) is bamperecl by lack information about species di stribution pattern s, particularly for 
the soft-shelled taxa. However, many cleep-sea foraminiferal spec ies in « normal » we ll- oxy
genatecl deep-sea settings appear to be widely distributed, impl y ing re lat ive ly mocles t leve ls of 
global diversity. 

Trends in foraminiferal diversity in response to re;g iona l grad ients of in creas in g organ ic 
enrichment and decreasing oxygen concentration s are fa irl y well desc ribed; spec ies riclin ess 
decreases , and dominance increases . Changes in foraminifera l di vers ity w ith increas ing bathy
metric deptb down tbe continental s lope ha ve also been re ported, but lat itudi1rn l di vers ity gra
di ents re main large ly undoc um ented among foraminifera in modern deep-sea settings. Beca use 
of tbeir ex tensive fossil record, ca lcareous and other bard-she ll ed spec ies can be used to 
address the influence of hi sto rica l processes on large-sca le d ivers ity patte rn s . For exa mple, the 
establi shment of an Antarctic ice sbeet 35 million years ago bas been li nked to the deve lop ment 
of an ancient latitudinal di versity gradient among deep-sea foram ini fera in th e So uthern 
Hemispbere . 

Xenopbyophores a re mu ch less spec iose than foramin ifera. lt has been estimated by 
T EN DAL (1996) th at on ly about one hundred s pec ies, described and undescribed , ex ist in 
modern ocean s . Wh e re tbe two gro ups coex ist at a s ingl e loca l ity, there may be an order of 
magnitude fewer xe nophyophore s pec ies tha n fo raminifera l spec ies. The much lower num
ber of xenophy opb o re s pecies proba bl y refl ects tbeir larger s ize and narrower ecologica l t 1-
erance co mpared to foraminifera. 

Key words: Foraminifera, proti st, di versity, xenophyophore, paleocea11ogra1 hy. 
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INTRODUCTION 

Biodiversity embraces ail aspects ofbiological variety, including variety at the genetic, . 
morphological, species, higher t<l:)'.on, and community levels (e.g. HARPER & 
HAWKSWORTH, 1994; MAY, 1994; WILLIAMSON, 1997). Ideas about biodiversity have been 
developed largely by terrestrial biologists and only fairly recently has attention been 
directed to marine systems (Committee on Biological Diversity in Marine Systems, 1995; 
Ormond et al. , 1997). Yet the seas are inbabited by more major animal groups than the 
land (MAY, 1994), and macrobentbic soft-bottom deep-sea conimunities are extremely rich 
in species, at least at local scales (e.g. HESSLER & SANDERS, 1967; GRASSLE & 
MACKJOLEK, 1992; GAGE, 1996 ; SMITH et al., l 998). Recently, the diverse nature of the 
deep-sea meiobenthos, a size fraction which is difficult and laborious to study, has 
received emphâsis (LAMBSH EAD, 1993; LAMBSHEAD et al. , 1995). The scale of deep-sea 
diversity is comparable to that found in such obviously heterogeneous environments as 
coral reefs and tropical rain forests. Given the relatively featureless appearance of much 
of the ocean floor, explaining this phenomenon has presented ecologists with a major chal
lenge (GAGE, 1996; SMITH et al., l 998). Small-scale stochastic processes, for example, 
species successions in response to patches of labile organic matter (GRASSLE & MORSE
PoRTEOUS, 1987; GRASSLE & MACKIOLEK, 1992) or to hydrodynamic disturbance (GAGE, 
1996, 1997), appear to be important in maintaining local diversity. However, these cen
timetre to metre-scale processes do not necessarily explain large-scale diversity patterns, 
for example in relation to bathymetric and latitudinal gradients (REX et al., 1997). In the 
case of latitudinal diversity gradients, it seerns likely that evolutionary or historical 
processes underlie the patterns observed. 

Certain groups of organisms are particularly rich in species and therefore of special 
importance in biodiversity research (HAMMOND, 1994 ; MAY, 1994). Forarninifera may 
merit inclusion in this category. However, most forarniniferal workers are geologists, 
reflecting the fact that these protists are the most common deep-sea bentbic organisrns pre
served in the fossil record. Much of the geologically-orientated research has concerned the 
search for proxies of parameters which are useful in paleoceanographic reconstructions 
(e.g. MURRAY, 1995), for exarnple, bathymetry (PH LEGER, 1960), nea.r-bottom water 
masses (SCHNITKER, 1980, 1994) and organic matter fluxes to the seafloor (HERGU ERA & 
BERG ER, 1991 ; CORLISS & EMERSON, 1990; JOR ISSEN et al., 1995). With some exceptions 
(e.g. the work of BUZAS et al. , 1969, 1994 ; CU.LVER & BUZAS, 1998, DOUGLA , 198 1 ; 
DOUGLAS AND WOODRUH, 1998), the species diversity of deep-sea forami ni fi ra has 
received relatively little attention. Moreover, those studies that have been undertaken have 
focused on the hard-shelled component of the faLma, rather than the soft-shell ed forms 
wbich constitute a major proportion of man y assemblages (GOODAY, 1994, 1996 ; GüüDAY 
et al. , 1998). This lack of attention contrasts with the efforts devoted by benthic ecologists 
to establishing patterns and sca les ofdeep-sea metazoan diversity in relation to bathymet
ric, latitudinal and other environmental gradients (ETIER & GRASSLE, 1992 ; LEV IN & 
GAGE, 1998 ; REX et al. , l 997; SM ITH et al. , 1998). 

This paper starts with a brief survey of protistan taxa reported fro m the deep sea and 
then rev iews the scale of species di versity in foraminifera and xenophyophores (a related 
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group ), spatial patterns in foraminiferal diversity, and the importance of the fossil 
foraminifera in diversity research. Except where stated, data refer 'to «live» (i.e. Rose 
Bengal stained) faunas. 

PROTISTS IN THE DEEP SEA 

Ali the main free-living protozoan groups occur in marine environments and most 
have been· reported frorn the deep sea. Their size range is enorrnous, SP:anning five orders 
of magnitude frorn tiny flagellates, a few microns in length (TURLÈY et al., 1988 ; 
PATTERSON, 1990 ; ATKINS et al., 1998), to xenophyophores with tests reacJ1ing >20crn in 
size (TENDAL, 1972). Small naked protists in deep-sea sediments (the « nanobiota ») are, 
however, very difficult to study and therefore poorly documented (TH IEL, 1983 ; BuRN ETT 
& THIEL, 1988). 

SMALL & GROSS ( 1985) discovered a variety of ciliates (8 classes, 14 families, 15 ge
nera, at least 20 species) in water and hard substrate samples from hydrothermal vents at 
21 °N on the East Pacifie Rise. These included abundant fo lliculinid heterotrichs attached 
to artificial surfaces (VAN DOVER et al., 1988). SMALL & GROSS ( 1985) -also reported an 
amoeboid organism and a colonial flagellate, each possibly representing a new fami ly, in 
water samples from the same area. ln contrast to their abundance on bard substrates near 
vents, ciliates are generally rare on soft bottoms in the deep sea (BURNETT, 1977, 1979, 
1981 ; ALONG! 1987), probably because they require interstitial space for ciliary movement 
(BURNETT, 1981 ). lnstead, flagellates and amoebae dominated the eukaryotic nanobiota in 
the central North Pacifie (5498-5800m) (BuRNETT 1977 ; SNI DER et al., 1984) and at depths 
around 1200m in the San Diego Trough (BURNETT, 1979, 1981) and Coral Sea (ALONG! , 
1987). A barophilic bodonid flagellate was assoc iated with phytodetritus in the abyssa l NE 
Atlantic (LOCHTE & TURLEY, 1988; TURLEY et al., 1988) and flagellates which grew faster 
under pressure than shallow-water stra ins of the same spec ies have been reportecl from 
2500m from a hydrothermal vent area on the East Pacifie Rise (ATKINS et al., 1998). 
Although testate amoebae are general ly restricted to fresh water and nearshore habitats, a 
very large (up to 34mm cliameter) spherica l species of the gen us Gromia (Order Fi losea) 
has recently been discovered in the bathyal ( l 200- l 650m) NW Arabian Sea (GOODAY et 
al., in revision) . 

Apart from the observations of SMALL & GROSS (1985) , there are virtuall y no data on 
the species diversity of deep-sea ciliates , flagellates and amoebae. Xenophyopbores and 
foraminifera , the testate rhi zopod taxa which form the main foc us of thi s paper, are much 
better known. Xenophyophores have some di sti ncti ve « seft part » feature wb ich cli stin
guish them from foraminifera (TENDAL, 1972). They are genera ll y class ified as a di stinct 
higher taxon, usuall y a class (T EN DAL, l 996). Like some foram ini fera , xenophyophore 
have an agg lutinated test. Un li ke most foraminifera , ail xenophyophore are ëither large 
(>500~tm) or very large(> 1 cm, sometimes > 1 Ocm) and are con fi ned to depths below about 
500m. Foraminifera l assemblages are very speciose and often ex hib it high densities in the 
deep sea . The gross taxonomie composition of NE Atlantic fau nas ha been describéd in a 
number of pub lications (GOODAY, 1986, 1994, 1996 ; GooDAY et al .. 1998). Soft- helled 
monothalamous taxa (a llogrom i icls, saccarnminids, psammosphaerids), Lagenammina 



• 

64 ANDREW J. GOODAY 

species, and hormosinaceans (Leptohalysis spp., Reophax spp) are important, particularly 
at abyssal oligotrophic sites. Hyaline calcareous taxa (e.g. rotaliids) are most common in 
areas (e.g. continental margins) with a higher food input. They typically dominate faunas 
in organically-enriched, oxygen-depleted settings. 

Morphological diversity 

THE SCALE OF DEEP-SEA 
FORAMJNIFERAL DlVERSITY 

... 

Deep-sea foraminifera · exhibit an extraordinary morpbological diversity (BRADY, 
1884; CULVER & BUZAS, 1998). At individual abyssal sites they can range from a few tens 
of microns up to several centimetres in size, and include forms with organic, agglutinated 
and calcareous tests . Common morphotypes includes spheres, flasks , various types of tube 
(branched or unbranched, open-ended or with a bulb-shaped initial part) and chambered 
tests with chambers arranged planispirally, trochospirally, or in biserial , triserial or more 
complex arrangements. One exclusively deep-sea taxon , the Komokiacea, displays mor
phologies (elaborate systems of branching tubules) not traditionally associated with 
foraminifera (TENDAL & HESS LER, 1977 ; SHI RES et al., 1994). If test morphology and .fonc
tion are closely Iinked,'then the great range offoraminiferal sizes and morphologies in the 
deep sea implies a cor~sponding diversity of ecological strategies. For example, test mor
photypes can be relateâ to preferences for particular microhabitats within the sediment 
profile (CORLISS, 1985 ; CORLISS & EMERSON, 1990 ; GooDAY, 1994) or to trophic strate
gies (JONES & CHARNOCK, 1985). 

Local species diversity 

Most deep-sea foraminiferal populations consist of a few common species and numer
ous rare ones. DOUGLAS & WOODRUFF ( 1981) summarise foraminiferal species ri chness 
and diversity data from bathyal and abyssal environments. Most ofthese earli er data relate 
to «total» (live plus dead) assemblages. 

GOODAY et al. ( 1998) presented a summary of foraminiferal diversity measures from 
five s ites in the bathyal (1340m) and abyssa l (4545-4942 m) NE Atlantic and the NW 
Arabian Sea (3350m). ln Table 1, I report the same data in condensed form together with 
sirnilar data from a bathyal site located at 4 l 2m in the core of the Arabian Sea oxygen min
imum zone (OMZ). Rarefaction curves for the five s ites are given in Fig. l. Foram ini fera l 
species richness and diversity were high in the well-oxygenated _bathyal and abyssal N E 
Atlant ic, and at the deep Arabian Sea s ite where oxygen leve ls were around 3.0m J. J·' . They 
were much lower at the 412-m Arabian Sea s ite where oxygen concentratio ns were aro und 
0.13ml.J·1• Dominance (R lD) sbowed the opposite trend. It was low (generall y < 10%) at 

the abyssal sites, s lightly bigher ( l l-15%) in the bathyal Porcupine Seabigbt, and higher 
again (27-44% depending on s ize fraction) in the core of the Arab ian Sea OMZ. 

Di versity data for the forarn ini fera l macrofauna (>300µm ) from three s ites on the 
No1th Caro lina Slope are also reported in Tab le l and included in Fig. 1. These sites lie 
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along a gradient of increasing organic matter input but without corresponding oxygen 
depletion in the bottom water (SCHA FF et al. , 1992). Values for species richness and diver-
sity measures were generally higher in both the 0-2cm and 0-1 Scm layers at Sites r and Il 
compared to the organically-enriched Site m. 

TABLE 1 

Summaiy offoraminiferal diversity 1neasures .from we/1-oxygenated sites in the NE Atlantic (GOODA l' 

el al., 1998), the NW Arabian Sea within (4 12111) and below (3350111) the oxygen minimum zone 
(GOODA l' et al., in revision a), and the North Carolina slope (H UGHES & GOODAY unpublished). 
Asterisk (*) indicates that the data set consists of median values. Loca/ities : PSB = Porcupine 
Seabight ; PAP = Porcupine Abyssal Plain; MAP = Madeira Abyssal Plain ; CVA P = Cape Verde 
Abyssal Plain. Other abbreviations : OMZ = oxygen minimum zone; TS = toprnost sediment ; N = 

number of specùnens; S = number of species; R l D = Rank l dominance; SW2 = Shanon-Wiener 
index (log); E(S,J = Expected number of species in a sample of l OO specimens 

L /" Size Depth 
Layer N % Cale s RID SW2 

Fishers 
E(S,J oca ttyjivction (µm) (m) a 

Northwest Atlantic 

*PSB >45 1340 0-5cm 640 20.8 11 8 11.1 5.7 43.2 46 .8 
*PSB >45 1340 0-lcm 335 26.8 89 14.6 5.4 35.4 45.5 
*PAP >63 4850 0-lcm 586 10. 1 141 9.5 6.2 58.9 55.0 
*PAP >63 4850 0-IOcm 11 68.5 9.9 2 10.5 6.0 6.6 75 .0 59.6 
*MAP >63 4940 0-l cm 345 14.2 108 5.2 6.2 62.4 60 .0 
MAP >63 4940 0-1 Ocm 575 9.2 158 9.4 6.4 7 1.9 59.5 
CVAP >63 4545 0-1 cm 34 1 1.75 11 7 10.0 6.2 62.9 59. 1 

Northwest Arabian Sea 

Below >63 3350 0- 1 cm 1282 6.2 208 5.3 2.02 67. 1 6 1.4 
OMZm 

Below > 125 3350 0- 1 cm 893 1. 5 158 6.8 1.92 6 1.0 58.7 
OMZ 

Core of >63 4 12 TS 3647 84.9 64 27.0 0.98 8.24 18.6 
OMZ 

Core of > 125 4 12 0- lcm 6 188 70.7 49 44. 1 1.23 9.28 23.9 
OMZ 

North Carolina Slope 

*Site 1 >300 850 0-2cm 23 1 3.8 53 12. 1 1.50 22. 14 37.3 

Site 1 >300 850 0-15cm 301 2.3 59 22.9 1.39 2 1.93 34.8 

Site LI >300 850 0-2cm 286 6.4 64 12.9 1.53 25 .6 1 39.9 

Site li >300 850 0- 15cm 486 4.3 71 16.7 1.47 22.90 36.0 
*Site Ill >300 850 0-2cm 323 68.5 25 65 .3 0.65 6.33 15. 
*S ite l If >300 850 O- l 5cm 966 73.8 33 71.7 1.08 6.62 14.3 



66 

140 

120 

Il) 
Cl) 

ë3100 
Cl) 
a. 
Il) 

0 
... 80 
Cl) 
.c 
E 
ê 60 

"C 
Cl) 

!40 t 
w 20 t 

ANDREW J. GOODAY 

D 

F 

G 

0 N 
"' "' 

Number of specimens 

Fig. 1. - Rarefaction c urves based on « live » (Rose Bengal stained) 
foram inifera from individual samples obtained at sites in the N. Atlantic and 
NW Arabian Sea. A, Fare from the NW Arabian Sea, Discove/'y Stations 12687 
(3350m depth) and 12692 ( 4 l 2m depth) respective ly. B,C,D are from the 
Porcupine Abyssa l Plai n, 4 840m depth, Discovel'y Station 11 908#70, 
Challenger Station 5430 l #9 and Discove1y Station l 3077#2 l respectively. E 
and G are from the North Carolina continental s lope, 850m depd1, Site r and 
Site 11 l respectively of S HAFF et al. ( 1992). Curves A and F are based on the 
> l 25~tm fraction, 0- 1 cm layer; curves B- D on the >63 ~Lm fraction, 0- 1 cm 
layer ; curves E,G on the > JOO~tm fraction, 0- 1 Scm layer. 

The percentage of eas ily foss ilizable ca lca reous fora min ifera was inversely related to 
diversity. 1t was genera lly around 10% or less in the abyssa l NE Atlantic, increa ed to 20-
27% in the bathya l PSB, and reached 70-85% (depending on s ize fraction) in the core of 
the Arabian Sea OMZ. A simi lar trend was apparent am ong macrofauna l forami nifera on 
the North Carolina s lope where the percentage of ca lcareous specimens was much lower 
at Sites l and li than at Site Ill . 

Species distribution patterns 

An extensive literature ex ists on deep-sea foram inifera and large-sca le d i tribution pat
terns are well established for the better known hard-she lled species, many of which are 
ca lcareous. These sources suggest that common species typica lly have cosmopolitan dis
tributions on the ocean fl oor (BRADY, l884 ; ScH ITKER, 1980 ; DouGLA & WoODRUFF, 

198 1 ; M URRAY, 1991). As long as the environmental condi tions are appropriate the same 
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species tend to occur, irrespective of location. GooDAY et al. (1998) ,analysed the distri-

-· bution of the more abundant species which could be consistently recognised in samples 
from three North Atlantic abyssal plains (the Cape Verde, Madeira and Porcupine) and the 
35-m Arabian Sea site. Only 17 of the 78 species were restricted to a single site, 17 

occurred at ail four, 20 at three and 24 at two of the sites, suggesting that many of the 
species occurring at these well-oxygenated localities were fairly widely distributed. 

XENOPHYOPHORE SPECIES 
DTVERSITY 

Xenophyophores are the only deep-sea protistan taxoi:i , apart from the foraminifera, 
for which reliable data are available at the species level (TENDAL, 1996). This group is 
much Jess speciose than the foraminifera. Where faunas are well studied, the number of 
species present at a particular site is always <20. Seventeen species were recognised 
among about 200 specimeos collected at the DlSCOL site in the eastern equatorial Pacifie 
(GOODAY & MAYBURY unpublished). At the well-studied BENGAL site on the Porcupine 
Abyssal Plain , careful examination of box cores collected over several years has yielded 
only 8 species among 87 specimens (GOODAY, unpublished). LEVIN & THOMAS (1988) 
recognised between 2 and 5 distinct xenophyophore morphotypes on seamounts in diffe
rent areas of the east Pacifie ( 10°-3 l 0 N). Many xenophyophore species remain unde
scribed, for example most ofthose in the DISCOL area and in the Pacifie material of Lev in 

& Thomas ( 1988). 

SPATIAL PATTE RNS 
OF FORAMTNIFERAL SPECIES DlVERSITY 

Foraminiferal diversity patterns have been described over bathymetric and latitudina l 
gradients, and in relation to organic enrichment and oxygen depletion. As in the case of 
local (a) diversity, most studi es are based e ither on tota l (live + dead) modern assemblages 
or on fossil faunas , and concern only the hard-she ll ed taxa. Little. is known about patterns 
of xenophyophore diversity in relation to environmenta l grad ients. 

Large-scale patterns 

Bathymetric patterns. fn genera l, tota l foram iniferal d ivers ity appea rs to decrease 

down the continental s lope and then increase again o n abyssal p la ins (DOUGLAS & 
WoooRUFF, 198 1 ). At various s ites a long the eastern continenta l margin of North Amerirn 
(fro m the Canadian Arctic to the Gulf of Mexico) di vers ity in core top samples reached 

minimum va lues on the upper s lope and then increased downs lope in a non-linea r fas hion 
(BUZAS & GIBSON, 1969 ; G IBSON & B UZAS, 1973 ; CARTER et al., 1979). In BUZAS & 
G1BSON's ( 1969) data from the western North Atlantic (29-500lm), species numbers 
peaked at 40-50 on the outer shelf (l.00-200m depth) and then dec lined oo the conünenta l 
s lope before increasing to values of 60-80 or more at abyssal depths ( 4000-SOOOm). The 
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pattern was based on total (live+ dead) faunas but was also evident in the live assemblage. 
DOUGLAS & WOODRUFF ( 1981) also reported that total fora111iniferal diversity was higher 
in the abyssal (80-1 OO species) than in the bathyal ( 40-50 species) Pacifie . ... 

The opposite trend, an overall decrease in fora111iniferal diversity down the continental 
slope, has also been described. ln the NW Gulf of Mexico, species richness and diversity 
(Shannon-Wiener lndex) declined with increasing depth below 100111 (BuZAS & GIBSON, 
1969), LAGOE (1976) found a depth-related decrease in species richness and Shannon
Wiener values between 1069111 and 3709111 in the Arctic Ocean, and CUTTER et al. (1994) 
reported no trend in values of the Shannon-Wiener Index (loge) down the continental slope 
off Cape Hatteras. On the bathyal California borderland, live fora111iniferal diversity showed 
a general, slight decrease with batby111etric deptb , but the pattern displayed many comple
xities related 111ainly to the distribution of oxygen-depleted basins (DOUGLAS, 1981 ). Walsh 
(in DOUGLAS & WOODRUFF, 1981) presented diversity data for live, dead, calcareous live and 
calcareous dead fora111iniferal assemblages in replicated samples from 3200-4600111 on the 
East Pacifie Rise. The live component of the fauna showed a much stronger decrease in 
species richness and Shannon-Wiener Lndex values than the dead component, which was 
modified by down-slope transport of foraminiferal tests. 

These observations suggest that fora111inifera do not conform to the parabolic di versity 
pattern exhibited by metazoan macrofauna and megafauna (e.g., gastropods, polychaetes 
and fish) on continental slopes (REX, 1981 , 1983 ; R EX et al. , 1997 ; ETIER & GRASSLE, 
1992; PATERSON & LAMBSH EAD, 1995). Caution should be exercised, bowever, when com
paring 111etazoan patterns with foraminiferal patterns based on the hard-shell.ed component 
of the fauna. Establishing bathymetric diversity trends among « complete » faunas (i. e. 
live, soft- and hard-shelled foraminifera) might be instructive, although the effort involved 
in such a study would be considerable. 

Latitudinal patterns. The existence of latitudinal diversity patterns in the sea has been the 
subject of considerable debate (CLARKE, 1992). There does seem, however, to be a decline 
in diversity towards higher latitudes in the Northem Hemisphere, althougb perhaps not in the 
Southern Hemisphere (BREY et al. , 1996; CLARKE & CRAME, 1997 ; R EX et al. , 1993 ; 1997). 

On the basi s of an extensive data set derived from literatme and original sources, 
ÜJ BSON & BUZAS (1973) concluded that modern fo ramini fera l sa.mple (a) di versity shows 
a general increase fro111 north (Canadian Arctic) to sou th (Gul f of Mex ico) a long the east
ern margin of North America (0-1 OOm and 100-1 OOOm depth intervals). The trend, how
ever, was nota smooth one . For example, an a rea to the south of Nova Scoti a (- 4 l-43°N), 
and sites located on deltas in the Gulf of Mexico were characteri sed by 10w d iversity 
within the depth ran ge 0-1 OOm . CuLVER & BUZAS (1998) exami ned the frequency of 
spec ies occurrence ( i. e. the number of loca li ties at w hicb a spec ies occurs) within fi ve 
regions (Pacifie, Arcti c, Atlanti c, Gulf of Mexico, Caribbean) around North A merica. 
They fouod that this parameter, which is related very close ly to species diversity, was 
higher at low latitudes (Caribbean) than at high latitudes (Arcti c). 

Tbese trends were described on the continental shelf and slope. No attempt has yet 
been made to establisb whether a lati tudinal diversity gradient exists among livi ng benthic 
fora minife ra in trul y deep-ocean settings, simi lar to that suggested by REX et al. (l 993, 
1997) for metazoan macrofa una. However, THOMAS & GoODAY (1996), studying Ocean 
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Drilling Project (ODP) cores, reported that a deep-water latitudinal gradient in 
foraminiferal species richness (increasing from high to low latitudes) was initiated about 
36 million years ago in the Southern Hemisphere. They speculated that an increase in sea
sonality at high latitudes, coïncident with the build-up of ice on the Antarctic continent, 
may have depressed foraminiferal diversity, perhaps by encouraging opportunistic species. 
The ODP cores yielded a few data points which suggested that the diversity gradient may 
persist in _the modern ocean, although this question requires considerable further study. 
SMART & M URRAY (1995) also described diversity (Fisher a and Shannon-Wiener indices) 
in fossil (early to middle Miocene) foraminiferal faunas. They found that diversity was 
lower on Atlantic than lndian Ocean abyssal plains, but, unlike THOMAS & GOODAY 
( 1996), they found no discernible trend in diversity with latitude. 

Regional patterns in relation to organic enrichment and oxygen depletion 

The interplay between food and oxygen avai lability is a major factor in both 
foraminiferal (JORISSEN et al., 1995 ; DE STIGTER, 1996) and metazoan ecology (LEVIN & 
GAGE, 1998). Organic enrichment is typically associated with oxygen depletion in near
bottom water and sediment pore water (DIAZ & ROSENBERG, 1995). Oxygen depletion is 
persistent where oxygen minimum zones (OMZs) impinge on the continental slope and in 
some silled basins and fjords where bottom-water circulation is poor and the system is 
enriched with organic matter derived from natural sources or pollution (ALVE, 1995a, 
l 995b ). Other basins are periodica lly tlushed, sometimes seasonally, with oxygenated 
water, leading to cycles of oxygen depletion and renewal (BERNHARD & REi MERS, 199 1 ). 
These conditions (oxygen depletion combined with organic enrichment) exert a strong 
influence on the species composition of foraminiferal faunas, leading to the development 
of distinctive assemblages dominated by taxa such as Bolivina d 'Orbigny, 1839, Brizalina 
O.G. Costa, 1856, Bulimina d 'Orbigny, 1826, Cassidulina d 'Orbigny, 1826, Epistominella 
Husezima and Maruhosi , 1944, Spiroplectammina Cushman, 1927 and Textularia 
Defrance, 1824 (SEN GUPTA & MACHA IN-CASTILLO, 1993; BERNHARD et al., 1997). 

lt is well known that these assemblages exhibit low species richness and high domi
nance (PHLEGER & SOUTAR, 1973; VAN DER ZWAAN & JORISSEN, 199 1 ; SEN GUPTA & 
MACHAIN-CASTILLO, 1993). Few studies, however, have documented diversity parameters 
across gradients of organic enrichment and oxygen depletion in any detail. Data from the 
two Oman margin s ites suggest that species ricbness (E(S 100)) and diversity (Fisher a and 
Shannon-Wiener indices) are both much lower, white dominance is higher, in food-rich, 
low-oxygen settings (Table 1 ). S imilar features cbaracterise foram iniferal assemblages in 
the severely oxygen-depleted (02<0. I ml.1·1) Santa Barbara Basin (BERNHARD et al. , 1997). 
However, dense, low-diversity, high-dominance assemblages are not invariably associated 
witb oxygen-depleted bottom water, and no species is confined to tbese environments. 
Faunas from organ ically-enriched regions where the bottom water is well oxygenated may 
exbibit similar diversity characteristics and species compositions (SEN GUPTA et al., l 981 ) . 
Th is suggests that organic enricbment, rather than oxygen depletion, encourages popula
tion growth in opportunistic species, although oxygen depletion may deter less tolerant 
species and therefore have an impact on the number of species present in sucb areas 
(LEVIN & GAGE, 1998). 
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THE IMPORTANCE 

OF THE GEOLOGICAL RECORD 

Because benthic foraminifera have a ri~h fossil record, particularly in the Cenozoic, 

they can be used to investigate historical aspects of diversity, including issues such as evo
Iurionary diversification, ancient diversity patterns, trends in diversity over geological 
time scales, and changes in the geographical distribution of species. These matters are dif
ficult or impossible to address on the basis of modern samples. This approach has been 
exploited to considerable effect by M.A Buzas and S.J. Culver. These authors compiled 
three very extensive data bases on the distribution of modern species around the North 
American continental margin, the world-wide stratigraphie distribution ofa subset ofthese 
North American species, and a detailed study of the stratigraphie distribution and first and 
last occurrences of species in six Cenozoic rock formations located in a restricted area (the 

Salisbury-Albemarle Embayment) on the United States Atlantic coastal plain (reviewed by 
CuLvER & BUZAS, 1998). Analyses ofthese data yield results whioh are highly relevant for 
studies of modern diversity. These including the following. 

1) A number of the modern species which occur in ail five regions around North 
America have no fossil record, implying that they evolved and dispersed around the con
tinent very recently (CuLvER & BuzAs, 1998). This suggests that some foraminifera 
attained cosmopolitan distributions very rapidly, a result with important implications for 
global diversity estimates (FENCHEL, 1993). Many species, however, are endemic to one 
particular region. These are much more likely to have no fossil record than the cos
mopolitan species, implying that they also evolved very recently, but failed to disperse. 

2) Detailed examination offossil foraminiferal species present in successive Cenozoic 
formations indicates that local species diversity is maintained through immigration from a 
regional species pool located on the Atlantic and Gulf coastal plains . However, which 
species immigrate into an unoccupied neritic area, in this case following a marine trans
gression , seems to be largely unpredictable and to depend on chance dispersals of indi
vidual species from the regional pool rather than the reassembly of a unified community 
(BuZAS & Cu LV ER, 1994). This geological perspective is relevant to the question of how 
local and regional species pools internet (CORNELL, 1995). 

Buzas and Cul ver studied shallow-water (neretic) habitats. Their approach may be less 
applicable in ocean-tloor settings where barriers to di spersion , particularly at abyssa l 
depths, are fewer and endemism likely to be less pronounced (GR ASS LE & M ORSE

PORTEOUS, 1987 ; ÜRASS LE & MACKJOLEK, 1992) . Stud ies of foraminiferal and other 

microfossil s through geological time are, however, potentially important for understand

ing the historica l and evolutionary processes that help to shape modern large-sca le di ver
sity patterns in the deep sea (REX et al. , 1997). For example, they might prov ide a test of 
the hypothesis that species tend to evolve in bathyal system s and then in vade abyssal envi
ronments (ETIER & R EX, l 990 ; REX & ETIER, 1998). In the above-menti oned study of 
Thomas & Gooday ( 1996), data from ODP cores reveal ed that the deve lopment of a lati
tudinal divers ity grad ient in the Southern Hemisphere was co ïn cident with the onset of 
Anta rctic g lac iation. C RON IN & RAYMO ( 1997) clemonstrated a li nk between regular fluc
tuations in deep-sea ostracocl divers ity (Shannon-Wiener lndex) and Q uaternary glacial-
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interglacial cycles. These examples demonstrate that the geological record can yield infor
mation on deep-sea diversity trends in relation to changing environmental conditions over 

time scales of thousands of years. 

DISCUSSION 

Species concepts in foraminifera 

Almost ail foraminiferal species and genera are recognised on the basis of test mor
phology, structure and composition. Analysis of ribosomal DNA sequences has recently 
made it possible to separate some morphologically very similar species (PAWLOWSKJ et al., 
1995), but this approach is not generally applicable, and particularly not to de~p-sea 
foraminifera. Thus, most foraminiferal species _are, in effect, morphospecies. Many of 
those recognised in deep-sea samples are undescribed « working » morphospecies. 
Foraminifera are able to reproduce asexually, and MURRAY ( 1991) has suggested that this 
mode of reproduction is particularly prevalent among deep-sea species. Thus, as in the 
case of many inbreeding or asexual, free-living ciliates (FtNDLAY et al., l 996a), it may be 
inappropriate (as well as practically impossible) to apply biological species concepts to 
deep-sea foraminifera. 

Why are foraminifera much more diverse than xenophyophores? 

Foraminiferal species are much more numerous than xenophyophore species at both 
local and global scales. On the Porcupine Abyssal Plain, only eight xenophyophore species 
have been recognised in numerous box cores compared to as many as 150 foraminiferal 
species present in a single sample. Sinee there are rarely more than ten xenophyophore 
species at any single locality (an area whieh may cover 10km2 or more), this level of dis
parity in species numbers is probably fairly typical. T EN DAL ( 1996) estimated the total 
number of xenophyophore species, described and undescribed , at around 100. lt is diffi 
cult to even guess at the corresponding number of deep-sea forarnini fe ral species, but the 
fi gure is likely to be at least two orders of magnitude higher (note that >200 foramini fe ral 
species >63~Lm were present in 25.5cm3 of sediment from one of the sites studied by 
GOODAY et al. , 1998). 

The rel atively small number of xenophyophore spec ies compared to forarnini feral 
species present at any parti c ul ar locality must refl ect the mucb greater test s ize of most 
xenophyophores. M AY (1988) showed that, within a partieular taxonomie gro-up, small er 
s ize c lasses contain more spec ies than larger s ize classes . As FENCHEL ( 1993) and FINDLAY 
et al. (l 996b) argue, however, tbi s is not neeessaril y true at g lobal scales s inee small 
species (e .g . ciliates and otber protozoa) are more likely to be eosmopoli tan than large 
speeies . A lthough some xenophyophores such as Syringamminafragilis (which occurs in 
New Zealand and Scott ish waters; TENDAL, 1972, 198 1) are widely distributed, there d'oes 
appear to be a tendency towards endem icity withi n the group. For example, the Atlantic 
and Pac ifie faunas are rather d istinct (GOODAY & TE DAL, 1988). One xenophyophore 
order ( ~tannomida) is ab undant in parts of the Pacifie but virtually absent in the Atlantic 
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(TENDAL, 1972, 1980, 1996). Many deep-sea foraminifera, on the other hand, occur widely 
at abyssal depths (GOODAY et al., 1998). There may therefore be some additional factors 
which account for the low number of xenophyophore species compared to the undoubt
edly much larger, but unquantified, total for deep-sea foraminifera. 

In addition to occupying a much larger size range, foraminifera possess a greater varie
ty of wall types (organic, agglutinated, calcareous) than xenophypphores which, with a 
few exceptions, construct agglutinated tests. Xenophyophores also have a peculiar but 
very consistent internai organisation consisting of a branching protoplasmic strand, 
enclosed within an organic tube system and closely associated with branching, string-like 
stercomata masses. This may impose ecological constraints on, for example, trophic 
mechanisms. Xenophyophores are most common in relatively food-rich regions, although 
they do occur in more oligotrophic areas as well (TENDAL, 1972 ; LEVIN & GOODAY, 1992). 
They seem to have narrower ecological tolerances than foraminifera and have not been 
reported in highly energetic (GAGE, 1997) or low-oxygen (02<0.2ml/I) areas (LEVIN & 
GOODAY, 1992). Together with factors associated with size differences, these structural and 
ecological factors may explain why foraminifera are more diverse than xenophyophores at 
global as well as at local scales. 

How does protistan diversity compare with metazoan diversity in the deep sea? 

Megafauna. As indicated above, the number of xenophyophore spec ies present at any 
one locality ranges from 1 to <20. This is similar to the numbers of species belonging to 
deep-sea megafaunal groups such as the holothurians. At the PAP site, 16 holothurian 
species have been recorded (BILLETI pers. comm.) compared to 8 xenophyophore species. 
According to HANSEN ( 1975), the total m1mber of described holothurian species in the deep 
sea is 380, and the total number belonging to the Order Elasipoda is about 171 , compared 
to TENDAL's (1972) estimate of 100 described and undescribed xenophyophore species. 

Macrofauna. GOODAY et al. (1 998, p. 192) suggested that macrofaunal foraminifera 
(>500-µm size fraction) «are as speciose as metazoan taxa such as polychaetes, bivalves 
and isopods, but that, as a result of the ir much greater abundance, they may be less diverse 
when numbers are normalised by rarefaction ». Recently, PATERSON et al. ( 1998) recognised 
101 polychaete spec ies among 427 spec imens recovered from 5 box-core samples (>300-
~un fraction, 0-5cm depth) obta ined at the BEN GAL Porcupine Abyssa l Plain (PAP) site in 
the NE Atlantic. By comparison, 100 and 123 large fora minifera l species were fow1d 
among, respectively, 150 l and 406 1 complete specimens sorted from two box-core samples 
(>500-µm fraction , 0-l cm depth) taken at the same site (GOODAY et al. , 1998). Values of 
E(S,00) for the polychaetes are around 44 (from PATER o et al., 1998, fig. Sa) compared to 
35.5 and 29.3 for the fora mini fera. These data therefore tend to support the conclusions of 
Gooday et al. (1998), a ltbough the comparison is blu rred by the lack of comparabi lity 
between size fract ions and depth horizons. Thu , parti y a a re ult of their sheer numerical 
abundance, forami ni fera make a substantial contribution to macrofaunal pecies richness at 

tbis site and probably elsewhere in the deep sea (TENDAL & HE SL R, 1977). 

Meiofauna. Nematodes dominate the deep-sea metazoan meiofauna numerica lly (YINCX 
et al., 1994) and are a high ly diverse taxon (LAMBSHEAD, 1993). Single amples may conta in 
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over l OO species with the most abundant species usually representing < l 0% of the popula
tion (TIETJEN, 1989). DrNET & VIVIERS ( 1979) recognised "0, 115 and 84 species at 4216m, 
4220-4225m and 4700-4725m in the Bay of Biscay; corresponding specimen numbers were 
l 05, 190 and 190 respectively. At the PAP site, numbers of nematode species in multicore 
samples (25.5cm2 area, 0-1 cm depth; >45-µm fraction) varied from 35 (59 specimens) to 71 
(338 specimens) per core compared to 131-153 (499-651 specimens) foraminiferal species 
per core (>63-µm fraction) (GOODAY et al., 1998). On the Madeira Abyssal Plain, _nematode 
species numbers varied from 25 (53 specimens) to 49 (187 specimens) compared to 100 (290 
specimens) to 149 (405 specimens) foraminiferal species. 

To summarise, the very limited available data (most of it from the PAP), suggest that 
foraminiferal species richness is comparable to that of polychaetes in the macrofaunal size 
range and comparable to or rather greater than that ofnematode in the meiofaunal size range. 

Is diversity related to phylogeny? 

Recent molecular evidence suggests that foraminifera branch close to the plasmodial 
and cel lular slime mou Ids near the middle of the eukaryotic tree (PAWLOWSKI et al. , 1994). 
Foraminifera and metazoans are therefore phylogenetically distant as well as being struc
turally very different (unicellular vs multicellular). Nevertheless, locally (for example, in 
samples taken atone site), foraminifera and metazoan taxa such as polychaetes and nema
todes, exhibit similar levels of species richness and diversity in the deep sea. They a lso 
display similar population responses to organ ic-enrichment and oxygen-depletion gra
dients (albeit possibly not bathymetric gradients). As far as local (a) diversity is con
cerned, the answer to the question posed above appears to be «no ». 

There are, however, some important differences between forami ni fera and metazoans. As 
mentioned above, foraminifera, unlike most metazoans (but like other protistan groups such 
as ciliates), can reproduce asexually and this may allow rare species to persist. It may also 
explain the extraordinary geological longevity of some foraminiferal species; for example, 
>35 million years in the case of Epistominella e.xigua (Brady, 1884) and Alabaminella wed
dellensis (Earland, 1936) (THOMAS & GoODAY, 1996), compared to an estimated average life
span of 5-10 million years for most marine invertebrates (MAY et al., 1995). Another 
important consideration is that many deep-sea foraminifera (lre widely distributed (GOODAY 
et al., 1998) and occur wherever conditions are suitable. Ln this respect, they again resemble 
c i lia tes and other protistan groups (FENCHEL, 1993 ; FlNDLAY, 1998; FrNDLAY et al. , l 996b ; 
1998). Thus, the total number of forarniniferal species in the deep sea is likely to be much 
lower than recent estimates of the global numbers of macroinfaunal ( lx 107) and nematode 
species ( 1X108) in ocean-floor sediments (GRASSLE & MACKIOLEK, 1992 ; LAMBSHEAD, 1993). 

SOME QUESTIONS 
AND FUTURE DIRECTIONS 

Foraminifera are commonly disregarded by biologists investigatiog deep-sea biodi
vers ity (species diversity). At the same time, geo logists, who are at the fore ront of 
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research into deep-sea foraminiferal ecology, are (understandably, and with some notable 
exceptions) more concerned with developing proxies for use in palaeoceanographic recon
structions than in determining scales and patterns of foraminiferal diversity. Nevertheless, 
foraminifera clearly represent an important and highly diverse component of the deep-sea 
benthos and one which should be incorporated into assessments of biodiversity on the 
ocean floor. 

The following problems and questions are among those that need to be addressed in 
order to iinprove understanding of the scale and pattern of foraminiferal diversity in 
ocean-floor sediments. 

J) Deep-sea foraminiferal assemblages incorporate a substantial pool of undescribed 
species, many of them belonging to poorly-known, soft-walled taxa. A wider recognition of 
these organisms will only come about if effort is devoted to the description of new species. 

2) In order to estimate the global scale of foraminiferal diversity, it is important to 
establish the distributional ranges of species. Are cosmopolitan distributions really more 
prevalent among deep-sea species than they are in shallow water? Calcareous 
foraminifera, which are better known taxonomically than other meiofau11al groups in the 
deep sea, are well suited to an analysis of these patterns. 

3) Information is required about large-scale trends in foraminifera l diversity. Does a 
latitudinal gradient exist among modern deep-sea foraminifera, similar to that repo1ted for 
fossil foraminifera and modern macrofauna? Do bathymetric trends in foraminifera l diver
sity down the continental slope di ffer fundamentally from the parabolic patterns exhibited 
by metazoan taxa, and if so why? 

4) Are the patterns and scales offoraminifera l diversity (both local and global) similar 
to those reported for metazoans? Or are they more similar to those of other protists such 
as free-living ciliates? 
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Abstract. Enzyme and dispersal polymorphism in the saltmarsh carabid beetle Pogonus chalceus 
Marsham were compared between 30 Atlantic and nine Mediterranean European populations. Allozyme 
results showed that Mediterranean beetles (France, Spain) are genetically distinct from Atlantic popu
lations. Ali Mediterranean beetles screened showed complete fixation at one locus (IDH 1 ), which in 
Atlantic populations nearly always varied, whereas some unique Mediterranean alleles were observed 
for another locus (MPl). Genetie di fferentiation (a llozymes) between Mediterranean populations, 
although highly significant, appeared to be much lower (F,,. =0.098) than between Atlantic populations 
(FsT =0.178). Beetles from the Medi terranean showed a remarkably high dispersal power in ail popula
tions studied, whereas Atlantic populations showed wing polymorphism and reduced dispersal power 
to much more vaiying degrees. These results, along with relatively lower levels of Pogonus chalceus 
abundance in man y Mediterranean saltmarshes, strong ly suggest increased levels of extinction/recoloni
sation in relation to a lower degree of habitat persistence in MediterraneaD compared with most Atlantic 
saltmarshes. Conclusions are relevant to issues in both evolutionaiy and con ervation biology. 

Key words: population genetics, genetic differentiation, dispersal power, gene flow, habi tat frag
mentation, allozymes, wing polymorphism, saltmarshes, Atlantic, Mediterranean, ground beetles 

(Carabidae), Pogonus chalceus. 

INTRODUCTION 

Geographic genetic structure - the distribution and abundance of genotypes between 
and within populations - is a fu nclamental part of ecology and evolution, combin ing both 
clemographic and genetic processes, such as extinction/ recoloni ation , gene flow, drift and 
natura l select ion (RODERICK, 1996). 1 nsects, w itb the ir extreme di ver ity and abundance, 
in many cases have evolved specia l featu res, and are increa ing ly used as modd species 
in popu lation and conservation genetics. For example, many in ect specie d i play dis
persal polymorphism (e.g. Ü ENNO et al. , 1996), which can be u ed to evaluate cli rectly the 
effect of migration on geographic structure. S uch data can then be compared witb tho e 
obtained inclirectly from genetic studies (RODER ICK, 1996). 

Natural areas in Europe have been severely recluced and highly fragmented. M 1y species 
therefore persist only in small and isolated populations. Habitat fragmentation in g neral results 
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in a reduced biodiversity (e.g. ANDRÈN, 1994), but may also lead to an increased genetic dif
ferentiation (HASTINGS & HARRJSON, 1994 ; YouNG et al., 1996) as a result of reduced gene 
flow (SLATKJN, 1994). In theory, the negative influence of fragmentation on biodiversity is sup
posed to be caused by lowered genetic diversity and adaptability of species, eventually leading 
more rapidly to their extinction (FRANKHAM, 1995). Recently, we started studying population 
genetic consequences of fragmentation on a variety of beetle species, with emphasis on salt
marsh and woodland species. The rationale which formed the basis ofthis study is outlined in 
more detail elsewhere (DESENDER & TURJN, 1989 ; DESENDER et al., 1998). 

West-Eu~opean saltmarshes are relatively recent habitats, in many cases well docu
mented historically. They can mostly be considered true habitat islands, a prerequisite for the 
study of population genetic effects of isolation and fragmentation. Recent estimates ail over 
western Europe show a dramatic decrease of the surface area of saltmarshes (D1JKEMA et al. , 
1984). This is expected to enhance isolation and its negative effects on the genetic diversity 
of the highly specialised terrestrial arthropod fatma, including many balobiontic species, i.e. 
many ground beetles (Coleoptera, Carabidae). Mediterranean salt:rnarshes, although in gene
ral studied less intensively than Atlantic marshes, also are inhabited by an aiTay of highly 
specialised terrestrial invertebrates, with again beetles as one of the most prominent groups 
(BIGOT, 1965). Also in this area, human impact on coastal habitats (especially estuaries) has 
been very pronounced during the twentieth century ( e.g. GUILLEN & PAN AL UES, 1997). 

Ground beetles show large variation in morphological traits related to dispersal pbwer, 
and many species even display dispersal polymorphism or dimorphism (DEN BOER et al. , 
1980 ; DESENDER, 1989). Gene flow ofsuch species can be quantified more or less directly 
by means of morphological or biometrical knowledge on the hind wings and fli ght muscles. 
In earlier work, we have documented the life cycle and population densities of such a wing 
polymorphie and halobiontic carabid beetle Pogonus chalceus (Marsham, 1802) from an 
Atlantic population (DESENDER, 1985). P chalceus occurs exclusively in saltmarshes 
(THI ELE, 1977), at densities generally between about 1-20 ind/1112 (DESENDER & SEGERS, 
1985 ; GAUTI ER, 1979). The geographical di stribution extends along the Atlantic coasts fro m 
Denmark to and including the major part of the Mediterranean (TURIN et al., 1977). The 
species can be found on in land saline habitats (EvERSHAM et al., 1996; DESENDER & 
MAELFAIT, in press), especially in the lberi an Peninsula (ZABALLOS & JEANNE, 1994). 

Wing development in P chalceus appears to be a polygenic trait with high heritability 
(DESENDER, 1985, 1989). An earli er population genetic study on the same species (based 
on allozymes as we ll as wing polymorphism) compared ten Atlantic populations (vai·y ing 
in size and isolation in space and time), and showed signifi cai1t genetic di ffere ntiation 
(DESENDER et al. , l 998). The di spersal power in small populations was larger than in large 
populations, suggesting that the fo rmer are unstable and/or young. Dispersal power 
declined with increas ing age of the sa ltmarsh, probably due to a continuous ernigration of 
winged individuals. Age and size ofsaltmarshes, althougb diffic ul t to study independently, 
both appeared to be important in determining the genetic structure of sa,ltmarsh beetl es. 
Population genetic data of P chalceus are not yet ava ilable for the Mediterranean area. 

In the present study, we therefore compared the geograph ic genetic structure in the 
halobion ti c P chalceus fro m 30 Atlantic aN.d ni ne Mediterrai1ean European populations. ln 
particular, we investigated the fo llowing questions : 
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(1) Can Mediterranean P chalceus populations be distinguished genetically from Atlantic 

populations? 

(2) Is genetic differentiation between populations w ithin each region comparable between 
the two regions? 

(3) Are there general differences in dispersal power between populations in the two 
regions and, if so, can these be understood and related to allozyme genetic structure? 

Results related to genetic diversity will be presented in a forthcoming paper. 

MATERlAL AND METHODS 

Study sites and sampling 

Since 1992 we have collected P chalceus beetles from 30 Atlantic and nme 
Mediterranean saltmarshes varying in size and isolation. Atlantic populations were sam
pled from several areas in the UK, France, The Netherlands and Belgium, including four 
small and relatively young populations on inland sites from Flanders and the southern part 
of the Netherlands (cf. DESENDER et al. , 1998). Nine Mediterranean populations were sam
pled from southern France (three coastal populations from lagoons) and Spain (including 
three coastal populations and three populations from in land bigh elevation sait ponds ( ele
vation ca 600-800 m) near Albacete). The study areas are indicated on Fig. 1. In several 
areas, different populations were studied (Table 1 ). 

Fig. l . - Geographic location ofsampled saltmarsh area (in some area , 
more than one population was sampled ; for oame , ee Table l ) ; quare 
symbols: Atlantic areas, grey-filled: mall/young in land marshes ; ci r
cular symbol : Mediterrancan areas, grey- fi lled : high e levation in land 
sa it ponds near Albacete. 
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Beetles were collected by standardised handcatches (unit of effort), mostly by using an 
aspirator, or by flotation whenever brackish water was available in the immediate sur
roundings of a sampling site. Beetles were transported alive, counted and identified with 
a binocular dissecting microscope, and mostly kept at low temperature for some days 
without food to allow the gut to empty. They were then frozen in liquid nitrogen until sub
jected to electrophoresis. 

Allozyme electrophoresis 

Individuals were prepared for electrophoresis by homogenising part of the body in 
50 µI of distilled water, and kept in eppendorf tubes on ice. Only the head and thorax of 
beetles were used for electrophoresis, while the abdomen was retained for morphological 
study and verification of identification. Variation at enzyme loci was analysed using cel
lulose acetate electrophoresis (HEBERT & BEATON, 1989), permitting the examination of 
each individual for variation at multiple enzyme loci. If available, about 30 to 50 indivi
duals from each population were analysed. Overall, more than 2000 beetles were 
processed for this study. Results from six polymorphie enzyme loci (95%-criterion) are 
used in this paper: Aldehyde Oxidase (AO, E.C. 1.2.3. I ), Glucose-6-phosphate Isornerase 
(GPI, E.C. 5.3.l.9), lsocitrate Dehydrogenase 1 and 2 (IDH 1, IDH2, E.C. 1.1.1.42), 
Mannose Phosphate Jsomerase (MPI, E.C. 5.3.1.8) and Phosphoglucomutase (PGM, E.C. 
2.7.5.1 ). For more details on other enzymes tested, protocols of electrophoresis and buffer 
systems used, we refer to D ESENDER et al. ( 1998). 

Analyses of electrophoretic data were carried out using BIOSYS-1 (SwoFFORD & 
SELANDER, 1981) and GENEPOP (version 3; update from version 1.2: RAYMOND & 
ROUSSET, 1995). Genotype frequencies were tested against Hardy-Weinberg expectations 
using an exact test procedure (ROUSSET & RAYMOND, 1995). The significance of genetic 
differentiation was tested per region by contingency X2-analyses (BIOSYS-1 ) and evalu
ated quantitatively by F5T-statistics (NEI, 1977) (weighted) averaged over the s ix polymor
phie (95%-criterion) enzymes. F5 , -values describe the proportion of diversity found in 
populations. Hierarchical F5T-va lues were also calculated to look at partitioning of the 
genetic variance within and between the two regions studied. Overall genetic s imilari ty 
between the populations was visualised in a PCA based on a variance-covariance matri x 
of allelic frequencies. 

Dispersal polymoi·phism 

Dispersal polymorphism was studied by investigation of w iJlg and füght muscle 
deve lopment, on the same specimens used for e lectrophoresis as well as on additional 
alcohol-fixed samples. In carabid beetles in general , wing s ize fo llow an allometric rela
tionship to body size, and the index « % M AX ALL » (DESE DER et al., l 986) correct for 
this allometry. Wing length and width, as well as e lytral length and w idth are needed to 
calculate these va lues. Wing length x width is then expre ed as a percentage of the maxi
ma l w ing size for a beetle of a g iven (elytral) s ize. Population frequency d istributions of 
« % MAX ALL» values were plotted for ten Atl antic popu lations (showing the range of 
variation in a il studied Atlantic populations, see a lso DE · DER et al., 1998) and the ni ne 
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Mediterranean populations. The plots were ordered according to decreasing mean popula
tion values, and the frequencies of individuals with functional fli ght muscles were sepa
rately indicated. 

RESULTS AND DISCUSSION 

Genotype frequencies were first tested against Hardy-Weinberg expectations and 
showed only very few significant deviations, which could be expected by chance alone. 
These results suggest that the studied populations were ail in Hardy-Weinberg equilibrium. 

Allelic frequencies of the polymorphie loci are given in Table l. The PCA-plot (based 
on allelic frequencies) along the first and second axis is given in Fig. 2. Dispersal power, 
expressed as % MAX ALL, is shown in frequency distributions for ten Atlantic popula
tions (Fig. 3) and for the nine Mediterranean populations (Fig. 4.). 

The allozyme results showed that the beetles from the Mediterranean (France, Spain) 
were genetically distinct from those in the Atlantic populations. Ail Mediterranean beetles 
screened showed complete fixation in one enzyme (fDH 1) - which in Atlantic populations 
nearly always varied (except for one population on an inland' site, see further) - whereas 
some unique Mediterranean alleles were observed for another locus (MPI). Moreover, allelic 
frequencies regularly differed between the two regions for AO (AO A allele most frequent 
in coastal Mediterranean populations only), and for GPI (GPl A allele most frequent for 
coastal Medite1Tanean sites, and GPI B allele most frequent in Mediterranean populations). 
There were thus also a number of differences within the Mediterranean area, where ail 
coastal populations (France and Spain) could be ditferentiated from the inland sait ponds 
near Albacete (Spain) due to the presence of high frequencies of the AO A and GPI A allele. 
Whether the similarity between coastal populations holds true for other paits of the 
Mediterranean remains to be investigated, but is not immediately expected because of the 
more or less discontinuous distribution of the species in other pa1ts of the area (TuRIN et al. , 
1977). The populations from the inland marshes of Belgium and the southem part of the 
Netherlands (small and/or young populations of P chalceus) showed near-fixation in the 
TDH 1 B allele (in the MOK population even complete fixation , but relatively low sainple 
size) and in this way mimic the Mediterranean populations. This explains why these Atlantic 
populations are situated closer to the Mediterranean ones along the füst and second ax is of 
the PCA-plot based on allelic frequencies (Fig. 2). The table with a llelic frequencies, how
ever, shows that they still can be discriminated from Mediterranean populations by the com
plete absence of the MPI A, MPl D, GPl A and GPI B alleles. 

Geneti e differentiation (allozymes) between Mediterranean populations, although 
highly significant for at least two enzymes (Table 2), appeared to be much lower 
(F ST =0.098) than between Atlantic populations (F5r=O. l 78). This difference cannot be 
explained by the difference in the number of populations screened so far for bath regions. 
lndeed, recalculating F5,.-values for several sets of randomly chosen groups of only ten 
populations of the Atlantic region yielded only slightly lower mean values than those 
obtained from 30 populations. Hierarchical F-statistics showed an overal l f 5r=0.244 (all 39 
populations), Fsr= 0.150 within regions and F5,.= 0.094 between regions. 
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A //ele ji·equencies (zero-values no! pri/1/ed) and number of individuals scored (n) for polymorphie enzymes (95%-crilerion) in Pogonus chai ce us; pop11/a1ions (fiwn 
/eft ta right) arranged in fo ur gro11ps; (/) Atlantic. coastal, n =26 ; (2) Atlantic, in/and, n=4; (3) Mediterranean, in/and, n=3; (4) Mediterranean, coasta/, n=6 ; 
pop11/ation codes ; France, Atlantic ; AFM: Authie esfllmy, Fort Mahon: APM: Awhie, Port Madelon ; CAN= Canche est11a1y: FOR : le Fort Vert; GAC: la 
Cachère: GFP : Grand Fort Philippe: G/R : Gironde est11c11y ; GUA-GUD: la Guérande : MSM: lvfo/1/ St Michel ; SOC: Somme es111alJ', le Crotoy; SOii : Somme, 
Cap Hornu: UK: EXE: Exe estucuy: MOR: Morecambe Bay : RYE: Rye es fllw y; SEA-SEB : Severn est11a1y; Tf-10: Thorney Island: The Netherlands: FRJ: 
Friesland. Fenverd-Holwerd : OSS: Ossenisse ; SAE: Saeftinghe : BRA : the Braakman: Belgium : NIE : Nieuwpoort, !Jzer es111c11y ; ZWR- ZWC: the 'Zwin' ; 
MOE: De Moeren: MOK : lv!olenkreek: OOS: Oostende : Spain: COR: Cordovi//a ; ELS: El Saladar ; PET: Pe1rola ; MA T : l a Mala ; PED: la Pedrera ; POL: 
S1a Pola: France, Medilerranean: MAR: la Marende; LA P : Lapalme : SA l : Salses 
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PCA - axis 1 
Fig. 2 . - PCA-plot along first and second axis based on allelic frequencies of 
39 populations of Pogonus cha/ceus; square symbols: Atlantic populations, 
grey-filled : small/young in land marshes; circular symbols: Mediterranean 
populations, grey-filled : high elevation inland sait ponds; ellipses regroup 
Mediterranean and Atlantic populations, respectively. 

TABLE 2 

Contingency X--analyses al ail polymOJphic enzyme loci for (A) 30 
Atlantic and (8) ni ne Mediterranean populations of Pogonus chalceus ; 
highly signiflcant values (p<0.01) in bold italic 

Locus No. of alleles X' -value d.f. p 

(A)AO 5 742.28 11 6 0.0000 
(A) MPI 2 46.1 7 29 0.0225 
(A) IDH 1 4 1758.88 87 0.0000 
(A) IDH2 4 91.76 87 0.3429 
(A) GPI 4 385.27 87 0.0000 
(A) PGM 3 149. 15 58 0.0000 
(A) totals 3173.51 464 0.0000 

(B) AO 5 147.55 32 0.0000 
(B) MPI 4 34.09 24 0.083 1 
(B) IDH2 3 l l.O 16 0.8046 

(B) GPI 5 97.52 32 0.0000 
(B) PGM 3 20.72 16 0.1893 
(8) tota ls 3 10.97 120 0.0000 



90 KONJEV DESENDER AND JOSÉ SERRANO 

Beetles from the Mediterranean, moreover, showed a remarkably high dispersal power 
in ail populations (Fig. 4), whereas Atlantic populations showed wing polymorphism and 
reduced dispersal power to much more varying degrees (Fig. 3). The population mean va
lues for Atlantic populations ranged from 84 down to 32 % of maximal relative wing size, 
whereas for the Mediterranean populations the,,,e values were as high as 91 to 93 %. X2-

tests between adjacent distributions showed many statistically significant differences 
between Atlantic populations (Fig. 3). The reverse was true for Mediterranean popula
tions, ail showing near-maximum dispersal power as well as high frequencies of individ

uals with functional flight muscles, but no significant differences between populations, not 
even between coastal or inland populations (Fig. 4). Additional data for the Mediterranean 
area, especially from parts other than the Western Mediterranean, are needed to test the 
generality of these results. 

The few estimates of P chalceus abundance known to us from Mediterranean salt
marshes (Camargue area, GAUTIER, 1979) indicate a maximum of less than 1.5 ind/m2, 
even in preferred habitats. Ecological studies from the same and other areas in the Western 
Mediterranean invariably mention strong fluctuations of numbers during the course of a 
year in these salty habitats, possibly mediated through changes in temperature and humi
dity (GAUTIER, 1979; VERDIER & QUÉZEL, 1951 ). Severe circumstances indeed regularly 
occur due to temporal desiccation of many lagoons from July onwards. Populations of P 
chalceus in parts of the Mediterranean therefore are probably to be viewed as metapopu
lations made up of ephemeral local populations (cf. OLIVIERI & GOUYON, 1997). Along 
with the observed relatively low abundance levels of P chalceus in many Mediterranean 
saltmarshes, our dispersal power data thus strongly suggest increased levels of extinc
tion/recolonisation in Mediterranean compared with most Atlantic saltmarshes . 
Mediterranean populations suffer much more from temporarily dry and hot conditions dur
ing a large part of the year. The retenti on of a high dispersal power can then be interpreted 
as an adaptation for survival in temporarily more unstable marshes compared with many 
Atlantic saltmarshes, which would be closer to the species' optimal habitat, with Jess need 
for regular recolonisation. As a consequence of increased gene flow, one would then 
expect the genetic differentiation between Mediterranean populations to be lower. Our 
allozyme data confirm this hypothesis. Future field work, especially in other areas of the 
Mediterranean area, will gather more data to further test this hypothesis . 

Models and (few) empirical work have shown that patterns of extinction and recoloni
sation indeed can influence the genetic differentiation between local populations 
(McCA ULEY, l 991 ), but that effects can be complex. The hypothesis that levels of gene 
flow among populations are correlated with di spersal power (« the dispersa l-gene tl ow 
bypothesis ») has only recently been rigorously tested. This was done by comparing 
intraspecific geographic variation in dispersal strategies with levels of gene flow, as 
derived from genetic structure data (P ETERSEN & DENNO, 1997) : increased geneti c struc
turing between populations of wing-d imorphic planthopper species was found in the 
region where they showed a lower di spersal power. Our results on P chalceus, a lthough 
still somewhat limited for the Mediterranean , present comparable ev idence fo r the disper
sal-gene flow hypothesis. PETERSEN & DENNO ( I 997) also investi gated coasta l sa ltmarsh
inhabiting species, in their case from the Atlantic and G ulf coasts of North America. 
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Fig. 3. - Wing polymorphism in Atlantic 
populations of Pogonus chalceus: percent
age frequency d istributions of % MAX 
ALL, arranged according to decreasing 
mean value of dispersal power ; grey-fi lled 
histograms correspond to highly signi fi
cant ly d iffering samples from inland 
marshes; X' -test results between adjacent 
distributions : MOK = BRA = OOS f= 
MSM t FR!= ZWM = ZWC ic SAE =NIE 
ic SOM, p<O.O 1 ; black columns: ind ividu
a is with functional flight musculature; for 
population codes, see Table 1. 

Fig. 4. - Wing po lymorphism 111 

Med ite rranean populations of Pogonus 
chalceus: percentage frequency distribu
tions of % MAX ALL ; grey-fi lled his
tograms correspond to inland sait ponds 
near A lbacete (Spain); no significant dif
ferences (X'-test) between distributions; 
black columns : individuals with functional 
flight musculature; for population codes, 
see Table 1. 
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Among-populational genetic differentiation in P. chalceus was highly significant 
(Table 2), and many of the populations studied were genetically distinct, especially in the 
Atlantic part of the distribution area (DESENDER et al., 1998). This was shown by allozyme 
as well as wing polymorphism data. Conserving a maximal overall genetic diversity for 
such a saltmarsh beetle therefore requires the protection of as much of the few remaining 
sites as possible. 

Significant genetic substructuring (allozymes) has been reported for many insects 
including beetles (HSIAO, 1989 ; KING, 1987). Apart from the study of PETERSON & DENNO 
( 1997), to our knowledge such substructuring has never been mentioned to be accompanied 
by such a difference in dispersal strategy. Geographic genetic structure in wing polymor
phism nevertheless has been mentioned for many insect species (RODERJCK, 1996). DENNO 
et al. ( 1996) gave strong evidence for an intraspecific inverse relationship between the dis
persal capability of saltmarsh-inhabiting planthoppers and the persistence of their habitats. 

Few genetic comparisons have been made for terrestrial coastal organisms between the 
Mediterranean and the Atlantic. MADEC et al. (1996) reported significant geographic 
genetic structure in the mollusc Helix aspersa, but some Mediterranean populations 
showed a stronger genetic relationship to ail Atlantic ones, probably as a result of human 
transpo1t in the past. The geographic genetic structure of a tephritid fly from 16 European 
regions (EBER & BRANDL, 1997) showed only low levels of differentiation, mainly result
ing from a south-north decrease in allelic diversity. A genetic study on Zannichellia water 
plants (TRI EST & VANHECKE, 199 1) showed a near-uniform intraspecific genetic structure 
between Mediterranean and Atlantic populations, linked to predominant inbreeding. Many 
more empirical population genetic studies are needed to evaluate more generally the pat
terns and processes linked to the geographic genetic structure of organisms, distributed 
both in the Atlantic and Mediterranean region. 
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Abstract. The Galapagos Archipelago has long been considered a li ving laboratory for the study of 
evolution. Due to geographic isolation and speciation many endemic an imal and plant groups have radiated 
on the islands. Although the vertebrate fauna ofthese islands (e.g. giant tortoises, Darwin 's fmches) bas been 
studied in great detail , little is known about invertebrates and especially insects. Results are given of a popu
lation genetic study on the phytophagous beetle Nesaecrepida darwini. This small alticine beetle is present 
on ail major islands but shows a discontinuous population distribution. To obtain population genetic infor
mation we used cellulose acetate gel electrophoresis to study allozyme variation in 6 populations from 3 
islands. Twelve presumptive loci , including 9 polymorphie ones, were analysed. The results show low 
heterozygosity va lues, with the lowest genetic diversity on the youngest island. F-statistics (mean FsT = 

0.431) indicate a very large amount of genetic differentiation between populations. Hierarchical analysis 
indicates little inter-island gene flow but also considerable genetic variation between populations occurring 
on the same island. These results strongly suggest a metapopulation structure with recwTent extinctions and 
recolonisations of populations within each island. Recent field observations support these findings. 

Key word~: Chrysome liclae, Galapagos, evolution , popula ti on genetics, genetic differentiati on, 
phytophagy, metapopulation structure, gene flow, genetic drift. 

INTRODU CT ION 

The Galàpagos Archipelago is situated in the Pacifie Ocean abo ut 1000 km from the 
South American coast, straddling the Equator. lt is a group of 13 large islands, p smaller ones 
and 107 islets and rocks, with a total land area of about 8000 square kilometres. The islands 
are volcanic in origin and severa l vo lcanoes in the west of the a.rchipelago are still acti ve (e.g. 
recent vo lcanic activity on Cerro Azul, Jsla lsabela in September-October 1998). 

The archipelago is home to many radiated groups of endemic species, the most farno us 
examples being the Darwin fmches, the giant tortoises, the mockingbirds, the Opuntia cacti, 
the Scalesia trees and the lava !izards. Although the in vertebrate communities also have a con
siderable portion of endemics and include s!Tik.ing examples of radiated groups (COPPOJS, 
1984; PECK, 1996 ; FrNSTON & PECK, 1997), until now evolutionary research on these islands 
has mainly focused on vertebrate species (e.g. GRANT, 198 1 ; FRJTTS, 1984 ; Si'JELL et al., J 984; 
STERN & GRANT, 1996 ; RASSMANN et al., 1997). Since l 982, entomologists from the Roya l 
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Belgian lnstitute ofNatural Sciences have been conducting systematic and ecological work on 

insects and spiders of Galapagos (e.g. BAERT & MAELFAIT, l 986a, l 986b; DESENDER et al., 
1989, 1990) collecting material during expediti;,s in 1982, 1986, 1988 and 1991. In spring 
1996, another expedition to three of the major Galapagos islands was organised in order to col
lect m~terial in liquid nitrogen for studying population genetic aspects of several mode! spider 
and insect species, now also including phytophagous beetles. The aim ofthis study is to obtain 
infonnation about genetic variability within and genetic exchange between the islands for seve
ral inve1tebrates, and to gain insight into the genetic structure oftheir populations. 

fn this paper we present the first results of these studies on a specialised herbivorous 
leaf beetle from Galapagos: Nesaecrepida darwini (Mutchler, 1925) . This species proba
bly occurs on ail islands and is monophagous on saltbush ( Cryptocarpus pyriformis ), a 
plant that often is very abundant along the coastline in the littoral zone. Although the plant 

can cover vast areas of land, the beetles are only found on isolated p~tcbes , constituting 
geographically well-defined populations of hundreds to several thousands of individuals 
(pers. obs.). Large areas ofhost plant are left unoccupied by the beetles. lt is unknown why 
these animais do not occur as continuous populations over larger areas. 

Until now population genetic aspects of only one group of Galapagos insects have 
been published: FrNSTON & P ECK ( 1995, 1997) provided data on population structure and 
gene flow in the Galapagos beetles of the genus Stomion, a species swarm ( 13 species) of 
flightless beetles that are generalised litter feeders. ln this study we focus on a genus with 
only one described endemic species that is able to fly, is present on ail major islands and 
is a highly specialised feeder (monophagous) . Population genetic results on other beetl e 

species will be given in a future contribution (DESENDER & YERDYCK, unpublished data). 

MATERIALAND METHODS 

During our 1996 expedition to Galapagos we collected at least 40 individuals from s ix 
populations of Nesaecrepida darwini on three islands (Isla San Crist6ba l [ estimated age 3 mil
lion years] , Isl a Santa Cruz [estimated age between 0.7 and 1.5 million years], and Volcan 
Sierra Negra on Isla Isabela [ estimated age less than 0.7 million years]). For electrophores is the 
abdomen ofeach individual was removed and homogen ised in 35 µI of di stilled water. After a 
pilot study on some 30 enzyme loci, a selection of 12 presuml?tive loci, showing clearly inter
pretable banding patterns, was used for analysis. The allozyme loci studied were arginine 

phosphokinase (APK, E.C. 2.7.3.3 , 2 loci), aspa1tate aminotransferase (AAT, E.C. 2.6 .1.1 , 2 
loci), isocitrate dehydrogenase (JDH, E.C. 1.1.1.42, 2 loci), malic enzyme (ME, E.C. 1.1.1 .40), 

malate dehydrogenase (MDH, E.C. l. l.1.37, 2 loci), peptidase-A (dipeptide subst.rate : leucyl 

glycine, PEP-A , E.C. 3.4.-.-), peptidase-D (di peptide subst:rate: phenylaJanine proline, PEP-D, 
E.C. 3.4.-.-), 6-phospbogluconate dehydrogenase (6PGDH, E.C. l.l.1 .44). StaiJ1ing recipes 
were as in H EBERT & B EATON ( 1989). A ll eles were designated alphabetically accGrding to 
decreas ing mobility, the s lowest allele being A. N ine loci (APKJ, MT!, MT2, JDHJ, IDH2, 
ME, MDHJ, PEP-A and PEP-D) were polymorphie (five loci at t+ie 95 Yo level). 

After i.nterpretation, data were further analysed us li1g BIOSYS-1 (SWOFFORD & SELANDER., 
1989) and GENEPOP (RAYMOND & ROUSSET, 1995). Four genetic va.riability measures ( Jean 
number of a lleles per locus, percentage of loci polymorph ie, direct count het rozygosity and 
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heterozygosity values expected under Hardy-Weinberg conditions) were calculated at twelve loci 
in ail populations (see Table 1 ). We tested for deviations of Hardy Weinberg equilibrium using 
exact probabilities (SWOFFORD & SELANDER, 1989), correcting for en'Ofs resulting from multiple 
tests by means of the tablewide sequential Bonferroni prosedure {HOLM, 1979; R1cE 1989). 

TABLE 1 

Allelefrequencies in ail populations o/Nesaecrepida darwi11i 

Bahia Tortuga CDRS Caleta Sapho la loberia El Estero Vil/ami/ 
(lvlo Sa1110 C111z) (Isla Sa111a Cnaj (Isla San Cristobal) (Mo Son Cristobol) (/. ·Io lsobela) (Isla lsabela) 

APKI N 45 50 43 43 45 42 
A 0.000 0.000 0.012 0.000 0.000 0.000 
B 1.000 1.000 0.988 1.000 1.000 1.000 

APK2 N 45 50 43 43 45 42 
A 1.000 l.000 1.000 1.000 1.000 1.000 

AAT I N 45 50 43 43 46 43 
A 0.267 0.580 0.65 1 0. 11 5 0.537 0.035 
B 0.733 0.420 0.349 0.885 0.463 0.965 

AAT2 11 45 50 43 43 46 43 
A 0.978 0.990 1.000 1.000 1.000 1.000 
B 0.022 0.0 10 0.000 0.000 0.000 0.000 

IDHI 11 44 49 43 43 45 43 
A 0.114 0.347 0.000 0.000 0.000 0.000 
B 0.886 0.653 1.000 1.000 1.000 1.000 

IDH2 11 45 50 43 43 46 43 

A 0.000 0.000 0.000 0.0 12 0.000 0.000 

B 1.000 1.000 0.988 0.988 1.000 1.000 

c 0.000 0.000 0.012 0.000 0.000 0.000 
ME 11 45 50 43 43 46 43 

A 0.000 0.070 0.000 0.000 0.000 0.000 
B 1.000 0.930 0.977 1.000 1.000 1.000 
c 0.000 0.000 0.023 0.000 0.000 0.000 

MDHL 11 45 50 43 42 46 43 
A 1.000 0.990 0.605 0.57 1 1.000 1.000 
B 0.000 0.000 0.081 0.0 12 0.000 0.000 
c 0.000 0.010 0.3 14 0.4 17 0.000 0.000 

MDH2 11 45 50 43 43 46 43 
A 1.000 1.000 1.000 1.000 1.000 1.000 

PE PA 11 45 40 43 38 4 1 43 

A 0.0 11 0.000 0.047 0.000 1.000 ff.72 l 

B 0.989 1.000 0.953 1.000 0.000 0.279 

PEPD 11 45 38 43 36 39 43 

A 0.000 0.000 0.0 12 0.000 0.000 0.000 

B 1.000 1.000 0.988 0.986 1.000 1.000 

c 0.000 0.000 0.000 0.0 14 0.000 0.000 
6PGDH Il 45 49 43 43 46 43 

A 1.000 1.000 1.000 1.000 1 000 l.000 



98 PETER VERDYCK AND KONJEV DESENDER 

Rogers' Genetie distances were calculated between ail populations and both UPGMA 
and distance Wagner dendrograms were constructed. 

Population structure was analysed using Wright's F-statistics (WRIGHT, 1978) (FsT 
measures the amount of differentiation between subpopulations relative to the limiting 
amount under complete fixation). A hierarchical analysis of population differentiation was 
performed at two levels : localities witltin islands, and between islands. 

RESULTS 

Allele frequencies for ail populations studied are shown in Table 1. The different 
genetic variability measures for ail populations are shown in Table 2. Only the locus AATJ 

in the population of Caleta Sapho (one out of more than 20 tests only) shows significant 
deviation from Hardy-Weinberg equilibrium, due to a heterozygote excess. 

TABLE 2 

Genetie variability measures for al/ populations (s tandard errors in parentheses) 

Mean Nlean no. 
% of loci 

Mean Heterozygosity 
Population Sample Size of alleles 

per Locus per locus 
polymOJïJhic 

HdyWbg 
Direct count 

e.xpected 

Bahia Tortuga 44.9 1.3 33.3 0.054 0.055 
(Santa Cruz) (0 .1 ) (0.1) (0.033) (0.035) 

CORS 48.0 1.4 41.7 0.082 0.093 
(Santa Cruz) ( 1.2) (0. 1) (0.045) (0.053) 

La Loberia 4 1.6 1.4 33 .3 0.063 0.064 
(San Cristobal) (0.7) (0 .2) (0.042) (0.044) 

Ca leta Sapho 43.0 1.7 58 .3 0.079 0.100 
(San Cristoba l) (0.0) (0.2) (0.050) (0 .054) 

Villamil 42.8 1.2 16.7 0.045 0.040 
( lsabela) (0. 1) (0. 1) (0.039) (0.034) 

El Estero 44.3 1. 1 8.3 0.028 0.042 
( lsabela) (0.7) (0.1) (0.028) (0 .042) 

Rogers ' genetic distances between ail populations are presented in Tab le 3. Distances 
between populations vary frorn 0.054 to 0.156, di stançes between populati on of one 
island genera ll y be ing srn all er than di stances between populations of different islands. The 
UPGMA and di stance Wagner dendrograrns are shown in Figs l and 2. ln both dendro
grarns , three main gro ups can be di stingui shed, each co rrespond ing to the populations of 
one is land. Isla fsabela is separated fir t, whereas Santa Cruz and San Cri st6ba l are c lu -
tered more c lose ly. These last tvvo is lands are cons iderab ly o lder than Isla lsabela. 
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Table 4 provides a summary of the F-statistics at ail loci (FIT is the overall inbreeding 
coefficient of an individual, which includes a contribution due to actual nonrandom ma
ting within subpopulations [FIS] and another contribution due to the subd ivision itself 
[F5T]). FsT values vary between 0.010 and O. 795. The mean F5T value over ail loci is 0.43 1. 
Variance components and F-stati stics combined across loci for the hierarchical analysis are 
shown in Table 5. About half of the total variance is attributable to variance between 

islands. F15LAND-TOTAL is somewhat smalle. than F wcAuTv.isLAND' hence genetic differentiation is 
considerably important a lso between populations w ithin an island. 

TA BLE 3 

Matrix of Rogers (19 72) genetic distances between populations 

Population Bahia Tortuga CDRS Vil/ami! El Estero La Loberia 

Bahia Tortuga 

(Santa Cruz) 

CORS 0.054 

(Santa Cruz) 

Villami l 0.090 0.142 

(I sabela) 

El Estero 0. 11 6 0.123 0.065 

(Isabela) 

La Loberia 0.062 0. 111 0.104 0.156 

(San Cri stobal) 

Ca leta Sapho 0.08 1 0.077 0.143 0. 124 0.06 1 

(San Cri stobal) 

Di stanc e 

.20 .17 . 13 . 10 . 07 . 03 . OO 

BAHIA TORTUGA (Santa Cr u z ) 

~ 
CDRS (Santa Cr uz) 

LA LOBER I A (San Crist6bal ) 

CALETA SAPHO ( San Crist6bal ) 

EL ES TERO (Isabela) 

VI LLAMIL ( I s abe la ) 

. 20 .17 .13 . 10 . 07 .03 . OO 

Fig. 1. - UPGMA dend rogram based on Rogers' genetic distance 
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Distance from root 

,oo ,01 , 03 104 ,06 107 ,09 

BAHIA TORTUGA (Santa Cruz) 

CORS (Santa Cruz) 

LA LOBERIA (San Crist6bal) 

CALETA SAPHO (San Cris t 6ba l) 

EL ESTERO (Isabela) 

VILLAMIL (Isabela) 

. OO .01 .03 .04 .06 . 07 . 09 

Fig. 2. - Distance Wagner dendrogram based on Roger's genetic distance 

TABLE 4 

Summwy of F-s/atislics al ail loci 

Locus F(!S) F(IT) F(ST) · 

APKI -0.012 -0.002 0.010 
AATI 0.256 0.444 0.244 
AAT2 -0.0 19 -0.005 0.013 
IDHI -0.033 0.205 0.230 
IDH2 -0.012 -0.003 0.009 
ME -0.062 -O.Ol3 0.046 
MDHI -0.050 0.246 0.281 
PEPA -0.04 1 0.787 0.795 
PEPD -0.01 3 -0.003 0.010 

Mean 0.096 0.469 0.41 3 

TABLE 5 

Variance componenls and F-statislics combined across loci 

Comparison Variance 

X y Component 
F, .. 

Locality Is land 0.25405 0.244 
Locali ty Total 0.53930 0.407 
Island Tota l 0.28525 0.2 15 

j 

J 
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DlSCUSSION 

Heterozygosity values (Table 2) in ail populations are relatively low compared to those 

found in studies on continental Chryson1elidae (see overview in VERDYCK, in press) and 
other beetles (see overview in HSIAO, 1989). Ooserved heterozygosity is also considerably 

higher in the tlightless Galapagos species of the genus Stomion (average 0 .085) (FINSTON 
& PECK, 1997). 

Populations from Isla Isabela (Villamil and El Estero), the youngest island investigated 
in our study, show the lowest genetic diversity for ail measures. This can be explained if 
the origin of these populations is to be found in a more recent colonisation of this island 
by a limited number of individuals (founder effects), originating from nearby older islands 
(e.g. Floreana, Santa Cruz). 

The observed clustering pattern ofboth dendrograms may be explained by the fact that 
populations of the two oldest islands (Santa Cruz and San Crist6bal) probably have had 
some genetic exchange in their recent history, whereas [sabela is geaetically much more 
separated. 

The mean FsT value of 0.431 is one of the highest ever recorded between populations 
of a chrysomelid species (an overview of genetic population structuring in chrysomelids 
at different micro- and macrogeographical scales is provided by KNOLL et al. ( 1996)). 
VERDYCK et al. ( 1998) studied continental populations of the alticine beetle Phyllotreta 
tetrastigma. This species has (apart from belonging to the same subfamily ofbeetles) seve
ral other characteristics in common with N. darwini. It is a monophagous species, capable 
of flying, with a discontinuous distribution (because its host plant Cardamine amara is 
restricted to wet woodlands), which can sometimes be very locally abundant. However 

P tetrastigma shows remarkably little genetic differentiation over a relative ly large geo
graphic sca le (Western Europe). For the only other Galapagos insects studied , FINSTON & 
PECK ( 1995) found a mean F,,. of 0 .30 across taxa in the fli ghtless Stomion beetles. 

The results obtained for N. darwini are very remarkable and in contrast with those 
found for other good flying and even for flightless spec ies. The hjgh amount of genetic 
differentiation between the islands indicates that, although the spec ies is macropterous, 
inter- is land gene tlow is not suffic ient to counteract effects of differentiation between 
islands. Moreover, we observed a relatively high differenti ation between populations from 
the same is land, sometimes even at relative ly sma ll distances . The main reason for thi s 
might be a metapopu lation structure (patchy distribution) in combination with a pattern of 
recurrent extinctions and reco lonisat ions giv ing rise to many founder events. Recent fi e ld 
observations in spring 1998 showed that the population on Vi ll am il had probably become 

extinct whereas the populations on Santa Cruz (CDRS and Bahia Tortuga) stil l ex isted (the 

other populations were not vis itecl in 1998). This confirms the hypothes is of a metapopu

lation mocle l for N. darwini. A more genera l concluding hypothes is i that the population 
geneti cs and th us the evo lution of this species iD Galapagos have been profound ly shaped 
by genetic drift during recurrent founder events w ithin the archipe lago . Thi s hypothesis 
will be further testecl in the future, by means of genetic data on additional popu lations and 
by us ing other biochem ica l markers, such as mtDN A-data. 
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Abstract. A neuropeptide that stimulates the motility of the cockroach hindgut has been isolated 
from an extract of 7000 brain - corpus cardiacum - corpora allata - suboesophagea l ganglion com
plexes of the desert locust Schislocerca gregaria. During HPLC purificati on, the myotropic activity 
of column fractions was monitored on the iso latecl hindgut of Leucophaea maderae. Due to the low 
amount of material, thi s myotropic peptide - des ignated as schi stomyostimulin or Scg-MST - couic! 
only be partially sequenced: DSRW?GPK(?). Scg-MST shows no relevant sequence similarities with 
other peptides fro m vertebrate or invertebrate sources. lt is the fi fteenth myotropic peptide chro
matographica lly isolated from S. gregaria. 

Key words : insect, peptide, myotropin, grasshopper . 

. INTRODUCTION 

Regulatory peptides med iate many physiological processes. ln insects alone the m11n
ber of di fferent neuropeptides iso lated and identifï ed to date exceeds 200 (GADE, 1997). It 
is ass urned that the number of different neuropeptides in each species may also exceed 
200. ln locusts the total num ber of neuropeptides identifï ed to the present tirne is 58 
(SCHOOFS et al., 1997; V EELAERT et al., 1998). Most of the locust peptides have been iso
lated on the basis of their stimulatory effect on insect viscera l muscles and were desig
nated myotropins. Sorne of the rnyotropins appear to be unique to insects or arthropOds ; 
others seem to be rnembers of peptide fa milies spanning across phyla. Members of the 
rnyotropin peptide farn ilies have been associated with a variety of phy io logica l activities 
such as myotropic activ ities, pheromonotropic activities, diures is, diapause induction, and 
stimulation of cuticular melani zation (for review see S HOOFS et al. , 1993). Sorne of the 
members may be important neurotransmitters present in nerve end ings innervating the 
locust ov iduct, the sa livary glands, the male accessory glands and the heart (SCHOOFS el 

al. , 1992) whereas others are stored in neuroha mal organs until re lease into the 
haemolymph (Sc 1-100Fs el al., 1992). 
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Two adipokinetic hormones (Scg-AKH-1 and -2) have been purified from 
Schistocerca gregaria (Table 1 ). Recently two schistomyotropins (Scg-MT-1 and -2), 
belonging to the -FXPRLamide family were purified from an extract of7000 brains. Scg
MT-2 has a modified -FXXPRLamide C-terminus. The crustacean cardioactive peptide 
was also purified from brains of the desert locust (Scg-CCAP). This peptide has a corpus 
cardiacum-activating effect, being a re easing factor of adipokinetic hormone in locusts. 
SchistoFLRFamide (Scg-FLRFamide) and the Schistostatins (Scg-ASTs) are inhibitors of 

. visceral muscle contractions. 

TABLE 1 

Myotropic and myoinhibiting peptides isolatedji-om the desert locust 
Schistocerca gregaria (VEELAE RT et al., 1998) 

Scg-AST-1 LCDFGVa VAND EN BROECK et al, 1996 
Scg-AST-2 AYTYVSEYKRLPVYNFGLa VEELAE RT et al., l 996a; VANDEN BROECK et al, 1996 
Scg-AST-211-18 LPVYNFGLa VEELAE RT el al., l 996b; VAND EN 8ROECK et al, 1996 
Scg-AST-3 ATGAASLYSFGLa VEELAERT et al., l 996a·; VAND EN BROECK et al, 1996 
Scg-AST-4 GPRTYSFGLa VEELAE RT el al., l 996a; VANDEN 8ROECK et al, 1996 
Scg-AST-5 GRLYSFGLa VEELAERT el al., l 996a; VANDEN BROECK et al, 1996 
Scg-AST-6 ARPYSFGLa VEELAERT el al., l 996a ; VANDEN 8ROECK et al, 1996 
Scg-AST-7 AGPAPSRLYSFGLa VEELAERT el al., l 996a ; VANDEN BROECK et al, 1996 
Scg-AST-8 EGRMYSFGLa VEELAERT et al., l 996a ; VANDEN BROECK et al, 1996 
Scg-AST-9 PLYGGDRRFSFGLa VAND EN BROECK et al, 1996 
Scg-AST-10 APAEHRFSFGLa VEELAE RT elal., 1996; VANDEN BROECKelal, 1996 
Scg-AKH-1 pELNFTPNWGTa STON E et al., 1976 
Scg-AKH-2 pELNFSTGWa SIEGERT et al., 1985 
Scg-MT-1 GAAPAAQFSPRLa VEELAERT et al., l 997b 
Scg-MT-2 TSSLFPHPRLa VEELAERT el al., l 997b 
Scg-CCAP PFCNAFTGCa VEELAERT el al., l 997a 
Scg-FLRFamide PDVDHVFLRFa RoBB et al. , 1989 

ln this paper we describe the isolation and partial identification from S. gregaria of a 
nove! myotropin that shows no relevant sequence similarity with any known vertebrate or 
invertebrate neuropeptide. 

MATERIAL AND METHODS 
1, 

Animais, ti ~s ue extraction, .and .purification 

S. gregaria was raised under laboratory conditions (ASHBY, 1972). Brains and adj acent 
retrocerebral complexes (7000) from 12-14-day adults were dissected and immediately 
placed in an ice-co ld methanol/water/acetic acid (90 :9: 1) so lutio n. The ti ssues were soni
cated and centrifuged for 30 min ( 10,000 g ; 4°C). Methanol was evaporated and the rernain
ing aqueous residue was re-extracted with ethylacetate and n-hexane to remove the bulle of 
lipids. The organic solvent layer was decanted ând the aqueous solution was dried in sili
conized round-bottom flasks. Subsequentl y, it was di solved in aqueous trifluoroacetic acid 
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(TFA) (0.1 %) and pre-purified on Megabond Elute Cl8 cartridges (!Og/cartridge) (Varian, 
Harbor City, CA) that had been activated with CH3CN/H,O/TFA (80: 19.9 :O. q and then 
rinsed with 0.1 % TFA. The cartridges were eluted with 25 ml of 50 % and 80 % CH3CN in 
0.1 % TFA. Columns and operating conditions for high perfonnance liquid chromatography 
(HPLC) on a Gilson HPL system with variable wavelength detector (214 nm) were: (!.) 
Deltapak C 18 column (25 x l OO mm) (Waters Associates, Milford, MA), sol vent A: 0.1 % 
TFA in water; sol vent B: 50 % CH,CN in 0.1 % aqueous TFA. Column conditions: 1 OO% 
A for 8 mjn, followed by a linear gradient to 1 OO% B in 150 min; flow rate: 6 ml/min; 
detector range: 1 absorption unit full scale (Aufs); (2.) Protein C4 column ( 4.6 x 250 mm) 

(Vydac, Hesperia, CA), sol vent A: 0.1 % TFA in water; sol vent B: 50 % CH3CN in 0.1 % 
aqueous TFA. Column conditions: 1 OO% A for 20 min , followed by a linear gradient to 100 
% B in 50 min; flow rate: 1 ml/min; detector range: 0.5 Aufs; (3.) Phenyl spheri-5 colunin 
( 4.6 x 250 mm) (Brownlee, Applied Biosystems, Foster City, CA), sol vent A : 15 % CHp N 
in 0.1 % aqueous TFA; solvent B: 65 % CRCN in 0.1 % aqueous TFA. Column conditions 
: 100% A for 20 min, followed by a linear ,gradient to 100% B in 50 min ; flow rate: 1.5 
ml/min ; detector range: 0.5 Aufs; ( 4.) Protein and Peptide C 18 ( 4.6 x 250 mm) (Vydac, 
Hesperia, CA), solvent A: 10% CH3CN in 0.1 % aqueous TFA ; sol vent B: 40 % CH3CN in 
0.1 % aqueous TFA. Column conditions: 1 OO% A for 10 min, followed by a linear gradient 
to 1 OO% B in 60 min; flow rate: 1.5 ml/min; detector range: 0.5 Aufs; (5.) Microsorb-MV 
C 18 ( 4.6 x 250 mm) (Rainin Tnstruments Co., Wobum, MA), sol vent A : 15 % CH3CN in 0.1 
% aqueous TFA ; sol vent B: 50 % CH3CN in 0. 1 % aqueous TFA. Column conditions: 1 OO 
% A for 20 min, followed by alinear gradient to 1 OO % B in 60 min, flow rate; lm l/min ; 
detector range: 0.2 Aufs. 

Mass spectrometry and peptide sequencing 

A sample containing 0.5-1 pmol/~tl of the active peak was subjected to M aldi-TOF 
analysis (HILL ENKA MP et al., 1991 ). One ~tl was mixed with l ~LI of a 50 mM solution of 
a-cyano-4-hydroxycinnamic acid in CH3CN :EtOH (50 :50) containing 0.1 % TFA and 
applied on the multi-sample target. This mixture was air-dried and the target was then 
intrnduced in the instrument, a Micromass Tofspec (Micromass, Wythenshawe, UK) 
equipped with a N,-laser (337 nm). The samples were measured e ither in the linea.r (acce l
eration voltage 24 kV) or in the refl ectron mode (acce leration voltage 24 kV, refl ectron 
voltage 28 .6 kV). In either case, the laser energy was reduced Lmtil an optimal reso luti on 
and signal/noi se ratio was obtained. The results of 20 to 50 shots were averaged to obta in 
the final spectrum. Automated amino acid sequencing was perfo rmed. on a Beckman 
LF3600TC gas-phase protein sequencer (Beckma11 , Full erton, CA) accord ing to the 
Edman degradation principle. 

Myotropic bioassay 

The myotropic bi oassay was perfo rmed as described by SCHOOFS et al. ( 1993). 
Hindguts of Leucophaea maderae were d issected unçler R inger so lution. Each hindgut was 
placed in an assay chamber fi li ed with Ringer solution and attached to a transduc r dev ice, 
which a llows recording of the frequency and of the amp li tude of muscle contractions. 
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Ringer solution containing a purifted material was applied to the bioassay chamber with 
the isolated hindgut of L. maderae. 

RESULTS 

Passage through two Megabond Elute columns was used to pre-purify the brain extract 
containing 7000 equivalents. The material eluting with 50 % CH3CN sbowed myotropic 
activity. During the HPLC purification process ail fractions were tested in the myotropic 
assay. The fraction eluting at 66-72 min on the first HPLC column showed myotropic 
activity (Fig. 1 A.). This fraction was further purified and myotropic activity eluted subse
quently at 43 min on the second column (Fig. 1 B), 38 min on the third column (Fig. 1 C), 
46 min on the fourth column (Fig. 1 D) and at 45 min on füe fifth co lumn (Fig. l E). After 
the fifth column purification step, the peptide showed apparent homogeneity. The mass 
spectrum is shown in Fig. 2. Only one molecular ion is present with mass of 968.3 Da. 
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Fig. J. - Pu rification of brain extract of Schistocerca gregaria. A: Fractionation on Deltapak 
C 18 co lumn. Fraction eluting at 66-72 min (shaded part) shows myotropic activity. B: Second 
fractionation on a Protein C4 co lumn. The fract ion eluting at 43 min contained the myotropic 
activity (shaded part). C: Third fracti onation on a Phenyl spheri -5 column. Myot pic acti ity 
eluted at 38 min (B lack peak and arrow). D: Fourth fracti onation on a Prote in and Peptide C 18 
co lumn. Myotrop ic activity eluted at 46 min (Black peak and arrow). I~ : Fina l purifica tion on 
a Microsorb-MV C18 column. Myotrop ic acti vily eluted at 45 rnin (b lack peak and arrow). 
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This may represent (a) a protonated peptide ion (M+H)'. In that case the presence of a 
minor peak at 984.6 may represent an oxidized form of the peptide. Alternatively (b) the 
984.6 peak may be indicative of a potassium adduct, in which case the 968.3 Da com
pound may represent the sodium adduct (M+Na)'. This will also mean that the (M+Hy ion 
is not seen in the MALDI spectrum. This phenomenon, however, bas previously been 
observed with insect neuropeptides (VERHAERT & DE LOOF, 1998; VERHAERT et al., 1998). 
The molecular mass of the peptide will be 967.3 i . case a and 945.3 in case b. 
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Fig. 2. - MALDl-TOF mass spec spectrum of Scg-MST showing a single ion species of m/z 
968.3 Da. 
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Fig. 3 shows the effect of20 brain equivalents of the purified peptide. lts activity is com
parable to the effect of the schistomyotropins and the locustamyotropios on the hindgut of 
L. maderae. The peptide was sequenced by Edman degradation and a partial sequence was 
obtained: DRSW?G PK?. The peptide is called schistornyostirnulin (Scg-MST). 

DISCUSSION 

Five HPLC runs were needed to iso late a myotrop ic peptide frorn the nervoos system 
of the desert locust, S. gregaria. After final purification, 20 brain equ iva lents st ill showed 

rnyotropic activity on the hindg ut of L. maderae. Maldi -TOF spectrornetry revea led an 
ionic mass of 968.3 Da presumptive (M+H)' if not (M+Na)' . Due to tbe low arnouot of 
purified rnaterial only a partial sequence was obtained: DSRW?GPK(?) (?: rniss ing ami no 
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Fig. 3. - Myotropic assay on the hindgut of 
Leucophaea maderae. Response of the 
hindgut to 20 equivalents of purified Scg
MST. Arrow-head, application of Scg
MST ; arrow, rinse with saline; lem 
hori zontal axis is l min. 

acids). This partial sequence has to our knowledge no relevant similarities with any known 
amino acid sequence. The mass 967 .3 or 945.3 Da should enable us to calculate the 111is
sing amino acid(s) ofmyosti111ulin. Unfortunately no obvious a111ino acid co111bination fits 
this 111ass. This could be explained if (one of) the 111issing amino acid(s) were 111odified 
which would agree with the observation that no relevant signal was observed at the respec
tive blank cycle(s) during Ed111an degradation reactions. 

Of ail known insect regulatory peptides, myotropins are by far the largest group. IJ1 S. gre
garia, two myotropic peptides, the schisto111yotropins (Scg-MT-1 and -2) have been identified 
previously. They are closely related to the locustamyotropins (Lom-MT-1 till 
-4) and the locustapyrokinins (Lom-PK-1 and -2) (Sc1-100Fs et al., 1997). Ali those peptides 
belong to the -FXPRLamide peptide family (X being Ser, Val, Thr, Gly), which occurs widely 
among insects. This pentameric carboxyterminal sequence is also found in the pheromone
biosynthesis-activating peptide of Heliothis zea (Hez-PBAN: RAINA et al. , 1989) and Bombyx 
mari (Bom-PBAN [and Il: KtTAMURA et al. , 1989, 1990) as well as in the melanization and 
reddish-coloration honnone of Pseudaletia separata (Pss-M~CH: MATSUMOTO et al., 1992). 
The same C-ter111inal -FXPRLamide 111otif is also found in the diapause hormone of B. mari 
(Bom-DH: lMAI et al., 1991 ). Two adipokinetic hor111ones, Scg-AK.H-1 and Scg-AK.H-2 were 
isolated from S. gregaria (STONE et al., l 976). These hor111ones induce the 111obilization of 
lipids from the fat body (ORCHARD & LANGE, 1983) and incluce the ynthes is offli gbt-specific 
lipophorins (VAN DER HORST et al., 1979). Lo111-AKH-1 1rn, 111ost probab ly a degraclation pro
duct of Lo111-AKH-l , is a stimulator ofvisceral muscle contracti on (S HO FS et al., 1 93). 
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By screening chromatographically-purified fractions in a bioassay to measure adipokinetic 
hormone release, a peptidergic, adipokinetic, hormone-releasing factor (Scg-CCAP) was· iso
lated from 7000 brains of the dess; rt locust S. gregaria. Scg-CCAP stimulates the release of 
adipokinetic hormone in a dose-dependent manner in S. gregaria (VEELAERT et al., I 997a). 
The peptide was first isolated from the shore crab, Carcinus maenas, as a cardioactive pep
tide, CCAP (STANGIER et al. , 1987). Later, CCAP was isolated from Locusta migratoria by 
affinity chromatography (STANGIER et al., 1989). 

The locusts L. migratoria and S. gregaria are the insect species from which the largest 
number of myotropins (including Scg-MST) have been isolated and sequenced (SCHOOFS 
et al., 1997; VEELAERT et al. , 1998). 
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Abstract. Isolation of a population can result in decreased genetic variabili ty as a consequence of 
inbreeding, random genetic drift and reduced gene flow. This effect is rein forced when it concerns a 
small population. We used tw o molecular techniques, multilocus minisatelli te DNA fi ngerprinting and 
microsatellite analysis, to compare population genetic parameters between a small, possibly isolated 
natural population o f moorhens and a large, presumably non-isolated population at a distance of appro
ximately 30 km. Although sample sizes were still relatively low, both minisatellite and microsatellite 
analysis indicated that the smalt population is not genetically impoverished, despite being located at the 
centre of a large city. Nevertheless, we found significant between-populational genetic di fferentiation, 
which suggests that there is little gene flow between the two populations studied. 

Key words: Gallinula chloropus, DNA-fingerprinting, minisatellites, microsatellites, isolation, 
inbreeding, population di fferentiation. 

INTRODUCTION 

Individua ls in srnall populations are more likely to be inbred because there is a high 
probability that random pair formation will occur between re lated individuals (AVISE, 

1994 ; NEIGEL, 1996). Genetically, inbred populations are expected to show increased 
homozygosity due to the increased probability that individua ls carry alleles that aFe « iden
tical by descent » (AVISE, 1994). Small populations are also more susceptible to loss in 
genetic polymorphisrn due to random genetic dr ift. The main process that counteracts this 
clecrease in genetic variability in small populations is gene tlow, largely achi~ved by 
rnigrating individuals (N EIGEL, 1996). Therefore, looking at the genetic variability or the 
level of inbreeding in a srnall population can provide information about the degree of iso
lation, in terms of gene tlow, of that populat ion. 

Genetie drift, selection and mutation rn ay ail resul t in the divergence of aJJe le and 
genotype frequenc ies between iso lated populations, such that populations become geneti-
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cally different, a process known as population differentiation. This genetic divergence is 
also reduced by exchange of genetic material (NEIGEL, 1996). As such, the amount of 
genetic differentiation provides information on the amount of gene tlow between popula-
tions. 

Du ring the course of the last decade , a diverse array of new molecular genetic tools 

has become available for high-resolution genetic studies of population-level processes 
(PARKER et al. , 1998). In recent years, minisatellite and microsatellite DNA markers 
have proven their usefulness in numerous applications, including studies on population 
genetics and relatedness (AVIS E, 1994 ; BRUFORD et al., 1996 ; BURK E et al. , 1996). 
Minisatellite and microsatellite loci be long to the classes of loci known as variable num
ber tandem repeat (VNTR) loci. Both are usually highly polymorphie, owing to varia
tion in the number of tandem repeats. As a consequence, they can provide information 
on the genetic structure of individuals (heterozygosity) or populations (allelic diversity) 
where less sensitive methods such as enzyme electrophoresis rriight fail (BURIŒ et al. , 
1996) . Contrary to minisatellites, microsatellite loci can be assayed using the poly
merase chain reaction (PCR) combined with electrophoresis (BURK E et al. , 1996). This 
approach allows determination of the exact length in basepairs of alleles, which can be 
unambiguously assigned to certain loci (QUELLER et al. , 1993). As a result, microsatel
lites are highly suitable to assess genetic variation in terms of heterozygosity levels, 
genetic polymorphism, and allele frequencies , within and between populations, which 
makes them powerful tools for estimating inbreeding levels and population differentia
tion (BRUFORD et al., 1996). Although multilocus minisate llite analysis has also been 
successfully used in population genetic studies (e .g. WAUTERS et al. , 1994), this method 
has more drawbacks than the previous one (QU EL LER et al., 1993 ; AVIS E, 1994; BURKE 

et al. , 1996). One of the problems is that multilocus minisatellite analysis revea ls com
plex multiple banding patterns , or «DNA fingerprints», in which it is usua ll y not poss i
ble to distinguish every allele and in which all e les generally cannot be ass igned to a 
particular locus (JEFFREYS et al. , l 985a,b ; BR UFORD et al. , 1992 ; AVI SE, 1994 ; B URKE et 
al. , 1996) . Minisatellite fingerprinting is therefo re less suitabl e for studi es requiri ng 
information on allele frequency distributions , such as needed to estimate the degree of 
gene tlow between populations (BURK E et al. , 1996). However, « DNA fin gerprin ts » can 
be used to elucidate inbreedin g because they make it possible to estimate the mean 
relatedness within populations (AV ISE, 1994). B ELLAMY et al. (199 l ) bave shown in 
humans that even a moderately inbred population can be recognised by a higher mean 

band sharing than a known outbred population. 

The Antwerp Zoo, which is located at the centre of the large Belgia.n city of A ntwerp, 

contains a small population of free-living moorhens. Tbe main goa l of our study was to 

find out whether the surrounding c ity fon ctions as a ba.rr ier tha.t decreases migratioJ1 in 

such a way that the moorhens at the Antwerp Zoo fo rm an isolatecl popu lation. This was 

tested by estimating the level of inbreed ing in the Zoo population compared with that in a 
large, presumably non-isolated moorhen population at P lanckendae l, us ing both multilo
cus minisatellite and rnicrosatellite DNA rnarkers . The m icrosatellite ana lys is also allowed 
us to determ ine genetic differentiat ion between the two populations and to e Limate gene 

tlow. 

r 
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MATERIAL AND METHODS 

Study areas and blood sampling 

ln Belgium, moorhens are common itZ ail kinds of habitats as long as fresh water and 
low cover are present (WOOD, 1974; STEVENS, 1989). Therefore, moorhens can be abun
dant in city parks even though they do not inhabit the rest of the city. At the time of its 
foundation in l 843, the Antwerp Zoo was located at the edge of the town (BAETENS, 1993). 
Due to increasing urbanisation ever since, the surrounding area of the Zoo has been built 
over within a radius offive kilometres. The Zoo, with an area of about ten hectares, is now 
located at the centre of the city and forms , together with a public park nearby the Zoo, an 
isolated patch of suitable habitat for moorhens in the crowded city (BA ETENS, 1993). No 
records were kept, but moorhens have inhabited the Zoo for as long as can be remembered 
by long-term employees, which means at least 40 years. Based on thorough capturing and 
persona( observations, the population size was estimated to be about 40 adult moorhens 
during the sampling period. 

The animal park Planckendael, founded in 1956, is situated in a semi-rural setting, 
near Mechelen, Belgium, at about 30 kilometres distance from the Antwerp Zoo, and has 
an area of roughly 36 hectares (BA ETENS, 1993). Moorhens at Planckendael have been 
ringed and studied at irregular intervals since 1992, and the turnover population size was 
estimated to be approximately 300 adult individuals (M ERCKX, unpubl.) . 
At Planckendael, animais were captured between 1993 and 1996 ; at the Antwerp Zoo ail 
animais were caught in 1996. A wing vein was punctured with a sterile needle (Terumo, 
0.55*25 mm) and blood was collected with Na-heparinized haematocrit-capillaries. 
Within three hours after capture, the blood was stored at -70°C until analyses were done. 

Multilocus minisatellite DNA analysis 

After a normal phenol-chloroform extraction, DNA was fragmented using the restriction 
enzyme Mbol. DNA fingerprints were generated by « Southern Blotting » following 
BRUFORD et al. (1992). The radio-active (a 32dCTP) probe 33.15 was used for hybridisation 
(JEFFREYS et al., l 985a,b). The 111ean probability of two indi viduals sharing a band of appar
ently similar 111obility on the ge l, was esti111ated using the band-sharing coefficient or si111i
larity index 2n"/(n"+n,,), where n,, and n,, are the numbers of bands present in individuals a 
and b and n,,, is the nu111ber of bands shared by a ahd b (WETTON et al. , 1987 ; WE TNEAT, 
l 990 ; LYNCH, 1990 ; BRUFORD et al. 1992 ; PINXTEN et al. , 1994) . A band was considered 
identical in two indi viduals if it had 111igrated no more than 0.5 m111 fro111 a band in another 
indi vidual (WESTNEAT, 1990) and if the bands were of approximately the same intensity. A 
weakly hybridised band in individual « a » was excluded if its poss ible presence in individ
ual « b » cou Id not be verifi ed because there was a stronger band on the sa me mobil ity level 
or because the entire lane of indi vidual « b » was li ghter (W ESTNEAT, 1990 ; BURKE & 
BRUFORD, 1987). The band-sharing coef fi cient was calculated for 10 adul t pairs from lhe 
Antwerp Zoo and 13 fro m Planckendael. Pairs were orclerecl in adj acent lanes on the same 
gel to assure prec ise compari son of band mobili ty. The higher the band- haring coeffi cient, 
the 111ore relatecl are the members of the pair (LYNCH, 1990 ; BRUFORD et al., 1992). A mean 
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band-sharing coefficient was calculated for each population. These coefficients were arcsine 
square-root transfonned to be nonnalised, and compared by means of a t-test using the sta
tistical package SPSS/PC (SPSS, 1986). Values given are mean ±SE. 

Microsatellite DNA analysis 

Twenty-six and thirty adult moorhens were sampled at the Zoo and at Planckendael , 
resp~ctively. DNA was obtained from blood by a normal phenol-chloroform extraction. 
Microsatellite polymorphism was analysed at 9 loci. The primer sets used were origi
nally developed for the Tasmanian native hen Gallinula mortierü (unpubl. data). For the 
exact defining of the primer sets we refer to Jason Buchan (see acknowledgements) by ~ 
whom they were kindly provided. We adjusted reaction conditions to moorhens by «trial J 
and errorn. Amplification was achieved in a 25 ~LI reaction volume containing 0.2 to 0.4 4 
µM of each primer (one ofwhich was fluorescently labell ed with CYS , Pharmacia), 1.5 
to 2 mM MgCl2, 200µM dNTP's, about 200 ng of genomic DNA, 1 x buffer ( 1.5 mM 
MgCl2 included for. the DynaZyme buffer) and 0.5 to 1 U of-Pro-HA DNA polymerase 
(Eurogentec) or Dyn.aZyme polymerase (Life Sciences !nt.). The optimal thermal pro-
file for PCR amplification is: 94°C, 3 min. ; 30 cycles of: 94°C, 50 sec.; locus speci fi c 
annealing temperature .. (Table 1 ), 55 sec.; 72°C, 45 sec. and a final extension step at 
72°C for 5 min. in a Techne Genius. Successful PCR reactions were diluted 1 : 10 and 
exact fragment size was calculated by Allelinks (Pharmacia), after electrophoresis and 
fluorescent detection on a 6% acrylamide gel in an automated sequencer (A .L.F. 
express, Phannacia). 

TABLE 1 

Volumes (pl) of reagenls and annealing lemperatures used in the PCR amplification of 9 
microsalellile loci in Gallinula chloropus. The total PCR volume was 25 pl. The lenglh range 
of 1he PCR producls is given in base pairs (bp) . !vlulliplexing of PCR reactions was f easible 
for Tm/9- Tm20 and Tml8- Tm3 8, white PCR products were run together for loci 
Tm3JB- Tml05 and Tm36- Tm!OI. 

Tml8-38 Turnl9-2© T1;m27 T10J3 IB Tm36 Tn1IOI 1fml05 

DNA (200ng/~Li ) 1 1 1 1 1 1 

H,O 14.85 15.85 17.9 19.85 18.85 18.4 18.35 

10 X buffer 2.5 2.5 2.5 2.5 2.5 2 .5 2 .5 

MgCI, (25 mM) 2 2 2 / 0.5 1.5 1.5 

DNTPs ( 1 OmM) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

Forwa rd primer ( 10 ~LM) 1- 1 1- 0.5 0.5 0.5 0.75 0.5 0.5 

Reverse prim er ( 1 O ~tM) 1- l 1- 0.5 0.5 0.5 0.75 0. 5 0.5 

Taq (5U/~Li) 0.15 PRO 0. 15 PRO 0. 1 PRO0. 15 DYN 0. 15 DYN 0.15 PRO 0. 15 PRO 

Locus spec i fic annea-
Jing temperature (°C) 57 57 55 52 57 57 57 

Length ra nge (bp) 145- 147/ 149- 155/ 143- 173 180- 252 146- 153 l32- l33 111 - 15 1 

11 2- 126 132- 136 

J 
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For each population, microsatellite loci were tested for deviations from the Hardy

Weinberg equilibrium and for linkage disequilibrium (following the method of BLACK & 
KRAFSUR, 1985), using exact probabilities generated in Genepop 3.lb (Markov chain para

meters: dememorization : 10000; batches :200; iterations per batch (or permuta
tions): 10000; RAYMOND & ROUSSET, 1995, 1998). To correct for multiple tests, p values 
were adjusted (p,) for comparison to alpha (=0.05) based on the number of tests, Ntest, car
ried out: the most significant value was multiplied with Ntest, the second most with Ntest-
1, etc. (modification of the sequential Booferroni method of R1cE, 1989; see Ros et al., 
1997). 

To estimate within population genetic variability, we looked at the leve l of polymor

phism (P), the mean number of alleles per locus (MNA) and heterozygosity levels (H). 

WRJGHT's F15 (1951) measures the deviation from Hardy-Weinb.erg proportions within 
populations and was calculated as a metric of the level of inbreeding for each population. 

Significance of F 15 values was estimated by resampling over aile les ( 1000 permutations). 
F sr represents the amount of genetic differentiation between two populations (WRIGHT, 
1951 , 1969) and was estimated by means of 8 (WEIR & COCKERHAM, 1984). We estimated 
the overall F51 and the F51 for each locus separately. We also checked whether linkage or 
deviation ofH-W ofloci had an effect on the overall Fsr Significance of8 values was esti
mated by permuting individual alleles across the two areas (Markov chain parameters : 

dememorization: 10000 ; batches: 200; iterations per batch (or permutations): 10000). 
Using 8 and assuming an island mode! , it is possible to estimate Nm or the mean number 

of individual s that migrate between the studied populations each generation to maintain 

the population differentiation (W EIR & CocKERHAM, 1984). Genetie diversity (H) was 

compared between the two populations by means of permutation following VAN DONG EN 
et al. (1998). Parameters H, P, MNA, 8-values and significance of 8-values were calcu
lated with Genepop3.1 b (RAYMOND & ROUSS ET, l995b, 1998). Nm , F 15 and significance of 
F15 were calculated using Genetix version 3.0 (BELKH IR et al., 1996). The probability leve l 
for significant differences (o.) was set at 0.05. 

RESULTS 

Multilocus minisateUite DNA analysis 

fn each lane we cou Id score a mean of 2 1. 3 ± 5.5 bands. The difference betweeo the 

mean band-sharing coeffici ent of ten adu lt pairs at the Zoo (0 .257 ± 0.038) and that of 

13 pairs at Planckendael (0 .254 ± 0.036) was not s ignifi cant (t-test, t=0.15 , df=2 l , 

p=0.88). 

Microsatellite DNA analysis 

At P lanckendael, we found a s ign ificant linJ<age between loci Tm 18-TM 19 and loci 
Tm36-Tm38 (perm utatio n test, sequenti a l Bonferroni correction, p,=0.042 and p,=0.0036 
respecti ve ly), whil e there was a s ignificant li nkage between locus Tml8 and Tm38 at the 
Zoo (permutation test, sequ-ential Bonferro ni correction, p,=0 .027). We found a s ignificant 
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dev iatio n from H ardy-Weinberg eq u ilibrium at locus Tm3 6 at the Zoo and at locus Tm38 

at Planckendae l (after Bonfe rroni correction respectively : p"=0.023 and p,=0.0072); the 

other loci showed no such dev iation (after Bonferroni co rrection: p,,>0.05 ) 

TABLE 2 

Allelefrequencies al nine microsatel/ite loci for 26 adult moorhens al the Zoo and 30 al 
Planckendael. Names of alleles represent the size in base pairs (orfragment length) of the a/le/es 

locus Alle/e AntwerpZoo Planckendael locus Allele Antwe1pZoo Planckendael 

Tm20 132 0.6346 0.6 Tm36 146 0.1 346 0.2 
134 0.2 11 5 0.3833 15 1 0.6538 0. 5833 
136 0. 1538 0.01 67 153 0.2 11 5 0.2 167 

Tm27 137 0.0 192 0 Tm38 11 2 0. 1346 0.0333 
143 0.0577 0 11 4 0.0 192 0.1 667 
144 0 0.0333 116 0.2885 O. l 
145 0.0385 0.1 11 8 0.2692 0.0667 
147 0.2 11 5 0. 11 67 120 0. 1154 0. 1 
149 0 0.0 167 122 0. 173 1 0.5 167 
15 1 0.3462 0. 1667 126 0 0.0 167 
153 0.0769 0. 1 Tm lOI 132 0.96 15 0.9464 
155 0.1 538 0.0 167 133 0.0385 0.0536 
157 0 0.2333 Tm I 05 111 0.0 192 0.0 167 
159 0.0385 0.1 833 11 5 0.0 192 0.1 
163 0 0.0333 11 7 0.0 192 0 
173 0.0577 0 11 9 0. 1538 0 

Tm3 I B 180 0 0.0833 13 1 0.1 154 0.0 167 
194 0.11 54 0. 1333 133 0.0 192 0 
200 0.0 192 0 135 0.0 192 0.0667 
202 0.0962 0.0667 137 0.0 192 0.05 
206 0.0385 0 139 0.0962 0 
2 10 0.0 192 0.0333 143 0.2692 0.0333 
2 16 0.0385 0.2 145 0.0769 04 167 
2 18 0.0577 0 147 0.0 192 0. 25 
220 0.0385 0 149 0.0 192 0 
224 0.0385 0.05 151 0. 1346 0 
228 0 2885 0 153 0 0.05 
23 4 0 0.1 833 Tm 18 145 04423 0.2333 
236 0.1538 0 147 0.5577 0.7333 
238 0.0385 0 149 0 0.0 167 

240 0 0.0 167 15 1 0 0.0 167 

246 0.0577 0.2 Tm l9 149 0 0.2 

252 0 0.0333 155 0.8 

Table 2 shows the a lle le freque nc ies that were determ ined at the n ine mi crosatelli te 

loc i fo r 26 adu lt moorhe ns at th e Zoo a nd 30 at Plan c kenclael Sorne loc i are hi g hly vari-

ab le (e.g . Tm3 1B) w hi le loc us Tm l OI is uni form. Locus T m1 9 seem to be fi xed in the 

Zoo popu latio n. Table 3 presents th e genet ic di vers ity in both pop ul at ions . No s ign ificant 
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differences in genetic variability between the two populations were found (permutation 
tests, ail p>0.05). The inbreeding coefficient F,5 equalled 0.061 for the Zoo population and 
0.033 for the Planckendael population; both values were not significantly diffe.rent from 
0 (permutation tests, p=O. J and p=0.18 respectively) . As shown in table 4, there was a sig
nificant overall genetic population differentiation with an estimated 8 value of 0.082 (per
mutation test, p<0.05). This value corresponds to 2.79 migrants per generation (Nm). 
Table 4 also lists F5r-estimates for separate loci. Omitting linked loci or the loci that devi
ated from Hardy-Weinberg equilibrium did not alter the magnitude order nor significance 
of the overall F51-estimate (values not given). 

TABLE 3 

Microsatellite variability for two populations of moorhens: expected heterozygosity (Hexp), 
observed heterozygosity (Hobs), proportion polymorphie loci (P) 

and mean number of aile/es per locus (MNA). SD = Standard Deviat ion 

Hexp (SD) Hobs (SD) P MNA 

Antwerp Zoo 0.54 (0.32) 0.52 (0.34) 0.9 5.89 
Planckendael 0.56 (0.25) 0.55 (0.27) 1.0 5.56 

TABLE 4 

Estima/es of genetic di/ferentiation between the Annverp Zoo 
and Planckendael moorhen population for each locus separately and for al/ loci combined. 

Significance levels are deflned asfollows : p<0.05 : *; p <0.01: **; p <0.001. *** 

Microsatellite locus F.,,.-estimate significance 

Tm 18 0.062 * 
Tml 9 0.178 *** 
Tm20 0.032 ** 
Tm27 0.066 *** 
Tm31B 0.091 *** 
Tm36 - 0.016 NS 
Tm38 0. 11 8 *** 
TmlOI - 0.032 NS 
Tml05 0.142 *** 

Total 0.082 *** 

DISCUSSION 

Although sample sizes were rather low, both geneti c ana lyses provided indications that 
the small moorhen population inhabi ting the Antwerp Zoo is not genetically impoverisbed 
compared to the ten times larger population at Planckendae l. Fi rstly, the study of 
microsatellite variabili ty at nine loci revealed that the Zoo population does not suffer a 
decreased genetic variabili ty. There were no sign ificant differences in heterozygosity 
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levels nor in the proportion of polymorphie loci nor in mean number of different alleles 
between the two populations studied. For both populations, inbreeding coefficients (F15) 

were too small to regard the populations as being inbred. This also suggests that there is 
no unusually high level of relatedness among moorhens in either of the populations. ln 
addition, mean band-sharing coefficients, calculated from the DNA-fingerprints, did not 
differ significantly between the Zoo and Planckendael populations. This indicates that 
moorhens at the Zoo are not more related to each other than at Planckendael. We found 
similar mean band-sharing coefficients to those reported for unrelated animais in other 
studies (European starling Sturnus vulgaris: 0.21 (PINXTEN et al., 1994); indigo bunting 
Passerina cyanea: 0.23 (WESTNEAT 1990); blue tit Parus caeruleus: ± 0.20 (KEMPENAERS 
et al. , 1992); moorhen: 0.29 (McRAE & BuRkE, 1996)), whereas close relatives have 
mean coefficients of around 0.60 in the indigo bunting (WESTNEAT 1990) and the blue tit 
(KEMPENAERS et al. , 1992). Thus our data indicate that the small moorhen population 
inhabiting the Antwerp Zoo is probably not isolated from other moorhen populations, as 
this would have resulted in a higher band-sharing and inbreeding coefficient. 

We found a significant overall genetic population differentiation, which suggests that 
there is little gene flow between the Zoo and Planckendael populations. When considering 
the loci separately, the population differentiation was sign ificant for seven of the nine loci ; 
only Tm36 and TmlOl would have concealed differentiation. Nm equalled 2.7 1, which 
indicates that the observed genetic differentiation can be maintained when two to three 
individuals migrate between the study areas each generation. However, one should be 
aware of the fact that Nm is only an indirect assessment of the degree of gene flow, and 
should assume that an equilibrium exists, that the alleles considered are neutral in terms 
of selection, and that the migration is equal in both directions (NEIGEL, 1996). Because 
DNA was collected at Planckendael up to three years earlier than at the Zoo, we cannot 
exclude completely that the differentiation we found is in fact a temporal differentiation 
and that there was no genetic differentiation at the time we sampled moorhens at the Zoo. 
This would imply that the genetic composition ofboth populations altered during the time 
interval of our study, for instance as a consequence of a bottle-neck due to bad weather 
conditions. This is an uo li kely scenario, however, because moorhen density at 
Planckendael remained high at ail times. Moreover, we only used adu lts in our analys is, 
and at least some of the adults ringed in 1992 were sti ll alive in 1997. 

The fact that we found no signs of isolation even though the populations were geneti
cal ly differentiated is probably due to an « isolation by distance» effect where the Zoo and 
Planckendael are reproductively isolated from each other due to geographical distance 
(WRIGHT, 1943), whi le migration of moorhens occurs between the Antwerp Zoo and tbe 
immediate surroundings. The distance between the Zoo and Planckendael is about 30 kilo
metres, which is rather large, given that the moorhens in both popu lations are considered 
to be mainly resident (MERCKX, 1993 ; VAN DUYSE, 1997). 

A disadvantage of microsatelli tes is that identifying appropriate regions from a 
genomic library for a new species can be time-consuming (PARKER et al. , J 998). Known 
prirners are not expected to ampli fy the same locus across related taxa unless the 
microsatelli te region is flanked by highly conserved sequences where priming sites are 
located (ELLEGREN, 1992). Recent work, however, suggests that th is may occui- more often 

• 
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than originally thought (PRIMMER et al., 1996; PARKER et al., 1998). Therefore, we began 
our sh1dy on moorhens by trying primers that had been developed for a closely related 
Gallinula species, namely the Tasmanian native hen. In agreement with several recent 
studies (DEKA et al. , 1994; PRIM MER et al. , 1996), the primers originally developed for 
Tasmanian native hens also worked for moorhens. As far as we know, our study reports 
the first application of microsatellite analysis in moorhens. 

lt bas been recommended that one should be careful in interpreting data obtained from 
mo~ecular markers (AVISE, 1994). Sometimes the results depend on the markers used, for 
example when different parts of the genome experience different selection pressures. 
Neve11heless, we believe that our results are reliable. Firstly, we combined two different mol
ecular techniques, both revealing the same main result, i.e. that the Zoo population does not 
seem to be genetically impoverished. HAIG ( 1998) recently emphasised that studies that use 
several molecular techniques are likely to provide a more definitive assessment than those that 
use only one technique. Secondly, because minisatellite and microsatellite regions are non
coding regions of DNA, they are generally considered to be good, neutral mendelian markers 
(JEFFREYS et al. , l 985a,b ; JARNE & LAGODA, 1996). Thirdly, our microsatellite analysis 
revealed significant linkage in only one pair of loci at the Zoo and in. two pairwise combina
tions at Planckendael. These three cornbinations represent only 4.2% of the total of72 combi
nations. Therefore, it is likely that we looked at loci that are representative of the entire genorne. 
However, we cannot exclude that the Zoo population of moorhens is isolated to some extent. 
lt could for instance be that the reference population at Planckendael is isolated and that the 
levels of genetic diversity we found may be typical of« isolated » rnoorhen populations in both 
populations. Though we have no proof, we presume, however, that the Planckendael popula
tion is not isolated because of its situation in a semi-rural setting, surrounded with plenty of 
suitable habitat for moorhens. lt is also possible that the Zoo has become isolated only recently 
and that the effects are not yet noticeable. Neve11heless, this seems unlikely because urbanisa
tion has been going on for over a century. Although more data are needed, we tentatively con
clude that the surrounding city probably does not serve as a significant barrier for moorhens. 
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Abstract. Archaeozoology is the study of interactions between man and other an ima is th rough 
time, by the analysis of animal remains and traces found during archaeological excavations. 
Gradua lly, it has a lso been recognised by the « ma instream » zoological world that archaeozoological 
data can provide insight into the evolution or regional variation of the Late Pleistocene and Ho locene 
faunas o f the Low Countries, just as palaeontological research does for o lder periods. The w ide scope 
of recent archaeozoologica l research is, however, often not fully recognised, not only in terms of 
taxonomie diversity, but also with regard to the deta il of in formation gathered. This review highlights 
these in terpretative possibili ties, but also outlines the possible limitations of archaeozoologica l 
datasets. T hese limitations are linked with the characteristics of the sites investigated, i.e. the cond i
tions affecting preservation, the fo rmation processes, the cul tura l framework, or the orig in of the 
deposits. The dataset is also biased by archaeological methodo logy, particularly in re la tion to the 
sampling and recovery oforganic remains. Furthermore, the in forma tion gathered wi ll d iffer strong ly 
betw een taxa, according to their taphonomic status, the ir place withi n clifferent human cul ture , the 
chances of fossilisation oftheir remains, and eventua l identification problems. When the limiting fac
tors described are not known or not well understood, the use o f archaeozoological data in fa una l 
reconstructions may lead to fal se conclusions. 

Key wOJds : archaeozoology, biogeography, biodiversity, introduction, ex tinction. 

fNTRODUCTl ON : 
THE B lODIVERSITY OF TH E PAST 

The past is an important dimension to an holistic approach to the envirnnment 
(MACINNES & W1CKH AM-JONES, 1992). lt is indeed imposs ible to understand and discuss 
the composi tion of the fauna in a certain geographical area without any data on its evolu
tion. A diachronie dimension is even more important when fa unas are managed, e.g., when 
the reintroduction of wi Id species is considered or when management strategies for natura l 
reserves are discussed, involving the herding of dome tic grazers in semi-confinement. 
When, for example, a discuss ion arose in the Netherland about the introduction of « wild 
sheep » into the wi ld fauna of some natural reserves, supporters of this idea put forward 
the argument that this would only be a reintroduction, because « wild sheep ~> had occwTed 
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in Europe during the Pleistocene and sorne populations were still surviving on Corsica and 
Sardinia. The subsequent proposai was to introduce animais from this Mediterranean stock 
into the Low Countries. Thanks to research on the evolution of wild and domestic sheep, 
cri tics of the idea cou Id , however, explain that the gJeistocene sheep of Europe was in fact 
a different species ( Ovis savinii) than the one still surviving on Corsica and Sardinia ( Ovis 
ammon). Moreover, the Mediterranean « wild sheep » represent no more than ferai popu
lations of domestic sheep (Ovis ammon f. aries) that were introduced to the is lands, from 
the Near East, in Neolithic times (VAN WIJNGAARDEN-BAKKER, 1991 ). 

Data on the composition of former faunas can be gathered in many ways. Most well 
known is the contribution ofpalaeontology, genera lly involving the study offossil remains 
and traces of former organisms. ln principle, palaeontology studies materi al from ail time 
periods, from the Precambrian to recent times. However, in the mind of the general public 
(and of scientists not fa miliar with the field), palaeontology often dea ls only with « old » 
material, dating from the Pleistocene or before, and is therefore considered to be of little 
importance for the study of recent faunal evolution. This common misunderstanding 
mostly originates because «younger» (i.e., Holocene) s ites are genera lly excavated by 
archaeologists and not by palaeontolog ists. Consequently, the study of organic remains 
from these sites is not labe led « pa laeontology » but « archaeozoology », or « archaeo
botany ». Both archaeozoology and archaeobotany are, however, no more than palaeonto
log ical di sc iplines with a specific character, because humans were the consc ious or 
unconscious taphonomic agents responsible fo r the accumulation of the organic remains 
fo und at excavated sites. 

During the last decades, it has gradually been recognised by the « ma instream » zoo
logical world that archaeozoology - here defined as the investigation, through the analy
sis of animal remains and traces fo und at archaeologica l excavati ons, of the interacti on 
between man and animal through time - can provide insight into the evo lution or regional 
variation of our recent fa tmas (see BENECKE, in press, fo r a recent review for European fau
nas). This paper presents a survey of the difficulties that can arise when archaeozoologi
ca l data are used w ithout caution . A student of biogeography cannot safely incorporate 
archaeozoo logy into any cons iderations without knowing the possibilities and limitat ions 
of the field. 

POSSIBILJTlES 
OF ARCHAEOZOOLOGICALANALYSlS 

In its pioneering years, archaeozoo logy mainJy focused upon the hi story of large 
mammals . Most of the materia l recovered from archaeolog ical excavations camé indeed 
from large domestic animais (cattle, sheep, pigs) in the case of Neolithic or younger 
sites, or from large game in the case of Palaeolithic or Meso li thic sites. Graduait y, how
ever, the rerna ins of srna ller an imais, includi ng invertebrates, were incorporated into 
archaeozoological ana lyses. This evo lution became poss ible by the use of refined sam
p ling and recovery methods on s ites, and by the grad uai accumulation of exper ience 
with the treatment, identification and in terpretation of mali archaeological organ ic 
remains . Nowadays, archaeozoo logical research covers a wide scope of organism , of 
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which the presence or absence at archaeological sites can be evaluated. Remains of 
invertebrates from the famous early medieval Coppergate site at York (UK) included 
specimens belonging to sponges, nematodes, annelids, molluscs , echinoderms, crus-

' taceans, chilopods, diplopods, and a wide variety of insect orders (KENWARD & HALL, 
-1 
1995). During the last decade, mites (Acari) have also become increasingly popular as 
ecological indicators for archaeological sites (SCHELVIS, 1992) (Fig. 1 ). Recently, it has 
been demonstrated that even the remains of testate amoebae can be found in archaeo
logical contexts (BOBROV, 1998). 

Fig. 1. - Exoskeleton of a mite belonging to the Gamasida, recovered from 
a medieval site at Oudenburg (B.) (from SCHELVIS & ERVYNCK, 1993). 

The spec ies li sts from archaeozoological contexts g ive information about the compo
sition of former faunas. Tbe assemblages studi.ed are dated by the analysis of archaeo lo
gical artefacts found in the same contexts, their strat igraphi e provenance, hi storica l 
information, and , occasionally, by physico-cbem ical methods. Tbe use of the latter tech
nology is often not needed, espec ially when, as is the case for the Roman period , it is often 
possible to date faunal co ll ections witbin a time interval of 20 to 25 years, on the basis of 
their archaeo log ica l context al one (e.g., ERVYNCK & VANDERHO EVEN, 1997). ln rnost cases, 
archaeozoological co ll ections can al so be placed into a tapbonornic context, meaning that 
it is often clear why remains ended up at a human dwe lling place, and what agents were 
responsible foT the ir accumul ation and preservation. From the associated archaeo logica l 
and hi stori ca l data, archaeozoo logical fïnds can be placed in a soc io-eco1Jo111ic contex t, 
revealing, for example, whether the material was deposited in a ri ch s ite w ith many long
distance contacts, or in a poor, rural household depending upon a subs istence econorny. 
Finall y, pedological , geomorphological and clirnato log ical information , together w ith 
associated pl ant remains, al.low s ituating the an ima l remains in the ir form er environment. 
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It would be a mistake to assume that archaeozoological information about past fatmas 
is only needed for periods or cultures without written archives. Generally, historians (and 
biologists working with historical data) underestimate the potential of information that can 
be extracted from archaeological research and how fruitful can be the critical confronta
tion between written and excavated sources. As to the consumption of animal food pro
ciucts, for example, it has been amply demonstrated that, even for a period with a rich 
historical documentation such as th Late Middle Ages, written records alone are not suf
ficient to allow a more or less reliable reconstruction (ERVYNCK et al. , 1996 ; ERVYNCK & 
VAN NEER, 1998). When reviewing the historical records for fatmal biogeographical infor
mation , it becomes clear that archaeozoology is the only reliable source of information 
about past fatmas for most of the period that we call « history ». For his history of birds in 
Belgium, the oldest reliable scientific source that D ES MET ( 1987) cou Id use was the I 9th 
century «Faune belge» by DE SEL YS-LONGCHAMPS ( 1842), whilst archaeological records 
of birds cover the whole of the Holocene. The danger ex ists that, when only l 9th and 
20th century scientific data are used in historical biogeography, the impression arises that 
our I 9th century fauna represents the original or ' natural ' one, except for some extinctions 
of larger species, which are usually situated in early prehistory. lt is therefore often sur
prising for students of the fatma of the Low Countries to learn from archaeozoological 
analyses that Dalmatian pelican (Pelecanus crispus) was still present around 2400 BC 
(CLASON et al. , 1979), that aurochs (Bos prùnigenius), black vulture (Aegypius monachus) 
and great auk (Pinguinus impennis) survived into Roman times (DE GRAEVE, pers. comm. ; 
YERHAG EN, 1991 ; VAN WJJNGA ARDEN-BAKKER, 1978), and that brown bear ( Ursus arctos) 
only became ex tinct after the l 2th century AD (ERVYNC K, l 993a) . In contrast, archaeo
zoology has proven that animal groups such as our freshwater fish faun a, of which the 
decline (and extinction) is commonly thought to have begun during the lndustria l Period, 
already suffered significant dimini shing population numbers during the Middle Ages (VAN 
N EER & ERVYNCK, 1993; 1994 ; in press). Finally, even for the biogeography of the most 
recent periods, for which rea l sc ientific data is supposed ly available, archaeozoolog ica l 
data can be extremely meaningful. For example, the often quoted theory that the post
medieval decline of the black rat (Rattus rattus) in Northwestern Europe i the result of 
competition with the brown rat (Rattus norvegicus), which was introduced in the l 8th cen
tury, is contradicted by the archaeo logica l finds of late l 9th to 20th century bl ack rat nests 
in the center of Gent (ERVYN K, 1990 ; ERVYNC K & BA TIAENS, in press) . 

On a globa l sca le, archaeozoo log ical analysis has a lready accumul ated a vast corpus 
of information, s ince its beg innings in the l 9th century. One major advantage li es in the 
virtually infinite amount of new material that is sti ll hidden on archaeo logicaJ s ites and 
which may be ava il ab le fo r study in the future. Moreover, prev ious ly studied co llection 
always yie ld new information through methodologica l deve lopments, and represent an 
archi ve of which the potenti al has not yet been fully ex plored. Archaeozool gy ha not 
onl y constantl y made progress in terms of the taxonomie di versiJy of the materi al stud ied, 
but has aJso revea led ever-m ore-deta il ed information , gathered from excavated remains. 
Archaeozoo log ica l resea rch y ie lds more than mere spec i li t . It is now po s ible, from 
the skeletal e lements of vertebrates, to deduce morpholog ical cha racteristi cs uch as body 
s ize or the domesti cation status of former anima is, the ir growth rate, the di stribution of age 
at death of past populati ons, the ir sex ratio, preva ili11g patho logies, asp et of feeding con-
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<litions, etc. (see D AV IS, l 987 or C HAIX & M EN IEL, 1996 fo r a genera l rev iew). One of the 
most important recent innovati ons is the extraction of biomolecul ar information from 
ancient bone, but methodological problems still occur (G ô TH ERSTRôM & LI DEN, 1998). 

LIMITATIONS rN THE USE OF 
ARC HAEOZOOLOGJCA L DATA 

When archaeozoologica l data are used in biogeographica l studies, the simplest ques
ti on asked is often whether the species li st fro m a site provides information about the pres
ence or absence of a certain animal species in a certain peri od, in the area around the site. 
When dea ling with thi s questi on, many of the limitati ons of the archaeozoo logica l dataset 
become apparent. They can be di scussed in a logica l order, fo llowing the chain of events 
fro m the presence of an animal at a fo rmer human dwelling place to the analys is of its 
remains by an archaeozoo logist (Fi g. 2). 

eco/ogy ç,q human behaviour 

fa una li ving on o r around a s ite 

(parts of") dead ani ma is at the s ite 

buri ed remains 

preserved rema ins 

excavated remains 

studi ed remains 

Fig. 2 . - Schematic d iagram illustrat ing the events fro m the death of an 
an imal and the archaeozoo log ical ana lys is of its remains (modified 
after D AV IS, 1987). 

Nature of the sites investigated 

The composition of the wild fa una that li ved in the natural and cultura l environm nt 
of a fo rmer site and its surrou ndings is the resul t of eco logical condi tions and human 
behav iour (l and use, creati on o f ar tifi c ial enviro nmcnt , hun ting pressure, introduction of 
domesticates, etc .). Thro ugh the ana lys i of the archaeozoolog ical fi nds from a s ite, it is 
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possible to reconstruct the past fatma, but what is often not fully recognised is the extent 
to which an archaeozoological study collection represents but a heavily biased sample 
from the former fatma. First ofall, human behaviour has dictated what animais were origi
nally brought to the site, whilst the structure of the site itself intluenced which commen
sal species or parasites could live in or around it. Therefore, even contemporaneous sites 
located within the same landscape can sometimes yield very different fatmas . The com
mensal fatma of a food storage site will be differe;~ t from that of a ceremonial place. 
Within a cultural period characterised by socio-economic differentiation , certain animal 
species are ·more likely to be found at high status sites compared to low status ones. The 
privileges of the feudal nobility on game species such as red deer (Cervus elaphus), roe 
deer (Capreolus capreolus) , wild boar (Sus scrofa) and brown bear ( Ursus arctos) (SMIT, 
1911 ) are responsible for the fact that medieval remains ofthese species are only found at 
castles and not at rural sites (ERVYNCK, 1992). Since, in late medieval abbeys, a larger 
quantity and a wider variety of fish were consumed compared to contemporaneous urban 
households (ERVYNCK, 1997), the investigation of the first group of sites is more appro
priate in revealing changes in the freshwater fatma. 

Taphonomic groups 

One further reason that archaeozoological collections are not a random sample of a 
former fatma relates to why animais were killed and why their carcasses (or parts of them) 
were brought to a site. Animais could be killed because they served as food , because a pri
mary material sui table for artefact production (antler, horn , fur, etc.) cou Id be ga ined from 
them, because of ritual motives, or because they were considered a nui sance and were 
therefore destroyed . These different reasons for killing defi ne different taphonomic groups 
(GAUTIER, 1987) and inevitably influenced the presence of animal remains on a site and 
their preservation. The remains of animais that were eaten by humans usually ended up in 
the consumption refuse contexts that are frequently excavated at archaeological s ites. The 
remains of species that were only killed , or of animais of which only certa in body parts 
were brought to a site as primary material , have a reduced chance of being found du rin g 
excavation. This pattern explains the dearth of archaeo logica l data hampering a documen
tat ion of the population hi stories of su ch species as beaver (Castor fiber) and wo lf ( Canis 
lupus) , spec ies which disappeared from the Belgian fauna onl y in post-medieval times 
(FREC H KOP, 1958 ; TACK et al., 1993 ; CR I EL, l 994 ). For the sa me reasons, there are also 
insuffic ient arcbaeozoological data to clescribe the clemographic evo lution of, e.g., w ilcl cat 
(Fefis silvestris) , baclger (Me/es meles), fox (Vulpes vulpes), and the smaller ca rni vores, 
wbich still survi ve in Belgium. ln mecl ieva l ti mes, these spec ies were exterminatecl , or 
killecl for their fur, but their carcasses were not often brought to a s ite for consumption. 
Th is explains the sca rcity oftheir rema ins from archaeo log ica l s ites ofthat periocl. ln con
trast, brown bea r ( Ui-sus arctos) was ea ten after be ing hunted (ERVYN K, 1993a), m d 

therefore tbe bistory of thi s mammal is much better documented. 

Animais of which the remains can be found at archaeo logica l s ites, bu t tbat ended up 
there w ithout the know ledge or intent of man, are term ed « in trus ives» (G AUTIER, 1987) . 
Mostly, thi s tap honomic gro up con ists of sma ll spec ies be longing to the comm0n a l or 
paras itic fauna present at a s ite, or to the w i Ici faun a 1 iving close to it. These an imals (gas-

Q 
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tropods, insects, arthropods, amphibians, reptiles, small mammals) are mostly found in 
special contexts that acted as pitfalls, such as wells and cesspits, or at places where prey 
remains have accumulated through the actions of non-human taphonomic agents such as 
owls. Such contexts, however, are not present at ail sites, have not yet been excavated in 
sufficient numbers and have often been inadequately sampled (see further). For these rea
sons, few archaeozoological data have yet been gathered on the natural history of the intru-
sive fauna. "" 

Preservation 

After animal remains arrive at a site, it is necessary for their preservation that they 
rapidly become incorporated into an archaeological context. Animal skeletal elements that 
are deposited on the surface are easily destroyed by activities of scavengers, trampling, 
weathering, etc. The structures present at a site, used for the deposition of consumption 
refuse, th us parti y determine the chances of preservation for animal remains. This explains 
why in Belgium, animal bones are rare at Iron Age sites (ERVYNCK, 1994) but are very fre
quent at Roman sites. The latter group is generally characterised by complex buildings and 
large infrastructures (sewers, cesspits, etc.), whilst the Iron Age sites are less complex and 
more rural in nature. Without doubt, the systems of garbage disposai will have been totally 
different between both types of habitation. 

The taphonomic characteristics of groups of archaeozoological material are also of 
major importance for their preservation. Consumption refuse will generally consist of iso
lated skeletal elements that are often severely fragmented. Conversely, animais that have 
not been eaten may leave cornplete skeletons to be found, with individual elements still in 
anatomical position. The same is sometimes true for intrusives that have been caught in a 
pitfall , although the small intrusive animais that have been consumed by a predator living 
in or close to a human dwelling place are often only represented by disarti culated, frag
mented and poorly preserved skeletal elements. 

Besides the taphonomic characteristics of the contexts and material investigated, other, 
general factors also influence the preservation of anirnal remains. Certa in so il types are 
disadvantageous for the preservation of chi tin , she ll and bone. The sandy so il s of parts of 
Flanders and of the Campine area are well-drained, causing an alternation of wet and dry 
conditions that is destructive for buried animal remains. Local fac tors darnaging for poten
tial archaeozoological find s are bioturbation, so il eros ion , and a wide range of hurnan 
interventions. Lowering of the ground water table, for example, bas been proven to be 
harmful for the preservation of the buried organic archaeological heritage. 

Of course, the characteri stics of the animal remains themselves are largely respons ibl e 
for their preservation or destruction. As a genera l ru le, the larger skeletal e lernents (of 
large species) always have a better chance to survive destruction than the srnaller ske letal 
e lements (of srna ll spec ies) (see LYMAN, 1994 fo r a review). Regardless of size, however, 
the structure of tbe animal remains is also detenniJ1ative. Withi n the fishes , for example, 
rernains of spec ies with cartil agino us skeletons have significantly Jess chance of being 
fo uncl at archaeo logica l sites than species with bony ske letons. Even with in the latter 
group , bowever, some spec ies such as mackere l (Scomber scombrus) or salmonids (Salmo 
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sp.) store lipids in cavities within their skeletal elements (Fig. 3), a factor that determines 
the poor survival of remains of these fish at archaeological sites. ft is believed that in the 
soil the lipids tum into lipid acids, which dissolve the minerai fraction of the surrounding 
bone and influence the denaturation of collagen (MÉZES & BARTOSIEWICZ, 1994). 

0 2mm 

Fig. 3. - Vertebra of a salmon (Salmo salar) , showing the porous struc
ture where the storage oflipids is located (from VAN N EER & ERVYNCK, 
1993). 

Finally, it is sometimes hard to distinguish whether certain groups of animal remains 
are rare because of preservation conditions or of other causes. In medieval sites from the 
Low Countries, e.g., bird remains are a lways rather scarce but it is oflen not clear w hether 
this pattern is the result of the poor preservation chances of fr iable bird bones, or because 
birds were expensive food items during the period considered (ERVYNCK, l 993b ). 

Sampling and recovery 

An archaeozoological dataset is always biased by archaeological methodology, especially 
when considering the sampling and recove1y of organic remains. During excavations, most ani
mal remains are s imply handcollected, although it has long been proven that th is method is an 
inadequate way to recover the remains of many small species (most inve1tebrates, sma ller fish, 
amphibians, reptiles). Moreover, within the group of species recovered, handcollecting favoms 
the recove1y of the largest elements. More refin ed sampling methods are therefore needed to 
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adjust for thjs bias. During excavations by the lnstitute for the Archaeological Heritage of the 
Flemish Community, suitable contexts are sampled (at least;.,l 0 1 of sediment) and sieved on a 
0.5 mm mesh, which is sufficient to recover most molluscs, carabid beetles, fish and other 
small vertebrates. Moreover, the contents of deposits containing interesting archaeozoological 
assemblages are sometimes completely sieved. Additionally, smaller samples are taken that can 
be flotated in order to recover microscopie remains such as parasite eggs or exoskeletons of 
mites (see SCHELVIS & ERVYNCK, 1992). When reviewing older excavation reports, however, 
one must bear in mind that the refined sampling and recovery of animal remains only became 
a standard procedure at Flemish sites after 1985. 

Analysis of the remains 

Once animal remains are recovered from an archaeological site, they must be analysed, 
a process where identification is the first step. However, the identification of archaeological 
animal remains differs significantly from the identification of recent animais~ Most identifi
cation keys for recent specimens are not applicable to archaeozoological material, and it is 
therefore not surprising that identification to species level is not always possible. ln some 
cases, identification problems hamper the study of a whole animal group (e.g. , land slugs, 
small passerines). In otber cases only the discrimination between a small number of species 
poses problems (e.g., sbeep and goat, flatfish species within the Pleuronectidae). Moreover, 
these identification problems differ between skeletal elements (for the vertebrates) and 
depend upon the preservation condition or the taphonomic status of the collection . 

Identification possibilities of course depend upon specialist experience and the avai
lability ofreference collections. Moreover, there exists a marked discrepancy between the 
number of species within each animal phylum and the number of arcbaeozoologists work
ing on these groups (Fig. 4) (SCHELVI S, 1993). Therefore, in many countries, several cate-
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rest 
10% 

Chordata 
3% 

Arthropoda 

78% 

Arthropoda 
2% " 

archaeozoologists 

Mollusca 
12% 

rest 
1% 

85% 

Fig. 4. - D iscrepancy betweeo the oumber of species witb io each phylurn of the an i
mal kingdom and the ntuuber of archaeozoologists work.ing on these groups (after 
SCl·IELVIS, 1993) . 
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gories of archaeozoological remains are simply not studied because of a lack of expertise. 
Moreover, the impetus to work on certain animal groups is intluenced by the cultural ques
tions asked. Groups important for human food economy have consequently gained more 
attention than groups than can only be usëd as ecological indicators. Furthermore, even 
within the group of ecological indicators, the characteristics of some groups (e.g., carabid 
beetles, see ERVYNCK et al., 1994) make them more reliable for interpretative purposes, 
which explains why they are preferentially studied. 

Absence and presence 

The arguments li sted demonstrate that the absence of a particular species from the 
archaeozoological inventory of a site must always be evaluated against information on the 
nature of that site, the cultural period studied, the taphonomic status of the material , the 
preservation conditions at the site and of the species considered, the sampling and reco
very methodology applied, and the specialist expertise avai lable. Ali this explains why the 
absence of a particular species from an archaeozoological inventory does not necessarily 
imply that the species was absent from a former fauna . 

When the presence of a species' remains is established by archaeozoologica l analysis, 
this is also not always straightforward proof of the former occurrence of the organism 
around the site studied. Anima l remains can belong to the taphonomic groups of the so
called « reworked » and « late » intrusives, meaning that they originate from deposits that 
are older than the context in which they eventua lly ended up, or that they only became part 
of an archaeologica l context some time after that context was deposited. An example of 
the latter group are the remains of burrowing an imais, that, after their death, became incor
porated in the older archaeological layers or deposits which they were disturbing. 

An additional problem is presented when animais or parts of animais are transported 
over long distances, in which case the presence of their remains in an archaeozoologica l 
inventory is misleading. Generally, it is thought that elk (A /ces a /ces) disappeared from the 
Low Countries before the Late Middle Ages (ERVYNCK et al., in press) . Therefore, the 
fragments of elk antler which were found in a late medieval context from the center of 
Bruges (ERVYNCK & HI LLEWAERT, unpubl. data) presumably only represent primary mate
ri al fo r artefact production which was imported from more northern regions. In fact, ail 
Roman and med ieval finds of elk consist of antler fragments. A long bone of elk described 
from a medieval context in Liège (B .) (GAUTIER & HOFliSUM MER, 1988) almost certainly 
represents a reworked, intrusive element, originating from Neolithi c layers that are preseJJt 
beneath the medieval deposits. 

CONCLUSlON 

When the poss ibilities and limitations ofarchaeozoology are not known or m1derstood, 
there is an inherent danger in the use of archaeozoological fincls in biogeographical recon
structions. The poss ibili ty to follow a species ' hi story through archaeozoological research 
cliffers markecl ly accorcling to its status in former times (e.g., protected game versus 
species on the ex termination list), the taphonomic context in which the remains n be 
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found (e.g., consumption refuse versus intrusive remains), and the socio-economic context 
of the sites investigated ( e.g., high status versus low status sites). 

The previous discussion has illustrated what conditions must be met before archaeo
zoological data on the presence or absence of species can be safely interpreted . However, 
the archaeological context in which animal remains are found is always the most critical 
parameter for the significance of a faufial assemblage. Archaeozoology studies the inter
action between man and animais, and not only the presence or absence of species, and is 
therefore a truly interdisciplinary field of science. When biogeography uses archaeozoo
logical data, it should therefore take the same approach. The history of our fauna can only 
be understood when, more than extinction or introduction, processes such as pollution, 
destruction of habitats, synanthropisation of animais, domestication or scientific manipu
lation of organisms are studied (S IM MONS, 1979). Such analyses, however, are only possi
ble when data from hi stoty, archaeology and ecology are fully integrated. 
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Abstract. Extensive data on the present-day carabid beetle fa Lma occurring in woods of Flanders 
were compared with a unique data-set of archaeological carabid remains from a Late and Post-Roman 
Forest at Velzeke (Eastern Flanders), within the framework of a study on the hi sto ri ca l ecology of 
woodlands in Flanders. lntegration of these data on 14 woods revealed that most have been signifi
cantly impoverished w ith respect to their stenotopic wood land beetle fa una. The carabid species' 
diversity is higher in severa l small and relatively recent wood lands compared to that in larger ancient 
forests, regardless of whether this di versity is evaluated by rarefaction or by mean spec ies richness 
per standardi sed year sample data . This pattern is primarily caused by the presence, in forest frag
ments, of many species from su rrounding open habitats . Typica l wood land beetl es show a recluced 
di spersal power (constant brachypte ry) and appea r to be strongly linked to larger anc ient woods. 
Knowledge o fhi storica l ecological factors , other than actua l s ize oftbe fo rests , further aids the expla
nat ion of the observed ground beetle assemblages in the specific forests or sites. Pre lirninary results 
of population genetics, fo r the eury top ic forest carab id beetle Abax aler, showed signif'icant genetic 
differentiation between popul ations (due to red uced gene flo w) at a re latively large spatial sca le, 
a lthough genetic erosion cannot (yet ?) be observed fo r this species. 

Key words· : woodland, biodivers ity, historical ecology, deforestation events, woodland area, 
wood exp lo itation, archaeo logy, habitat fragmentation, ground beetles (Cacabidae), anc ient woodland 
indi cators, dispersal power, population geneti cs, Abax ater, reg ion o f Flanders 

lNTRODUCTlON 

A short history of woodland in Flanders 

lt is a safe ass umption that, at the beg inning of the Holocene, there was more ood
land in Flanders than tbere is now. However, the history of woodlands in Flanders cannot 
be described by a simple mode l ofl inear decl ine, but is characterised by periods of regres
s ion and expansion (BLOEMERS & V AN DORP, 199 1 ; TAC!( et al., 1993; T K & HERMY, 
1998). A first regression per iod sta rted with the introduction ofNeolithic cul tures into our 
reg ions. At that moment, two processes initi ated the decline of the orig inal fo rest, Le., 



140 KONJEV DESEN DER, ANTON ERVYNCK AND GU IDO TACK 

deforestation due to woodland be ing turned into fi e lds, and degradation due to areas being 
used as graz ing grounds for large herds of domestic anima is. The fo rmer process had a 
particularly severe impact during that period, and this is demonstrated by the find s of 
N eolithic M ichelsberg s ites (BLOEMERS & VAN DORP, 1991 ) in areas that are now under 
forest and which, as is suggested by the absence of younger s ites, were never inhabited 
again . 

How woodland evolved during the Bronze and Iron Ages is sti ll largely unknown, but 
it can be assumed that the processes of fo rest degradati on and di sappearance continued, 
reaching a peak during the Roman peri od, as a result of large sca le agricultural ex plo ita
ti on. After the fa ll of the Roman Empire, po liti ca l instabili ty caused a reduction of the 
human popula tion and a dec line of agricultu ra l exploitati on. T herefore, during the Early 
Medieva l peri od, woodland recovered to a certa in extent. During the H igh M iddle Ages, 
however, renewed deforestati on took place (YERHULST, 1990), in many cases prec ise ly in 
those areas that had become woodland aga in during Early Medieva l times. 

From the end of the l 3th century onwa rds, graduai deforestation was occasiona ll y 
interrupted by renewed cultivation of woodland, mostly fo r economic purposes, such as 
the demand fo r firewood. During the l 9th century, a fina l large scale deforestation took 
place in F landers. As a result, woodlands in Flanders nowadays are extremely fragmented 
and/or reduced in s ize (compare Fig. 1 around 1000 AD, befo re the extensive Late 
Medieva l deforestation, and Fig. 2 based on a recent map fo r Western and Ea tern 
Flanders). 
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Figs 1-2. - Fragmenta tion i11 wood lands of Western and Eastern Flander : Fig. ! : ituation 
around 1000 AD, before ex tensive Medieva l deforestation (after TA K el al .. 1993, mod i
fi ed) ; Fi g. 2: based on a recent rnap. 

Carabicl beetles from Flemish woocllancls 

Within the framework of several projects, inc luding a long-term in ect monitoring 
study, quantitative data on the ca rabid beetle fau na from many Flem ish woodlands have 
recently been accumu lated . Wh.en eco log ica l data about carabid are gathered through 
actua l sampl ing and co ll ecting in the fi e ld, or through the study of mu cum ol l-ction , 
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the time-span covered is generally restricted to the last two centuries. Through arcbaeo
logical analysis, however, it is possible to gain zoogeographic and ecological infonnation 
about insect communities from much older periods. At some archaeological sites, specific 
man-made structures, such as wells, ditches or cesspits, have acted as pitfalls in the past, 
and have given rise to an accumulation of insect remains. These assemblages can be dated 
by the association of artefacts that are found in stratigraphie connection with them, or by 
physico-chemical dating techniques. The importance of the archaeological samples lies in 
the fact that they can originate from biotopes or environments that have disappeared today. 
Abundant archaeological carabid remains of a Late and Post-Roman forest at Velzek:e 
(Eastern Flanders) have revealed . unique example of a woodland faunal composition 
around 500 AD (DESENDER et al., unpubl.). Besides the investigation of recent and archae
ological woodland carabid faunas, an independent study has been performed on the his
torical ecology of woodlands in Flanders (see TACK et al., 1993). This study included 
aspects of fragmentation and site history, such as changes in area, de- or reforestation and 
forest exploitation. 

ln this paper, an attempt is made to integrate data from 14 Flemish woods, in order to 
analyse the current ground beetle diversity and faunal quality (values for conservation), 
within the framework of the historical ecology ofthese woods, and to compare them with 
faunal assemblages of Late and Post-Roman date from the same region . 

Recently, population genetic studies on selected species of woodland ground beetles 
were undertaken, in order to evaluate the role of historical and present-day ecology and 
population characteristics in the observed genetic differentiation and diversity. Such stu
dies may throw light on the mechanisms (apart from habitat quality decline or the loss of 
sui table habitat perse) responsible for the loss of typical species during woodland frag
mentation, e.g. , by genetic erosion or reduced gene flow. Eventually, this may lead to an 
increased understanding of the actual conservation values of Flemish woodlands and sug
gest remedies for future woodland rehabilitation. ln the present report, only pre liminary 
population genetic results for the eurytopic forest carabid species Abax ater are sum
marised. 

MATERIAL AND METHODS 

Study sites 

Fig. 3 shows the geographical locations of the 14 Flemish woods, from which faunal 
data have been used in the present paper. These locations have been superim posed on a 
recent map locating the woodlands in the region (see also Table l ). Two of the woods 
investigated are situated at the border of the Flemish region and continue into adjacent 
regions, i.e., the « Zoniënwoud » (located on the terri tories of Flanders, Brussels and 
Wallonia), and the Flemish « Bos Ter R ijst » at Edingen (which continues on Wallonian 
terri tory where it is called «Bois du Strihoux » ). Obviously, most of the stud ied w ods are 
s ituated re lati vely close to each other (except fo r the two woods at Wijnendale, cf. nrs 1 
and 8 on Fig. 3). The forests are predominantly located on loamy so i ls, a higher sandy soi] 
component being present onl y in most parts of the« Meerdaa lwoud »(Fig. 3, nr 12), and 
at Wijnenda le (F ig. 3, nrs 1 and 8). The archaeo logical s ite (Fig. 3, nr 14) is ituated near 
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the centre of the entire study area and very close to about half of the studied woods. The 
central location of the archaeological study site ensures a more straightforward compari
son and evaluation of historical ecologica l influences (see further). At present, wood land 
no longer exists on the exact location of this site, and there is some discussion as to how 
large the wood might have been at the time of the accumulation of the beetle remains (see 
further and D ESENDER et a l. , unpubl. ). 

Although , by now, data have been accumulated on the occurrence of ground beetles in 
many of the other woodlands of Flanders, i.e. , from the coastal region {mostly relatively 
recent plantations on sandy soil) and from the Campine region (mostly pine woods on poor 
sandy soi t), these have been deliberate ly excluded from the present analysis. Indeed, 
because of the different ecologica l conditions in these woods, comparison with the archae
ological wood land samples and other (deciduous) fo rests situated on loam or sandy loam 
soil is difficult. 

TABLE 1 

Characterisation o.f study areas, according to deforestation events (A, 8 , C: see tex/) , size c/ass 
{S: small, M: mediwn-sizecl, L: large and XL: «extra large» (see text)) and exploitation histo1y 
(DS: disturbed soi!, US: mostly undisturbed soif) : added n11111bers as used in Fig. 3 

Wood/and study areas deforestation 
size 

exploitation nr c/ass 

Wijnendal e (sate lli te forest patch) A s DS 
Parikebos 2 A s DS 
Zegelsem - Burreken 3 B(C) s DS 

Schorisse (Bos Ter Rij st) 4 B M DS 
Bos t'Ename 5 B(A)(C) M DS 
Neigembos 6 A M DS 

Brakelbos 7 A L DS 
Wijnendalebos 8 A(B) L DS 
Ed ingen (Bos Ter Rij st-Bois 

du StTihoux) 9 A L DS 
Kluisbos 10 A L DS 

Walenbos 11 C(A) S-L* DS 

Meerclaa lwoud 12 A L DS 

Zoni ënwoud 13 A XL lJS 

Velzeke (archaeological samples) 14 

* Wa lenbos was former ly sma ll but ha recentl y been cxpanded to a large 
woodlancl . 
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Fig. 3. - Location of the studied woods in Flanders; archaeological site at Ve lzeke (nr 14) 
labe lled differently; numbers refer to the woods as rnentioned in Table 1. 

A historical approach to recent woods in Flanders 

143 

Considering the ir hi story, wood lands in Flanders can be described according to three 
basic factors: deforestation events, changes in dimensions resulting in actual size, and 
exploitation history. Considering the historical data that allow reconstruction of defores
tation history in some detail, the maps by de Ferraris, drawn around 1775, are the o ldest, 
more or less re liable source. Starting from these maps, present day wood lands have been 
subdi vided into three categories: (A) woods that are drawn by de Ferraris, are still present 
today, and have knowo a continuous existence ( « ancient forests » ), (B) woods that are pre
sent on de Ferraris' maps, are extant today, but have not known a continuous existence in 
the intermediate period («exploitation forests » ), and (C) areas that show no wood land 
cover 0 11 de Ferraris ' maps but are woodland today ( « recent forests » ). 

Considering surface cover, four groups can be discriminated ( ee TACK et al. , J 993). 
The category of « small woods » compri ses forests that at present cover less than 20 
hectares (ha) and that covered less than 50 ha around 1775 AD, when the maps of de 
Ferraris were drawn. « Medium sized woods » cover at present 20 to 200 ha, and covered 
50 to 500 ha around 1775. The group of« large woods » unifies forests that today cover 
more than 200 ha, and covered more than 500 ha at the end of the l 8th century. Within the 

latter group, an exception must be made for the Zoniënwoud, which nowadays still covers 
an area of more than 4000 ha. Because of its extremely large s ize (according to Flemish 
standards), this forest must be placed in a fourtb group. 

T he exploitation history of Flemish wood lands bas been very di verse. Witbin the con
text of carabid («ground beetle») eco logy, however, woodlands must mainly be subdi
v ided accorcl ing to former cl isturbances of the soi!. ln most of the F lem ish forests , the soi! 
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layers have been severely affected by human activities in the past, e.g. extraction of tree 
roots for firewood and grazing by domestic animais. Only in a few forests, of which the 
Zoniënwoud is an examp:e, were such practices limited. 

The forests, used as case-studies within the present analysis, can be described accor
ding to the criteria explained above. A summary of these characterisations is given in 
Table 1. For most of the carabid beetle sampling sites (forest plots) within these woods 
(see further) , detailed historical data were also gathered on deforestation events and 
exploitation history. More comprehensive case studies and analyses based on these 
detailed data are beyond the scope of this paper but will be presented in future contribu
tions. 

Recent woodland carabid faunas in Flanders: sampling, diversity and population 
genetic case s'tudies 

Within the framework of several projects, including a long-term insect monitoring 
study in several habitats of Flanders, carabid beetles have been studied at many natura l, 
semi-natural and cultivated sites since approximately 1980. Sampling campaigns have 
mostly been undertaken by means of at least one year cycle of pitfall trapping. Sampling 
involved at least 3 traps (glass jam jars, partly fi li ed wi th a fixative, and with a diameter 
of approx. 10 cm) per site or micro-habitat (data from occasional year samplings w ith 
more than 3 traps per site were standardised by rarefaction to 3 sampling units). The traps 
were continuously in operation during a complete year cycle and emptied at fortnightl y or 
three-weekly interva ls. 

Severa! of the larger or med ium-sized woods, mentioned in Table l (e.g., Zon iënwoud , 
Walenbos, Wijnendalebos and Bos t 'Ename) have by now been sampled at some 10 to 
20 different plots, sometimes during multiple year cyc les (e.g., D ESEN DER et al., 1987; 
DESEN DER & VANDEN Bussc1-1E, in press). The data-set from most of the smaller woods by 
now includes rep li cate complete year cycle samp les from at least 2 to 3 different s ites, 
except fo r the extremely small sate llite forest patch at Wijnendale (Fig. 3, nr 1 ), which 
could on ly be sampled as a s ingle sampling station. Most of the year cycle sarnp ling cam
paigns have been performecl since 1985. Severa! of the woods were a lso recently sampled 
or resampled. As a result, today, the total data-set on the 13 woods from Table l , bas grown 

to around 100 s ite-year-samples and inc ludes more than 60,000 ground beetles be long ing 
to around 120 speci es. 

Ail catab id beetl es from the samples were identifi ed to spec ies leve l, coun ted and 
checked for their d ispersa l power (hind wing deve lopment and fli ght muscle deve lop
ment). Whether species are constantly brachypterous, macropterous or showing wing 
climorphism or polymorphi sm, and to what clegree they are able to di sperse by flight, ha 
been well documented in earlier papers (e.g. , DESEND ER, 1989). Moreover, data from 
ne ighbouring reg ions and countri es a llow most spec ies, recorcled in Flemish wood land , 
to be c lass ifï ecl independently according to hab itat pre fere nce (e.g., ASSM NN, in press ; 
BAGUETfE, 1993; LINDROTH , 1945 ; LUFF, 1998 ; TH IELE, 1977 ; T URIN el al. , 199 1) 
Deta il ed know ledge of geographical di stri buti on and recent expansion or regress ion of 
indi vidual species is ava ilab le for Belgium (D ESENDER, J 986a-cl) and a documcnted R d 
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Data Book has recently been published for the region of Flanders (DESENDER et al., 1995). 
For the purposes of the analysis described in this paper, a distinction was made between 
( 1) stenotopic and (2) eurytopic woodland species, (3) ubiquists (also occurring in forest 
as in open landscape habitats), and ( 4) species from different types of open landscape habi
tats, ma inly marshland, humid grasslands or cultivated fields. 

Carabid diversity was assessed in three different ways : ( 1) total species richness per 
wood (obviously a biased d iversity estimator due to an inevitably lower mean number of 
indiv idual plot-year cycles in small to very small woods), (2) mean species d iversity per 
sampling s ite (plot-year cycle) for a given wood and (3) rarefaction : calculation of the 
mean number of species for 1 OO indiv iduals per sampling s ite, based on the actual num
ber ofindividuals per species, for a g iven wood (cf. H ECK et al. , 1975; H URLBERT, 197 1 ; 
JAMES & RATHBUN, 198 l ). Habitat preference coding (see above) was then used for a more 
detailed comparison of the di versity observed and the data from historical ecology. 

Preliminary population genetic data were gathered by cellulose acetate electrophoresis 
for the eurytopic woodland carabid beetle Abax ater, sampled from ail 13 woods in this 
study ( except for the small sate lli te forest patch at Wij nenda le due to insufficient sample 
s ize). For each population, at least 40 beetles were analysed for 5 allozymes. More details 
on the technique and the statistical software used are g iven by HEBERT & BEATON ( l 989) 
and by DESENDER et al. ( 1998). Ana lysis of the pre liminary data on Abax ater was 
restricted to a s imple assessment of genetic diversity (mean number of a lle les/ locus, cf. 
BERG & HAMRJCK, 1997) and of genetic differentiation between the study woods in rela

tion to geographic location (isolation by distance?, reduced gene flow ?). More extensive 
analyses based on these and addi tional data, and on other species, will be g iven in fu ture 
publications. 

Archaeological woodland fauna in Flanders: unique ground beetle data from a 
Roman well at Velzeke 

In 1988, the Provinc ial Archaeological Museum of south-east Flanders excavated a 
stone well of Roman type at Ye lzeke (Eastern Flanders, Belg ium), at the edge of a Roman 
site that fl ourished from tbe first to the third century AD (Van der Plaetsen, pers. comm.). 
The lower 3 .5 m of the well 's fil] consisted of a deposit of organ ic debris that was subdi
vided in 11 sampling uni ts and s ieved on 0 .5 mm meshes. The res idues proved to be rich 

in zoologica l remains, i.e. , bone, moll usc shell s and the chitinous rema ins of insects. From 
the latter group, on ly the carabid remains were used in an attempt to reconstruct the fo -
mer landscape around the well. Justification for this selection can be fo und elsewhere 
(ERVYNCK et al. , 1994), as well as a detailed account of the ground beetle resu lts from the 
study (D ESENDER et al. , unpubl.). 

From each subun it, the remains of at least 100 carabids could be identified , yielding a 
tota l sample of more tban 11 OO ground beetles, belonging to 58 species. Most of the sub
unit samples (especia lly subunit 2-9) yielded a carabid fauna l assemblage indicative of 
wood land habitat. They were dominated by stenotopic and eurytopic woodland spe ie , 
imply ing that wood land surrouncled the well at the time of deposition . Radioca.rboo dating 
indicates the existence of this fa una around 500 AD, covering a time span of a.round 150 
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years (VAN STRYDONCK, pers. comm.). These carabid faunal data were compared to pre
sent-day data from the 13 woods previously described . Diversity was assessed in similar 
ways to that outlined above, but here, each subunit sa;nple was considered a replicate sam
ple for this wood in order to estimate mean values and associated standard errors. 

RESULTS AND DISCUSSION 

Carabid beetle diversity and historical ecology 

Fig. 4 summarises the total carabid diversity from the 14 woods investigated, arranged 
in 4 size groups according to historical ecological characteristics . The archaeological data are 
also shown for comparison. Total species richness varies widely between circa 20 to nearly 
70 carabid species per wood. Somewhat surprisingly, many large forests as well as the very 
large« Zoniënwoud »do not show a higher number of species compared to most of the smalt 
and medium-sized forests. A regression analysis of species richness on log(area) does indeed 
show that area is not a significant predictor of total diversity (r'= 0.029, n.s. ). An increased 
species richness nevertheless would be expected in these larger forests for two reasons. 
Firstly, large to very large woodlands have received a much higher sampling effort (number 
of separate sampling sites within one wood). The very large « Zoniënwoud » has, for exam
ple, by now been sampled already at more than 25 different sites, ail included in this data
set. Secondly, larger woodlands would be expected to include a larger vari ety of 
micro-habitats, possibly increasing the total species richness of beetles. More recent wood
lands, as well as those exploited relatively recently (cf Fig. 4, asterisk-labelled bars), do not 
appear to show consistently lower or higher diversity compared to genuinely ancient forests. 
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Fig. 4. - Total ground beetl e spec ies ri chness fo r the investiga ted woods (*= 
ex ploitation fo rests; **= recent forest ; woods are ordered as in Table 1 ). 

Values of much more stra ightforward and unbiased estimators for the compari son of 
beetl e diversity between the woods are plotted in Fig. 5. These incl ude: (A) mean tota l 
number ofspecies per sampling series per wood and (8) mean ex pected number of pec ies 
fo r 100 individua ls ca lculated by rarefaction . Paradox ica ll y, both estimators on average 
suggest higher di versity va lues in smaller s ized forests. Weighted regress ions of di versity 
on log(area) are highl y s ignifi cant and show a negati ve re lat ionship based on both diver
s ity estimators (cf Fig. 7, A and B). 
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Fig. 5. - Carabid beetle diversity (measured per wood, woods ordered as 
in Table 1) as (A) mean total number of species per sampling se ries and 
(B) species per 1 OO ind., calculated by rarefaction ; ARCJ-1= data from the 
archaeological samples, added for comparison ; *= exploitation fo rests; 
**= recent forest. 
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Disentang ling carabid diversity, according to habitat preference of the species 
involved, clearly shows tbat increased mean diversity in smaller-s ized forests is caused by 
a pronouncedly higher nwnber of open landscape carabid species (Fig. 6, A). This suggests 
severe edge effects from forest-surrounding open habitat types, increasing w ith decreasing 
forest patch size. A regression of open landscape species d ivers ity on log(area) is indeed 
highly significant and again negative ( Fig. 7, C). Other authors have described how the 
invertebrate faLma of fragmented woodland is more in fl uenced by surround ing habitats 
than is the case for more contiguous forest (HALM E & NI EMELA, 1993 ; MAELFAIT et aL. , 
1992). ln some recent rev iews (EHRLICH, 1996 ; ZUIDEMA et aL. , 1996), it bas been sug
gested that small forest fragments are do minated by edge effects. Much more research is 
requi red on thi s topic, however, especia lly for invertebrates, since most researcb has been 

focused towards birds (EHRLICH, 1996). 

Whereas e urytopic woodland species or ubiq uists (F ig. 6, B and C) do not show an 
obvious trend (nor any s ignificant species-area relationsh ips), an entire ly oppos ite trend is 
shown for stenotopic woodland species (Fig. 6, D). Such species appear to be powerfu l 
ind icators of larger anc ient woods. Only the« Zoniënwoud » samples approached the high 
mean value of stenotopic woodland beetles found in the archaeologica l assemblages. A 
regression analysis of these d ivers ity data on log(area) shows a s ignificantly positive rela
t ionship (Fig. 7, D). A closer look at somewhat deviating points reveals a number of inter
esting and suggestive patterns. Without exception, woods, that have been temporarily 
heavily or partly explo ited d uring tbe last 200 years, or that can be more or less clas ified 
as recent forest {differently- labelled on Fig. 6, D), are situated in the lower part of the plot, 
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irrespective oftheir actual size. This is most obvious for the« Walenbos »,the single wood 
in this series which has recently beeu expanded considerably from a small forest fragment 
at the time of de Ferraris. Apparently, most stenotopic ground beetle species must have 
disappeared at least by that time (or earl ier) from this wood and were notable to recolonise 
the area since. The fact that this forest is extremely wet over most of its actual area cou Id 
have further reduced the possibilities for survival of stenotopic woodland beetles. In the 
upper part of the regressiGn plot (Fig. 7, D), mean number of stenotopic woodland cara
bids is higber (as expected from the fitted regression on actual size area) for one wood: 
the « Zoniënwoud ». This wood is the only one in the series which has retained relatively 
undisturbed soils over much of its area . The importance of the soi! disturbance factor is 
further substantiated by a more detai led examination of the data from this forest. fndeed , 
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Fig . 6. - Carabid beetl e di versity (measured per wood, woods ordere.d as 
in Tabl e 1) as mean number of (A) species from open landscape habitat , 
(B) ubiqui sts, (C) eurytopi c woodl and pecies and (0) stenotopic wood
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co mpari son ; *=ex ploita ti on fo rests; **= recent forest. 
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some sample series from sites in the « Zoniënwoud », documented to be situated on soi! , 
cultivated from the 14th until the l 8th cenfü ry, have yielded 3.00 ± 1.29 (95% c.i.) steno
topic woodland carabids compared to a significantly higber value of7. 78 ± 0.52 (95% c.i.) 
obtained for sites on more or less undisturbed soils. In a recent review of invertebrates and 
boreal forest management, NIEMELÂ ( 1997) similarly concluded that undisturbed old
growth forest must be set aside to sustain specialist species and to serve as sources for 
recolonisation . 

50 
45 (A) species I sampling site 25 (B) species I 100 ind. (rarefaction) 

a r'=0,450 r'=0,368 40 a 
35 p<0.01 20 î 0 p<0.05 
30 15 a> 25 

clÏ 20 10 1 

+ 15 
fi) 
Cl> 10 5 u 
Cl> 5 a. 
fi) a - 25 (C) open landscape species 8 (D) stenotopic woodland species 0 
L.. 

r'=0,674 r'=0,343 __.2 GI 

~ 20 p<0.01 6 p<0.05 
:::1 
c 15 

4 
10 

5 2 

0 0 
10 100 1000 10 100 1000 

area (ha) area (ha) 

Fig. 7. - Speci es-area regression analyses : mean spec ies di versity versus log(woodland 
area) fo r (A) to tal carabid species per sarnpling series, (B) number ofspecies per 100 ind . 
(rarefacti on), mean number of (C) open lanclscape species and (D) stenotopi c wooclland 
species (a rrows incli cate distinct outli ers, further ex pl ainecl in the text). 

The general conclusion from these results is that most woodlands in F la~Jders have 
been impoveri shed to a high degree in terms of their stenotopic woodland beetle fauna. 

Ancient forest carabids: distribution ami dispersal power 

Stenotopic carabids fro m ancient forests apparently have become inêreas ingly rare and 
now show a highly di scontinuous distribution in Flanders. Nowadays, some ofthese species 
have probably dj sappeared enti re ly from this region (e.g Carabus intricatu ), or are on ly 
known from one (Leistus piceus) or very few relat ive ly large forests (Abax ovalis, Ca ra bus 
auronitens. Cychrus attenuatus, Molops piceus) (DESENDER et al. , l 995). Ail these species 
incl icate(d) a habitat type which can no longer be found iD our region : large, dari , cool for
est without human iJ1terference, with an undisturbed so il and natural decay proces es related 
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to abundant dead wood. ln Flanders, there is not a single forest left where ail of the afore
mentioned ground beetle species still occur together, not even the large« Zoniënwoud »,and 
yet ail of these species co-occurred in the archaeological assemblages, many in vast num
bers. These unique archaeological samples show that it is highly improbable to invoke purely 
ecological or biogeographic reasons for the recent absence of these stenotopic woodland 
carabids in Flanders, at least in a region with sirnilar edaphic conditions. Sorne other steno
topic woodland carabid beetles still appear to survive in a higher proportion of forests in 
Flanders, ail of which are classified as « ancient ». ln several sites, such species are known 
only from relatively srnall populations (possibly as a result of decreased habitat quality 
and/or increased edge effects due to forest fragmentation) and they are therefore probably 
close to extinction (e.g. Abax para/le/us, Carabus problematicus). 

. WOODLAND WOODLAND OPEN UBIQUISTS 
species: STENOTOPIC EURYTOPIC LANDSCAPES 

., 

G 8 G Oi 
" .., 
·;; 
'ë 
·= 

n= 10.154 n= 35.226 n= 4.868 n= 10.690 

n= 17 n= 21 n= 64 n= 20 

D BRACHYPTEROUS • WJNG DIMORPHIC D MACROPTEROUS 

Fig. 8. - Di spersal power and habitat preference in wood land inhabiting 
ground beetles, based on the total data-set for the studi ed 13 woods (more 
than 60 .000 carabids, belonging to 122 species) . Specie are class if:ied 
into 4 habitat preference categories; di spersa l power c learly increases 
from left to right. 

Severa! of the stenotop ic wood land ground beetles have recently been categorisecl as 
indicators of ancient woods in other regions also, e.g. in rnany parts of Germany (ASSMANN, 
1994, in press; VOSSEL & ASSMANN, 1995), France (BUREL, 1989 ; TIBERGHl EN, 198 1) and 
the UK (LuFF, 1998). The degree of forest fragmentation , however, is mucb higher in 
Flanders, and, as a result, eventual future reco lon isati on ofrehabi li tated fo rest wi ll not eas
ily occur in the region. Most of these stenotopic woodland carabids indeed are constantly 
brachypterous (cf. Fig. 8) and avo id liv ing near woo !land dges, thereby further reducing 
chances for natural co lon isation (ASSMANN, in press) . In north-we t Germany, fo r example, 
woodland cover has increased considerab ly during the last 200 years (ASSMANN, in press) . 
ln the same study, at Jeast some ofthese typica l woodland pecies appeaJed to have been able 
to recolonise recent forest, contiguous to ancient woods. Oetatled stucLies on Carabu · 
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auronitens (NJEHEUS et al., 1996; SCHWÔPPE et al., 1998) in the same region have provided 
population genetic as well as experimental evidence (by translocation experiments) for the 
historical ecological influence on the actual distribution of this species . 

• 

Genetie diversity and differentiation in the woodland carabid Abax ater: preliminary 
results 

A simple measure of genetic diversity is compared for the 12 investigated populations of 
Abax ater in Fig. 9. Genetie erosion in fragmented forests cannot (yet?) be concluded from this 
data, although there are somewhat higher mean values for the ancient woods as compared to the 
others. The absence of clear evidence for genetic erosion cou Id be due to the eurytopy of this 
woodland carabid species. lndeed, Abax ater has been observed in high population densities in 
ail kinds offorest, also in small fragments. This means that effective population size for such a 
species will not easily fall below threshold values enhancing the chances for genetic drift (and 
resulting genetic erosion). It is therefore necessaty to enlarge the data-set, if possible with data 
from even smaller populations. Actual isolation of forests (instead of size per se) might also be 
a more relevant influencing factor for the comparison with genetic diversity. 

woodland area (ha) 

Fig. 9. - Estima tes of genetic diversity in Abax ater ( 12 pop
ulations ; mean number of a lleles per locus; 19 alle les for S 
a llozymes), plotted against log(woodland area) ; explo itation 
woods (open symbols), recent wood (open dotted symbol), 
ancient fo rests (black symbols). 

The population genetic structure of Abax ater, compared between 12 of the woods in 
this study, shows an overall significant genetic differentiation (for 4 of the 5 a llozymes : 
X2(MPl)=50.3, p=0.0005 ; X2(PEP)=25.6, p=0.0075 ; X2(G6PDH)= l02.0, p=0.0000 ; 
X2(PGI)= 2 1.4, p=0.93 ; X2(PGM)=87.47, p=0.0000), althougb the associated Fst-value is 
low, amounting only to 0.03. Fig. 10 shows a dendrogram based on Rogers ' s imilarity 
between allele frequencies for the 12 populations studied. Significant differentiation 
between pairs of populations (test-results added on Fig. 10) was cons istently found 
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between each of the three forests near Brussels (Zoniënwoud, Meerdaalwoud and 
Walenbos) and each of 6 other woods invGstigated in this study. This suggests isolation by 
distance (reduced gene tlow), but only on a relatively large geographic scale (exceeding 
~he size of single forests). Whether this result is linked to the more eurytopic habitat pre
ference of Abax ater (which sti ll occurs in many, sometimes very smalt, forests) or to the 
influence of a small data-set, remains to be answered . 

..---- 8 - Wijnendale A 
---- 2 - Parike A 

..--- 5 - Ename A 
--- 7 - Brakelbos A 

.---- 3 - Burreken A 
---- 4 - Schorisse A 
----10- Klulsbos AB 
..--- 6 - Neigem AB 
._ __ 9 - Edingen AB 

-----13- Zoniênwoud B 
..---12- Meerdaal B 

----..---11- Walenbos B 

Fig. 1 O. - UPGMA-dendrogram based on genet ic s imilarity 
(Rogers' s imilar ity, S allozymes) for Abax aler from 12 popula
tions; wooclland sites, followed by the same letter code, are not 
significantly different (Bonferroni-corrected pairwise compar
isons between ail popu lations). 

Because of obvious historical ecological influences on the current distribution of man y 
woodland species (see above), one would expect to find at least some effects ofwood land 
history and fragmentation on actual genetic differentiation and diversity in these beetles. 
Jn theory, fragmentation is supposed to increase differentiation among iso lated sites and to 
decrease genetic diversity within populations. This fo llows from the combined or separate 
effects of lower effective population size and fewer exchange of individuals (reduced gene 
tlow) (for Flanders, e.g.: DESENDER et al., 1998 ; MATTHYSEN et al., 1995; VAN DONGEN 
et al., 1994, VAN DONGEN, 1997). Our preliminary results fo r the emytopic wood land 
ground beetle Abax ater are not yet conclusive in this respect. Another recent population 
genetic study of the same species, on a small geographic sca le in a region of Germany, 
yielded a comparable degree of genetic differentiation between populations (BUTTERW ECK, 
1998). Abax ater, although being constantly wingless, has been observed to move from 
forests into hedgerow networks (CHARRI ER et al., 1997). This is an additionq) explanation 
as to why popu lation genetics cou ld be less intluenced by fragmentation than wou l.d be 
expected for more stenotopic wood land beetl es. Where possible, the population geneti cs 
of some of these more stenotopic species should now also be studied. Only then will it be 
possible to eva luate more generall y wbether hi storical eco logy has influenced the cur
rently observed population genetics of woodland beetles in Flanders. 
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Abstract. Cichlids from the tribe Eretmodini , endem ic to Lake Tanganyika, provide a unique 
example of diet-associated differences in dentition (especially tooth shape) within a group of closely 
re lated species. Here, we examine the tooth pattern and sequence of tooth replacement in four repre
sentative eretmodine taxa, as a starting point of a new study that will focus on the mechanisms 
responsible for ontogenetic and phylogenetic divergence of tooth shape. New teeth are formed in 
adjacent positions labial to but alternating w ith older ones in waves that sweep from mesial to distal. 
Only a minor shift (different spacing of newly developing germs) is necessary to produce the diffe
rent dental arcades observed in eretmod ine cichlids. The positi on and state of development of the 
replacement teeth, as well as loca lized growth and resorption of the jaw bone, add hi sto logica l evi
dence in support of the replacement pattern described fo r the four taxa. The tooth replacement pat
tern proposed here is uncommon among te leosts . 

Key words: teeth, dentition , tooth rep lacement, c ichlids, Lake Tanganyika. 

• 1 INTRODUCTION 

Vertebrate teeth provide exc iting material to biologists of disciplines as diverse as 
paleontology, taxonomy, functional morphology and developmental biology. Morpho
logical cbaracteristics, and in particular shape, of vertebrate teeth have been considered to 
have a ·high i1eritability and have therefore been wide ly used as taxonomie characters 
defining species in many taxa of toothed vertebrates (e.g., GR.EENWOOD, 1981; THENIUS, 

1989). Yet, recent studies have shown that dental characters of vertebrates that replace 
their teeth throughout li fe , may be susceptible to environmentally-induced variation (e.g, 
HuvsSEUNE, l 995). Moreover, phylogenies based on taxonomie characters such as tooth 
shape have turned out to be in confli ct with mo lecular-based phylogenies as is nj cely illus
trated by recent stuclies of cichlids of the tribe Eretmod ini , endem ic to Lake Tanganyika 
(East-Africa) (VERHEYEN et al., 1996 ; ROBER, 1998) . 
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The tribe Eretmodini , as defined by PoLL (1986), comprises four nominal species cur
rently assigned to three genera: Eretmodus cyanostictus Boulenger, 1898, Spathodus e1y
throdon Boulenger, 1900, S. marlieri Poli , 1950, and Tanganicodus irsacae Poli , 1950. The 
shape of the oral teeth is the main defining character to delineate taxa within this tribe 
(POLL, 1986). The teeth of Eretmodus are spatula-shaped with a slender 11eck region, those 
of Spathodus are cylindrical-shaped with tlattened and truncated crown, and those of 
Tanganicodus are slender and pointed. ln a recent phylogenetic study of the tribe 
Eretmodini using mitochondrial DNA (mtDNA) sequences, six genetically distinct lineages 
were observed (lineages A-F) (ROBER, 1998). Genera and species are polyphyletic, sug
gesting the occurrence of cryptic species in this tribe, and the need for a reconsideration of 
the generic classification based mainly on tooth shape. The results have further indicated 
that the resemblance in tooth shape between some lineages might be the result of parallel 
evolution rather than common ancestry. This claim is further substantiated by genetic and 
morphological differences between E. cyanostictus and E. cf. cyanostictus. The eretmodine 
cichlids thus provide an excellent mode! to study what causes the apparent conflict between 
high heritability and strong adaptive potential of teeth. Before such a study can be under
taken, however, and before any experiment can be conceived, it is necessary to understand 
how, and in what order, new teeth arise in their dentitions, i.e. , to know their replacement 
pattern (cichlids, like most teleosts, replace their teeth throughout life). 

The anatomy of the feeding apparatus , the feeding behaviour and the evolution of the 
Eretmodini has been studied before by LIEM ( 1979). YAMAOKA et al. ( 1986) have exa
mined the dentition and ecomorphology of three of the four nominal eretmodine species 
and have corne to the conclusion that differences in dental morphology (as well as the 
position of the mouth and the morphology of the dental arcade) are related to trophic dif
ferences. Dietary differences range from algae scraping in E. cf. cyanostictus and S. mar
lieri to invertebrate picking in T irsacae, whereas S. erythrodon is thought to have a more 
intermediate feeding behaviour (POLL, 1956; YAMAOKA et al., l 986). ln the same paper, 
YAMAOKA et al. ( 1986) present, in a schematic way, the manner in whi ch teeth are replaced 
in E. cf. cyanostictus (the taxon that was investigated in their stucly) and S. marlieri, and 
state that T irsacae replaces its teeth in a different, yet unexplained, way. A critical exam
ination of the schemes proposed by YAMAOKA et al. ( 1986) reveals, however, that they 
contain features unlikely to occur cluring tooth replacement in any cichlid. 

We therefore reexamined the tooth replacement pattern and corfe~ted additional hi sto
logica l data of the replacement teeth in four eretmodine taxa: E. cyanostictus , E. cf. 
cyanostictus, S. erythrodon, and T. cf. irsacae. The results ofthis stucly will fo rm the start
ing point for future investigations that will focus on the mechanisms responsible for onto
genetic and phylogenetic divergence of tooth shape within the retmodin i. 

MATERLAL AND METHODS 

Natura l populations were sampled in 1996 during an expedi tion along the western 
Lake Tanganyika shorelines. The specimens were fixed and stored in 80% ethanol. The 
fo llow ing, ad ul t, speci mens werë used: 
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-Ere/modus cf. cyanostictus (lineage A): 3 speci111ens ( 46.S , S l.S and S2.S 111111 standard 
length, SL); 

-E. cyanostictus (lineage C): 3 speci111ens (S 1.S, S3.0 and S6.S mm SL) ; 

- Spathodus erythrodon (lineage F): 3 s;>ecimens: SO.O, S3.0 and S3.S mm SL); 

-Tanganicodus cf. irsacae (lineage E): 3 specimens: 41.S, 44.0 and 44.S mm SL). 

The four lineages studied here are derived from a mtDNA-based phylogeny that 
defined six genetically distinct lineages within eretmodine cichlids (ROBER, 1998; ROB ER 

et al. , unpublished data) . 

The oral jaws were examined both before and after dissection. Sorne jaws were rinsed to 
eliminate the ethanol and were fixed and decalcified in 1.S % parafor111aldehyde-glutaralde
hyde in 0.1 M cacodylate buffer, containing O. J M EDTA. Subsequently, they were rinsed in 
the same buffer, dehydrated in a graded series of ethanol, cleared in propylene oxide and 
embedded in epon. Sections of 2 µm thickness were eut with a glass knife and stained with 
toluidine blue. The terminology used here is represented schematically in Fig.!. 

RESULTS 

On the oral jaws, teeth are present on the premaxillary and dental)' bones. Since the 
characteristics of the oral jaw dentition bave been described by YAM AOKA et al. ( 1986), only 
the data relevant for the interpretation of the tooth replacement pattern are presented here. 

In ail four taxa studied, both the premaxillary and the dentary teeth are i111planted in 
what we have called tooth groups, arranged in adjacent oblique tiers (Figs 1, 2a-f, 3a,b, 

4a,b, Sa) . The number of tooth groups differs between the taxa, between specimens of a 
taxon, and even between left and right side of an individual. H ranges from 3 to S in E. cf. 
cyanostictus , from S to 7 in E. cyanostictus, and from 3 to S in S. ety throdon. In T cf. 
irsacae, there are usually 2 or 3 well identifiable groups. YAMAOKA et al. ( 1986) reported 
the presence of only 2 to 4 groups in E. cf. cyanostictus. 

The angle between the aligned teeth within each tooth gro up and the occ lusa l swface 
of the bone differs a111ong the taxa (Figs 1, 2a-t~ 3a,b, 4a,b, Sa). lt is steep in E. cyano
stictus and E. cf. cyanostictus (Figs 2a,b, 3a,b) and sha llow in S. erythrodon (F igs 2c,d, 
4a,b) and T cf. irsacat:. (Figs 2e,f, Sa). Because of this difference in angle, the 111ost lin
gual position within a tooth group in S. erythrodon and T cf. ir acae i more mes ial than 
in Eretmodus. The groups consist ofmaximally three erupted teeth in Eretmodus (Fig. 3b) 
and maxima.lly four erupted teeth in S. erythrodon (F ig. 4b) and T cf. irsacae (F~g . Sa). 

These data fit with those of YAM AOKA et al. ( 1986). ln add ition , tooth germs are visible by 
transparancy within the medu ll ary cav ity of the bone in a il three spec ies . 

Within eacb tooth group, the tooth located at the highest level of the bone (the occlusa l 
surface) is found in a lingual positio n. The teeth in lingual po itions show various degrees of 
wear (as shown by the reducecl amount of orange-coloured ename loid) and can be considered 
to be the functional teeth. The other teeth within a group are of the sa.me s ize as the functional 
teeth, except in T cf. ir.sacae, wbere tooth s ize within a group dimiJ1 i hes labially. Unlike the 
fun ctional teeth , they appear to be un worn, and the degree to whi ch they protrude from the 
bone. d iminishes in a lab ial direction (rather d istal in S. erythrodon and T cf ir. · rcae). These 
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teeth can be considered to represent erupted replacement teeth. Teeth of more posterior groups 
are smaller than those of anterior groups; this is more pronounced in T cf. irsacae, where 
tooth size distinctly decreases from the second group onwards. Fljncti ~mal teeth and erupted 
replacement teeth ail show separate perforations of the oral mucosa. " 

positions along 
dental arcade 

lingual 

Fig. 1. - Ori entation termin ology used fo r the oral dentition of the eretmodines, shown on a 
schematic representati on of an E. cf. cyanostictus left dentary dentition. (a) occlusa l view ; 
(b) labial view; (c) fronta l view (in situ) . ln (b) broken lines connect teeth located on the same 
pos ition along the denta l arcade ; arrowed lines in terconnect teeth of a ingle tooth group. 
Arrows in (c) indicate adjacent tooth pos itions aLong the dental arcade. 

Tooth replacement 

For every single spec im en of each of the fo ur taxa, and fo r ail fo ur bone in each peci 
men (two premax ill aries, and two cl enta ri es), the tooth pos itions, along with the state of 
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development at a particular position (non-erupted germ visible in transparàn_cy, or erupted 
tooth) were recorded on a two-dimensional cbart. On these charts, tooth groups were set 
out on lines, and tooth positions were evenly spaced within a group. From these individual 
charts, we have deduced a general chart for each of the four taxa, which is discussed be low 
(Fig. 6a,b ). Ascending numbers on the general charts reflect the mere order of develop
ment of the teeth, and are significant only as a ranking device to compare individual teeth ; 
they do not reflect a true number in the dentition (tooth 11° 1 is""not the first tooth ever
formed in the animal 's life, but the oldest possible tooth of a dentition at a given life-stage 
of an individual). Moreover, individual dentitions never express the full range ofthis gene
ral chart (meaning that not ail the tooth numbers ever develop in a dentition). ln ail cases 
examined, however, numbers that are lacking occur only at the margi ns of the dentition, 
i.e., in mesial, distal and labial positions, in accordance with the extent of the dentition 
( i.e., the number oftooth groups). When the general chait is used as a template, individual 
charts are found to match the general chart in different areas. We fitted the individual chart 
as much as possible into the area w ith lowest numbers, to make comparisons easier (see 
Figs 3c, 4c, Sb). 

E. cyanostictus and E. cf. cyanostictus 

Fig. 6a shows the general chart as deduced from the observation of24 bones of the two 
taxa with Eretmodus-like spatula-shaped teeth. According to th is chart, starting from tooth 
11° 1, the next teeth to form lie labia l to th is tooth in an anterior (mesia l) and posterior (d is
tal) direction (teeth 11°2 and 3, respectively). New teeth will develop in the same re lative 
positions w ith respect to teeth 11° 2 and n° 3, yielding teeth n°s 4 , 5 and 6. Thi s process is 
repeated and produces the pattern depicted in Fig. 6a. ff this chart is used as a template 
onto which the chart of a particular bone is grafted, tooth numbers on the template can be 
copied on the individual chart. Such a superimposition of individual and general (tem
plate) chart is shown for a left dentary bone of an E. cf. cyanostictus specimen in Fig. 3c. 
ln nearly ail the jaw bones of the specimens exami ned, the tooth that is, by ranking, the 
oldest tooth according to the template chart, also shows the heaviest degree of wear. Such 
teeth are always lingua lly s ituated in a tooth group, but do not necessarily belong to the 
most anterior tooth group. They most like ly represent the first teeth to be shed. E.g. , in 
Fig. 3c, the oldest tooth (tooth 11°3) is placecl lingua ll y in the th ircl tooth row ; upon inspec
tion of the de ntition, it appears that th is tootb is a lso the most worn tooth as indicated by 

the severe ly reduced amount of orange-co loured enamelo id (Fig. 3a). 

From the general chart, it appears that new teeth develop in adjacent positions a long 
oblique lines, with teetb on one oblique line a lternating in pos itiort w ith those of a more 
lingual line. ffthe oblique li nes are considered waves o f tooth development, labia l waves 
are initiated after more li ngual ones. The oldest teeth are found lingually, the younge t 
teeth a long the labial s ide of the dentition. 

The incliviclua l charts of both E. cyanostictus and E. cf. cyanostictus can be gra~ed on 
the sa me template chart. A wicler area of the template is, however, expressed in E. cyanos
tictus, because these specimens contain more tooth groups . ln the same way, although left 
or ri ght bone, or premax ill ary o r clentary bone of one s icle, do not necessa rily show the 
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same pattern, their individual charts can still be grafted on the same general chart. The 
observed differences relate to losses of lingually placed teeth and/or a delay in appearance 
of germs on the labial side. ... 

S. erythrOllon 

The chart drawn after the observation of 12 bones of S. erythrodon (e.g. , Fig. 4a,b) differs 
slightly from the chart for Eretmodus (compare Fig. 6b with 6a). The major difference resides 
in a larger (mesio-distal) distance between newly developing germs. Therefore, the oblique 
lines that connect adjacent teeth are less steep than in Eretmodus. For this taxon too, tooth 
positions on every single bone can be grafted onto the general chart, and the oldest positions 
in the ternplate correspond to the most heavily worn teeth in the dentition (e.g. , Fig. 4c). 

T. cf. irsacae 

The observations on 12 bones of T cf. irsacae (e.g ., Fig. Sa) fit with a chart that is iden
tical to the one for S. ery throdon. ln each of the 12 bones examined, tooth size and degree 
of eruption diminish in a labial (distal) direction within each tooth group. This matches the 
order of appearance as suggested on the general chait (Fig. Sb, 6b) . As for the other three 
taxa, the teeth on the« oldest »positions on the general chart are the most heavily worn teeth. 

Histological observations of the jaws 

Light microscopical observations on serial sections through the premaxillary and den
tary bones of the four taxa studied revealed the presence of replacement teeth in various 
phases of development within the medullary cavity of the bone. In the two taxa with the 
Eretmodus-like tooth shape, numerous gerrns are present (Fig. 7a). ln Tanganicodus, onl y 
a few replacement teeth are observed in the rnedullary cavity. The position of the germs, 
and their state of development, fits with what can be expected from the general chart ( com
pare Figs 6a and 7a). The tips of the germs are located labiall y in the medullary cavi ty; 
however, their proximal ends lie more lingually. 

Collars of attachment bone (ovals in the section shown) are fo und at different leve ls in 
the medullary cavity (Fig. 7a). They consist of a compact bone ring firrnl y anchored to a 
mass of cancellous bone that fill s tbi s part of the rnedull ary cav ity (F ig. 7a) . Col Jars still in 
the process of depos ition lie deepest with respect to the oral epithelium. They support full y
grown teeth, the tips of which erupt more labially (and Jess apica ll y) along the jaw bone than 
do those suppo1ted by attachrnent bone that li es nearer to the surface . So far, we have not 
been able to trace the ori gin of the replac ing teeth, whether it is from a denta l lami na asso
ciated with the predecessor, or whether it is totally separate from the ora l epitheli um . 

Depending on the pl ace along the jaw bone, pec ia li zed ce ll types li ne the bone ti ssue. 
Nurnerous osteoc las ts engul f the free bone marg ins be low the ora l mucosa (F ig. 7b). At 
the oppos ite s ide of the jaw bone, nurnerous inten ively basophilie o teo blasts surrou nd 
the end of the free bone spicul es or are arranged in a pseudo- pithelial ma1rner a long the 
bone surface (F ig. 7c). 



TOOTH REPLACEMENT IN ERETMODfNI 163 

/ 

""----

Fig. 2. - Labial view of dissected premaxillar ies (a,c,e) and clentaries (b,d,f) of E. cf. cyanos
tictus (a,b), S. e1y 1hroclon (c,d) , and T cf. irsacae (e, t). The dark t ips of the teeth are tJ1e 
(orange-colourecl) ename loicl caps. Note the presence of tooth ge rms tn the meclulla ry cavity, 
visibl e in transparancy (arrowheads) . In (b) , (cl) and (t), aster isks indi cate teeth belonging to 
a sing le tooth group. Scale bars in (a) to (f) = 1 mm. 
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Fig. 3. - Left dentary of an E. cf. cyanostictus (5 1.5 mm SL), shown in situ (a, arrow; frontal 
view) and after di ssection (b, labi r;i l view). 111 (c) the dentition of this left dentary is depicted 
schematically to show how the scheme of the replacement pattern relates to actual morphol
ogy. Erupted teetb are indi cated by triangles, tooth germs within the m~dullary cavity (at least 
those visible in transparnncy) by circles. T he teeth are set out accord ing to the general cbart 
as presented in Fig. 6a. Tooth numbers are tben added and reflèct the order of development of 
the teeth. Lines interconnect success ively clevelop ing teeth. ln (b) an arrowhead point to the 
most heavily worn tooth on the lingual s icle of the dentition. Sca le bar in (a) = l mm, in (b) = 
0.5 mm. 
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Fig. 4. - Left dentary of a S. erythrodon.(53 mm SL), sbown in situ (a, arrow) and after di s
section (b). ln (c) the dentition is shown schematica ll y and grafted onto the general chart 
sbown in Fig. 6b in the same way as was done for Fig. 4c. In (b) an arrowhead points to the 
most heav ily worn tooth (note the reduced amount of enamelo id). Sca le bar in (a) = 1 mm, in 
(b) = 0.5 mm. 
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166 ANN HUYSSEUNE, LUKAS RÜBER AND ERIK VERHEYEN 

Fig. 5. - (a) Left, di ssected, dentary ofa T cf. irsacae (44 mm SL). The most anterior tooth 
was broken during preparation. The same dentary, and its contra lateral counterpart, are al so 
shown on F ig. 2f. ln (b) the dentition is shown schematically and grafted onto the genera l 
chart shown in Fig. 6b in the same way as was done for Fig. 4c. Scale bar in (a) = 0.5 111111. 

Legend Io the figure (see opposite page) 

Fig. 6. - Genera l charts of th e adult dentiti on in Ere/modus (a) , and u1 S. e1y throdon and 1: cf. 
irsacae (b) . T be fi gures are appli cable to left premaxillary and dcntary, and the mirror images to 
right premax illary and dentary. Teetb (unerupted and erupt cl) are indicatcd by circles. Oblique 
lines connect successively deve lop ing tee th . The numbcr oftooth grou p n charts (a) and (b) cor
responds Lo the max ima l number of tooth groups observed in the respective taxa (7 in E. cyano
stictus, 5 in S. erythrodon). ln (c) , tbe repl acement pallcrn in E. c f. lyanostic /1.1s, as erected by 
YAMAOK A et al. (1986), is redrawn to match the graphi cal represcntation uscd here. According to 
thi s scheme, A,.succeeds to A, which itselfs ucceeds to A, . 
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Fig. 7. - Microphotograph of a vertical section para llel to the mesio-dista l axis through tbe 
rigbt dentary of an E. cf. cyanostictus (a) and details of the occlusal (b) and opposite, basal (c) 
side ofthejaw bone. Mesial is to the left. Note the presence ofnumerous osteoclasts (arrows) 
resorbing the free margins of the bone surface (arrows) and abundant, intensively basophilie 
osteoblasts on the opposite si de of the jaw (arrowbeads). ab: young attachment bone of labial, 
erupted tooth ; cb: cancellous bone ; oe : oral epithelium ; rt : replacement tooth. Scale bar in 
(a) = 0.5 mm ; in (b) and (c) = 50 ~1111. 

DISCUSSION 

Tooth replacement pattern in eretmodine cichlids 

Based on 48 individua l charts of tooth positions, we have been able to deduce genera l 
charts that fit for ail specimens of each taxon, irrespective of the bone conside red (Figs 
6a,b). These charts indicate the order in wh ich teeth have deve loped at a g iven stage and 
in which they will replace o lder teeth. Below we will discuss the evidence that supports 

the proposed patterns of tooth replacement. 

Firstly, it appears that new teeth develop labia l from older ones. The youngest tooth 
germs are found a long the labia l side of the dentition, the oldest, fun ctiona l, teeth a long 
the lingual side of the dentition. T hese observations agree with our histological findings, 
indicating that tooth germs develop and erupt labia l to o lder teeth. T he labial formation of 
new germs is uncommon among te leosts ; usua lly teeth develop lingua lly from functiona l 
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teeth (e.g. in Amia: MILLER & RADNOR, 1973 ; in Salmo gairdneri: BERKOV ITZ, 1977 ; in 
Serrasalmus: B ERKOVITZ & SH ELLIS, 1978 ; see also FINK, J 981 ). In cichlids the most 
common situation is that teeth, at least those of the outer row, are replaced within the same 
row and that replacement teeth develop from below (SNOEKS, persona! communication). 
In rare cases, such as in Prionurus, replacement teeth develop both lingual and 1·abial to 
the functional teeth (WAKITA et al., 1977). 

Secondly, if one assumes that the speed of development of gen11S is constant along the 
mesio-distal ax is of the dental arcade, the order in which teeth become functional should 
be a retlection of the order oftooth development. Since it is likely that functiona l teeth are 
more or Jess equally submitted to wear, teeth showing the heav iest wear should therefore 
represent the oldest teeth. Our observations show that this is the case: the teeth showing 
the heaviest wear always coïncide with the oldest teeth. These may well be in the poste
rior region of the dentition , e.g. in a situation when teeth n°s 1 to 5 are shed, and tooth n° 6 
is the oldest persisting tooth in the dentition , as observed on severa l occasions. 

The oblique lines that connect the positions of success ive ly forming teeth represent 
successive waves of tooth deve lopment. New germs alternate along these waves w ith 
respect to teeth along a previous (older) wave. If the space between teeth ofa single tooth 
group is considered to be constant, as in Fig. 6a,b, the place along the dental arcade where 
new germs will form along the oblique lines depends on the slope of these lines. ln the 
Eretmodus-like dentitions, germs form success ively at every third position along the den
tal arcade. In S. erythrodon and T cf. irsacae, where the s lope is very shallow, new germs 
arise at only every seventh po~ ition along the denta l arcade. Inev itably, this raises the 
question of w hether and how teeth in a particular position are replaced. lnterestingly, the 
sections reveal that erupted teeth, even those that emerge low a long the lab ial s ide of the 
j aw bone (e.g. the third or fourth tooth of a tooth group), are firmly anchored to attach
ment bone deep w ithin cancellous bone of the medullary cav ity, and that they have sepa
rate perforat ions through the ora l mucosa. lt is highly unlike ly that teeth w ill become 
detached from thi s attach.ment bone and move upward to take a more ap ica l position on 
the bone, i.e., more towards the occ lusa l surface. In such a process, the tooth wou ld repea
tedly become loose and aga in attached. lt is unlikely that tooth replacement would proceed 
in such an inefficient way. We suggest that the most li kely ex.planation for our observa
tions is that the tooth does not move once its attachrnent bone has been depos ited. Rather, 
the j aw bone is remodeled to expose the rnost apica l tooth in a tooth gro up once an even 
more lingua ll y placed tooth of that tooth group has been shed. The presence of nurnerous 
osteoc lasts indicating severe reso rption a long the ap ica l ( occlusa l) s i de of the bone, and 
intense osteoblastic act iv ity indicative of new bone format ion a long the opposite sidc, sup
port this hypothesis. We therefore propose that, as waves are lost lingua ll y through shed
ding of the teetb , the next wave will de li ver the next functiona l teeth, wi thout these having 
to move but with bone rernode ling instead to expose them. That teeth becorne functional 
in such a passive way by ex posure resul ting from bone resorption progress ing apica lly and 
lingua ll y, and deposition basal ly and lab ially, appears to be a nove! rn cchan ism, to our 
k.now ledge not prev iously reported in any bony fi sh. It requires that the rate of bone 
remode li ng be tuned to the rate o f tooth fo rmation. T his can be tested by injecting bone 
markers in 1 iv ing fish. 
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After three waves have been shed in the Eretmodus-like dentitions (seven in Spathodus 
and Tanganicodus), a tooth eventually ends up in the position along the dental arcade pre
viously taken by a tooth of a more posterior group; e.g. in Fig. 6a, tooth n° 15 will even
tually succeed n° 5 on that position along the dental arcade. A tooth in a certain position is 
thus « replaced » by a tooth of an anterior tooth group (i.e., between-group replacement). 
Within-group replacement (e.g., in the same example, tooth n° 15 succeeding n° 8) is 
unlikely because teeth would have to move continuously into more mesial positions. 
Should this occur, replacement teeth should often be found in intermediate positions along 
the dental arcade; this is not the case (e.g. on Fig. 6a, teeth n°s 5 and 15, or 3 and 12, are 
aligned in one position along the dental arcade, compare with the in situ view on Fig. 3a). 
ln addition, within-group replacement cannot explain other features such as the presence 
of incomplete tooth groups (not possessing the full number of erupted teeth). Evidence for 
between-group replacement can also be drawn from left-right comparisons. If between
group replacement is operating, the large tooth (tooth n° 1) on the dentition shown in Fig. 
Sa, will be replaced by tooth n° 17. This is exactly what is found on the contralateral side 
(cf. Fig. 2e). This observation also suggests that a phase difference may exist between both 
sides. The tooth germs which succeed each other at a given position along the dental 
arcade constitute tooth families sensu R EIF (1982, 1984) (i.e., a functional tootb and its 
successors). So far, we have not been able to trace any epithelial links between these tooth 
germs, unlike what could be expected from teeth of a single tooth family (the germs are 
separated by three, or even seven, waves). 

In most bony fish, the successor expands beneath or around the base of the tooth in fonc
tion, resulting in its resorption . The mechanism of shedding in the eretmodine oral jaws is 
clearly different. Although we have obseryed wearing offunctional teeth down to below the 
level of the enameloid cap, it is unlikely that this is the onJy way for the tooth to be shed. 
Probably resorption along the lingual side of the premaxillary or dentary bone affects the 
attachment bone as well. Further histological studies are needed to clarify this point. 

White successive waves are lost, tooth groups migrate in a posterior direction. Tooth 
groups are temporary assemblages, the composition ofwhich changes as successive waves 
deliver the functional teeth . Depending on the number of waves that have been shed, tooth 
groups that lie anteriorly along the dental arcade, will eventually end up in the middle of, 
or even beyond the middle of the dental arcade. The mechanism ofbetween-group replace
ment explains ( i) why left and right halves of the dentition often conta in different numbers 
of tooth groups: this s imply depends on which wave has been lost, and this does not need 
to be synchronous left and right ; (ii) why the dental arcade may show on ly ha lf a group at 
its anterior or posterior end, and \ iii) why, upon first inspecti on oftbe dentition, some tooth 
groups overlap each other with one, others w ith two teeth. 

The genera l charts represent the state of the dentition in adu lts. At present, it is 
unknown to what extent the pattern ofreplacement re la.tes to the order oftooth appearan e 
in the larva, in other words whether the pattern of succession is established upon the fir t 
appearance of the teeth in the larva. Such a correspondance was found ea rl icr in p iranha 
by BERKOVITZ & SHELLJS (1978) , but is not always the case. ln cyprinids, for exampJ , di -
t inct di ffere nces between larva l and adult dentitions reflect differences in tooth replace
ment patterns (NAKAJ IMA , 1984 ). 
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Different models have been proposed to explain tooth replacement patterns in lower 
vertebrates (OSBORN, 1984). The most important models are the field mode! of Zahnreihen 
(EDMUND, 1960, 1969), and the clade mode! of local inhibition (first defined by OSBORN, 
1971, 1978, but later refined by WEISHAMPEL, 1991 ). Our observations seem to be at vari
ance with bath models. At first sight, the tooth groups as defined in this study could cor
respond to Zahnreihen. However, the Zahnreihe mode! postulates the emission of signais 
at the rostral tip of the jaw, eliciting tooth formation at regular intervals from the front to 
the back of the jaw. The observation that teeth are formed anterior to existing teeth is 
incompatible with Zahnreihen, an argument already raised by WEISHAMPEL ( 199 l ). On the 
other hand, although local inhibition may well account for the pattern seen here, it does 
not explain the graduai size decrease of the teeth towards the distal side of the dentition. 
A decrease in the number of cells with odontogenic potential from mesial to distal along 
the dental arcade is compatible with Zahnreihen. Clearly, the pattern described for the 
eretmodines must be seen as the empirical outcome of a tooth generating mechanism 
which is still not fully understood . 

As described above, the proposed tooth replacement pattern allows the frequently 
observed differences between left or right bone, or between premaxillary or dentary bone, 
to be understood in terms of a phase difference in tooth development between the jaw 
quadrants. It is interesting to note that LIEM ( 1979) found that the morphologically sym
metrical muscular apparatus can act with pronounced asyrnmetrical firings of multiple 
muscles. This asymmetric firing could provoke differences in wear between left and right 
jaw bones and result in a phase difference in the replacement of the dentition. 
Nevertheless, tooth replacement has repeatedly been shown to be independent, to a 
marked extent, in the different jaw quadrants (BERKOVITZ & MOORE, 1974, 1975; R EIF, 

1976; BERKOVITZ & SHELLIS, 1978). 

To compare the tooth replacement patterns proposed here with those from YAMAOKA 
et al. ( 1986), we have redrawn their scheme for Eretmodus in a way that matches our type 
ofpresentation (Fig. 6c). First, they suggested that the most lingually placed tooth ofeach 
tooth group has the same age. Our observations on the overall organisation of the denti
tion, and the state of wear of these particular teeth, suggest that this is not the case. 
Secondly, Y A MAO KA et al. ( 1986) suggested that a tooth group consists of a fu nctional 
tooth and its successors. lnevitably, they failed to explain how a tooth would « move up » 
(their expression) along the bone as is required according to their tooth replacement 
scbeme. According to the tooth replacement pattern described here, teeth do not « move 
up » since the replacement teeth are already positioned where they will replace the current 

functiona l tooth. 

Inter(generic) taxon comparisons 

The chart onto which the denti tions of S. erythrodon and T cf. irsacae are easily 
grafted, is essentially identical to the chart for E. cyanostictus and E. cf. cyanostictus. The 
on ly difference is the larger distance between successively initiated germs in S. etythrodon 
and T cf. ir.sacae compared to the Eretmodus-like dentitions. This results in a pattern 
where tooth groups are shifted more w ith respect to each other, because of the smaller 
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angle of tooth groups with respect to the ocë lusal surface. As a result, it seems that, 
although there is superficial resemblance between the Spathodus dentition and that of 
Eretmodus (at least with respect to tooth size and shape), the Spathodus dentition is actu
ally more similar to the Tanganicodus dentition. 

It appears that a single pattern explains the different dentitions observed among the 
eretmodines. Differences between taxa can be related to differences in extent of the theo
retically possible dentition being expressed: e.g. when the two Eretmodus type dentitions 
are superimposed on the general chart, E. cyanostictus appears to express a far more exten
sive part of the scheme compared to E. cf. cyanostictus. The same reasoning can be 
applied to the intraspecific differences that are sometimes found : these always concern 
positions at the mesial or distal margin of the dentition, and can be explainecl in terms of 
smaller parts of the theoretical pattern being expressecl. 

In conclusion, the different dental arcades in these closely related species, which allow 
them to utilize different food resources, are the outcome of a single, regular pattern of 
tooth formation and replacement. The difference in angle of the tooth groups with respect 
to the occlusal surface, the different number of tooth groups, and number of teeth within 
a tooth group, can ail be related to a small shift in spacing of the newly deve loping germs. 
The challenge for future stuclies will be to understancl how different tooth shapes are gen

eratecl and genetically controlled within this group of closely related species. 
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Abstract. The evolution of an independently moveable craniocervical system is a key feature in the 
evolution ofamniote organisms. The cervical system not only plays a crucial role during the orientation 
of the head towards external stimuli (e.g. visual, auditive stimuli) , but is also of major importance during 
the inertial components of feeding in amniotes. Although the cervical system and its musculature are 
generally well studied in mammals, archosaurs (birds and crocodiles) and turtles, ve ry litt le is known 
about the cervical system in some of the most primitive amniotes (lepidosaurians). ln a first step towards 
elucidating the evolution of the cervical system, we examined the neck musculature in !izards of the 
family Helodermatidae. ln general, the bauplan of the cervical muscular system appears stable within 
closely related phylogenetic groups. Nevertheless, prelimina1y data suggest that the evolutionaiy shift 
from a lingual-based to a predominantly inertial feeding system within !izards coincides with an 
increase in the complexity ofmainly the epaxial components of the cervical musculature. A "new" com
prehensive nomenclature of !iza rd neck muscles (based on the work of N1s 1-11 , 19 J 6) is proposed, and 
should enable future workers to interprete the neck musculature in an evolutionary context. 

Key words: cervical musculature, !iza rd , functional morpbology, Helodermatidae, inertial feeding. 

INTRODUCTION 

The evolution of an independently moveable cranial and cervical system is a key nove l
ty in the evolution of amniote organisrns (GANS, 1992). Ab<? ut 300 million years ago 
(JOUFF ROY, 1992), the first two vertebrae (atlas and axis) became modified, whicb permit
ted bending and rotation between the cranial and cervical system, and thus movements of 
the head relative to the rest of the body. This independent head movement was crucial for 
the first land vertebrates as it increased their sensory abilities, and opened new avenues to 
orient towarcls, or away from , stimuli (visual, auditive, olfactory), di scover food sources, 
catch prey, etc. The cervical system not only plays a crucial role du.ring orientation of the 
head , but it is also of major importance during the inertial components of feeding ( ee 
GANS , 1969) in terrestrial amniotes such as !izards (SMITH , l 982), érococlil es (CLEUREN & 
D E VREE, 1992 ; CLEUREN , 1996), bircls (Zw EERS, 1982), and mammals (GORNJAK & G NS, 

1980). Although the cervical system and its musculature are geoerally well studiecl in marn
rnals (e.g. RINKER, 1954 ; RI CHMOND & ARMSTRONG , 1988; J OUFFROY, 1992), archosaw· 
[birds (e.g. BOAS, 1929 ; V ANDEN B ERGHE & ZWEE RS, 1993 ; ZWEERS et al., 1994) and 
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crocodiles (e.g. SEIDEL, 1978; FREY, 1988 ; CLEUREN, 1996)] and turtles (e.g. GEORGE & 
SHAH, 1954, 1955; SHAH, 1963 · SCAN LON, 1982), little is known about tbe cervical system 
in some of the most primitive amniotes such as !izards (NISHI , 1916; VALLOIS, 1922; 
ÜELRICH, 1956). The presence, position and orientation of neck muscles are, however, used 
as systematic characters in the classification of !izard groups (RIEPPEL, 1980). 

The aim of the present study is to compare the neck musculature of a derived group of 
!izards (helodermatids) with previously published data on other )izards, and to re-evaluate 
the present nomenclature of the cervical musculature. With increased knowledge about the 
complexity of the !izard cervical system, an attempt can be made to characterise evolu
tionary patterns of the cervical musculature within !izards, and to elucidate functional cor
relates of these patterns during feeding. 

MATERJAL AND METHODS 

One specimen of Heloderma horridum; Wiegmann, 1829 (Smithsonian Institution) 
and one Heloderma suspectum Cope, 1869 (Carnegie Museum of Natural History) were 
used for the detailed morphological analyis. 

Ail specimens examined were dissected and stained (BOCK & SHEAR, 1972) to charac
terise the cervical musculature. Drawings were made of ail stages of the dissection using 
a Wild MS dissecting microscope, equipped with a camera lucida. 

RESULTS 

The structure of the cervical vertebrae in reptiles has been discussed previously, so it is 
not discussed in detail here. For an excellent overview of the complexity and diversity of the 
cervical vertebrae in !izards we refer to HoFSTETTER & GASC ( 1969). Only some striking dif
ferences between the representatives of the groups examined bere are mentioned. Whereas 
most !izard groups possess eight cerv ica l vertebrae, varanids have one extra. Notable is the 
remarkable recluction of the hypapophyses in Helodermatidae (Fig. 1). Cervical ribs occm in 
ail specimens studied. Whereas the first cervical ribs attach to the fowth cerv ical in the 
lguanidae, Scincidae, and Helodermatidae examined here, in the Agamjnae and Leiolep iclinae 
the first pair of cervical ribs attaches to the frft:h cerv ical vertebra (Fig. 2). Jn varanids the first 
cervical ribs usually attach to the sixth cervical vertebrae (see HOFFSTETTER & ÜASC, 1969). 
The nomenclature of the various parts of the cervical vertebra is indicated on Fig. 1. 

The cerv ica l musculature in l-Ieloderma is describecl briefly, and compared witb that in 
representatives of other !izard fami lies . The cervical system of Heloderma was chosen as 
it shows the full comp lex ity observed with in !izards. Io general , the muscle nomenclature 
of NI SHI (1916) and Ü ELRICH (1956) is used, unless mentioned otherwise. Sorne muscles 
associated witb the pectoral g irdle and situated in the cerv ica l reg ion are also descr ibed fo r 
c larity. For these musc les the termino logy of SANDERS ( 1870, J 872, l 874) is used. 
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Fig. 1. - A: first five cervical vertebrae of Uromastix acanthinurus. Note thCJt the füst cerv i
cal rib has been removed. - B: ligameotous preparation of the first five cervical vertebrae io 
f-!eloderma horriclum. 
The shaded area represeDts connective tis ue. Bath drawings are at the same scale (6.5 x. 
magn.) and oriented with the cranial side to the right. A, aoterior ; , cervical vertebra; CR, 
cervical rib ; D, dorsal ; P, posterior ; V, ventral. 
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m. spinalis capitis 

insertion of the mm. 
levator scapulae 
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first cervical rib 
1 cm 

m. interarticularis 

m. intertransversarius 
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Fig. 2. - Neck musculatme. - A : superfi cial lateral view on the neck musculature in Heloderma 
suspectum. The MLSS, MLS.P, MEM, MT, tbe 111. depressor mandibul ae, the m. cervi 0 11111-

dibulari s and the m. constrictor colli have been removed. - B: Heloderma horridum, deeper level 
of dissection after removal of the MSCe, tbe MSSCe, tbe MOCa, the M ICoCa, the MICo e, th 
right MSCa and the MLCeCa complex . - C: as in B, but after remova l of the M lS, the MIARC, 
the MS and some MJA RT and MIT (for an expl anation of abbreviations, ee re ult ). 
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The transverso-spinalis complex 

* The m. spinalis capitis (MSCa), the dorsal-most neck muscle, lies adjacent to the 
ligamentum nuchae, and mesially with respect to ail other neck muscles. The muscle orig
inates at the dorsolateral si de of the neural spines of cervical vertebrae 2 to 5 (C2-C5). The 
fibres run anteriad and insert at the mediocaudal aspect of the parietal bone. A small slip 
of this muscle, arising at the C l-C2 junction, runs a little ventrad and inserts at-the occi
pital crest of the supraoccipital bone (see Ü ELRICH, 1956). 

* The mm. spinalis and semispinalis cervicis (MSCe; MSSCe) are the craniocervical 
parts of the mm. spinalis and semispinalis dorsi. Both muscles are inseparable and will be 
discussed as one complex. The complex arises on the lateral side of the prezygapophyses 
of the first three thoracal (Tl -T3) and last five cervical (C3-C8) vertebrae. The muscles 
run anterodorsad and insert at the dorsocaudal aspect of C6-C2. 

* The mm. interarticulares (MlART) are short intervertebral muscles occuring from 
C2 downwards. These muscle slips run between the ventral side of the zygapophysis near 
the articulation, to the slightly more dorsal aspect of the previous vertebrae. 

* The mm. interarcuales (MlARC) are also very short intervertebral muscles running 
from the neural arch of the cervical vertebrae (from C2) to the lateral side of the neural 
arch of the previous vertebra. 

* The mm. interspinales (MIS) are similar to the MIARC but nm from the neural spine 
to the lateral aspect of the neural spi ne of the previous vertebrae. 

The occipito-vertebral group 

* The m. obliquus capitis (MOCa) is situated in the anterior neck reg ion, laterally with 
respect to the MSCa and dorsally to the MLCe. Usually two disctinct parts can be di s
cerned : the MOCa magnus and the underlying MOCa inferior. The magnus part originates 
at the laterodorsal side of the second (partly tendinously) and the third (fl eshy) cervica l 
vertebrae. Whereas the smallest and dorsal-most part of the MOCa magnus inserts at the 
lateral-most aspect of the quadrate process of the parietal , the bul k of the fi bres run out
waTds and insert at the dorsocaudal edge of the paraoccipita l process . The MOCa infer ior 
ari ses at the dorsal side .of C2, and its fibres nm anteriad to iFtsert at the dorsoca udal side 
of the postzygapophys is of the atlas (C l ). 

* The m. rectus capitis (MRCaP) is one of the deep neck extensors and li es ventral to 
the MSCa, and mes ial to the MOCa. The MRCaP can also be subdivided into two parts: 
a lateral part (pars maior ; N ISH I, 1916), originating at the dorsa l side of C2 and insert ing 
at the dorsa l aspect of the supra- and exoccipita l bones; and a media! part (pars minor ; 
N 1s H1 , 1916) origi nating at the C l -C2 ju.nction and inserting just latera lly to the ventral s i ip 
of the MSCa at the dorsal aspect of the supraoccipita l bone. 

The longissimus cervico-capitis complex 

The longis.simus cervico-capitis complex is the cerv ical extension of the m. 1 igis
simus dorsi. The complex originates at the level of the last cervical and first four thoracic 
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vertebrae at the lateral edge of the prezygapophyses. The fibres run anteriad and converge 

at the level ofC5-C4 to for111 a strong "zwischensehne" (N1s1-11 , 1916) that inserts at the 

postzygapophysis of the atlas. Fro111 the C5-C4 level upwards, several clearly individu
alised bundles can be identified: 

. * The m. transversalis cervicis (MT Ce) consists of two parts: a first one originating at 
the lateral side of the prezygapophyses of C3 and C4, and a second part originating on the 
ventrolateral si de of C l-C3. The dorsal part inserts togetherwith the first muscle belly of the 
111. illiocostalis cervicis at the lateral side of the postzygapophysis o( the atlas. The more ven
trally situated part inserts with the 111. rectus anticus, and the m. illiocostalis capitis at the 

tuberculum spheno-occipitale at the ventral side of the basi-occipital. 

* The m. articulo-parietalis (MAP) is situated dorally in the neck and arises at the 

level of C4 on the "zwischensehne". From their origin, the fibres radiate anterolaterally 
and insert at the posterodorsal aspect of the quadrate process of the parietal , ajacent to the 

insertion of the MSCa, and dorsal to that of the MOCa. 

*The m. transversalis capitis (MTCa) is located dorsolatera lly in the neck and origi
nates at the "zwischensehne" at the level of C2-C6. The fibres turn outwards, converge, 
and insert ventral to the insertion of the MOCa·ar the laterocaudal edge of the paraoccip

ital process , and lateral of the MAP at the lateralmost edge of the posterior side of the 

quadrate process of the parietal. 

The rectus anticus 

* The m. rectus anticus (MRA) is the ventralmost neck muscle and best-developed 
neck flexor. It arises at the ventral si des of the processus transversi of C2-C6, and from the 
media! , proximal side of the third and fourth cervical rib. The fibres run anteriad and out
wards at an angle of about 45 °. Laterally the fibres converge to forma strongly developed 
tendon tbat inserts at the tuberculum spheno-occipitale. 

The ventral and Iateral monoarticular muscles 

* The mm intertransversarü (M1T): these small intervertebral muscles are situated at 

the deepest level of the ventrolatera l side of the neck. The first MlT is the one runn ing 

inbetweeo C l and C2. The m. intertransversarii can be subcli vided into two separate parts . 

A more superficial part runs from the caudal side of the processus transversus to the ante

ri or side of the processus of the next vertebra, white the deeper part orig inates at the ven
tral side of the processus transversus and runs to the anteroventra l sicle of the processus 

transversus of the next vertebra. 

* The mm atlantico-occipitales (MAO) are two short mu cles simi lar to the 111111 . inter
transversarii , but attacbing to the sku ll instead . The clorsa l-most of the two originates at the 
ventra l side oftbe atlas and runs to the tuberculu m spheno-occipi ta le; the som what moi·e 
ventrally ori ginating muscle inserts media! to tbe oth r MAO at the basioc ipita l. 
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The illicostalis complex 

*The m. illiocostalis cervicis (MICoCe) forms, together with the m. illiocostalis capi
tis, the cervical extension of the m. illiocostalis dorsi (N1sH1, 1916). Both muscles of the 
complex are situated at the lateral side of the neck, lateroventral with respect to the m. 
longissimus cervicis. The MlCoCe consists of four distinct bel lies. The posterior two are 
the smallest and originate at the fascia dorsi at the level of C7. Both muscles insert tendi
nously at the diapophyses of CS and C4. The next belly (more cranially) is somewhat big
ger and originates at the dorsolateral edge of the m. longissimis cervicis at the level ofC6. 
The fibres run anteroventrad and insert by means of an aponeurosis at the diapophysis of 
C3. The cranial-most belly is the largest, and originates in a bipartite manner at the dor
solateral edge oftbe m. longissimus cervicis at the level ofC5. Both parts unite and insert 
tendinously at the postzygapophysis of the atlas. 

* The m. illiocostalis capitis (MlCoCa) originates at the level of C4-C3 at the dorso
lateral edge of the m. longissimus cervicis and inserts with the m. longissimus capitis at 
the ventral si de of the basioccipital. 

The scalenus anticus 

* The m. scalenus anticus (MSA) originates at the hypapophyses, and the ventral 
aspect of the processus transversi of Cl -C3. The fibres run posteriad and insert at the first 
cervical rib. 

The musculature associated with the pectoral girdle 

* The m. episternocleidomastoideus (MEM) originates at the connective tissue associ
ated with the clavicle. The fibres curve anterodorsad around the neck and insert at the con
nective tissue at the posterolateral side of the parietal , just ventral to the origin of tbe m. 
depressor mandibulae. 

* The m. serratus (MS) consists of th.ree bellies originating at the posteromedial side 
of the suprascapula. The fibres run anteroventrad and insert at the cerv ica l ribs of C3 and 

C4. 

*The m. levator scapulae superficialis (MLSS) is, with the exception of the MEM, the 
latera l-most muscle in the cervical region. The muscle ori ginates tendinously at the ven
tro lateral· si de of the diapophys is of the atlas. Its fibres run posterodorsad and iosert at the 
anterolateral side of the suprascapu lar bone. 

* The m. levator scapulae profundus (MLSP) lies just ventra l, and adj acent to the 
superfi cial part. lts ori gin is similar to that of the superfic ial pa.f"t. The fibres run pos
terodorsad and insert at the ventra l antero latera l side of the suprascapula, and at the dor
sal side of the clavicle. 

* The m. trapezius (MT) originates at the lateral s icl e of the clav icle and in erts, just 
dorsal to the suprascapu la at the fascia clorsali s. 
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*The m. trapezius anterior (MTA) also originates at the dorsal aspect of the clavicula. 
Two distinct parts can be discerned, based on differences in the insertion: the anteriormost 
part inserts at the lateral edge of the fascia dorsalis, just posterior to the MEM; the fibres 
of the more posterior part on the other hand run directly dorsad, cover the first part of the 
MLS, and insert at the fascia dorsalis. 

DISCUSSION 

The only other study dealing with the cervical musculature in helodermatids is that of 
RIEPPEL (1980). A comparison of these data with ours is, however, difficult as RIEPPEL 
(1980) discussed only parts of the cervical system, and used a different nomenclature. For 
example, the longissimo cervico-capitis complex as described here is not recognised as 
such by RJEPPEL ( 1980). The most important differences are situated in the MSCa and the 
MRA. In the animais examined here, no slip of the MSCa running outward to the para
occipital process was present. This character was, however, used to distinguish heloder
matids from other platynotan )izards (RIEPPEL, 1980). Presumably this slip as described by 
RIEPPEL (1980) corresponds to a part of the MAP as described here. The other important 
difference lies in the MRA. Whereas RIEPPEL (1980; following the terminology of 
ÜELRJCH, 1956) discerned two separate muscles (the mesial m. rectus capitis anterior and 
the lateral m. longissimus capitis), in the animais examined in the present study these two 
clearly form a single muscle: the fibres coming from the mesial part (= m. rectus capitis 
anterior of RI EPPEL, 1980) converge at the ventrolateral side of the neck to form one mus
cle (= m. longissimus capitis of RIEPPEL, 1980). 

Despite the importance of the cervical system, the available information on neck mus
culature in lizards in general , is scarce, incomplete, and sometimes even erroneous. For 
example, in most accounts (DE Vis, 1884 ; JENKJNS & TANN ER, 1968 ; A VERY & TANNER, 
1971) fewer muscles are described than are actually observec.I for closely related repre
sentatives (pers.obs.). Nevertheless, the data gathered in this study indicate that, in gene
ral , the bauplan of the cervical musculous system appears stable within closely related 
phylogenetic groups. For both the Heloderma specimens examined here, few or no inter
specific differences in neck musculature were observed. Similarly, preliminary data on 
agamid (Plocederma stellio (Blyth, 1854) and Hydrosaurus amboinensis (Kaup, 1828)) and 
closely related uromastycine lizards indicate a general within-group conservatism. 

In lizards, the feeding process can be categorised as lingual or inertial (BRAMB LE & 
W AKE, 1985). In inertial feeding, prey transport is accomplisbed without the intervention 
of the tongue; instead, a backward acceleration is imparted upon the prey when it is 
released from the teeth. This acceleration can only be acl'iieved by moving the head rela
tive to the body of the animal. Clearly the neck plays a most cruc ial rote in thi s respect. 
However, within ]izards the purely kinetic inertial feeding mode bas on ly been described 
for varan id and helodermatid )izards (SMITH, 1982 ; HERREL et al. , l 997a) . A comparison 
of the musculature in Heloderma with that of varanids (NISHI , 19 16) indicated few di ffer
ences. This observation can be related to the fact that both groups of !izards include more 
(Varanus; SM ITH, 1982) or Jess (Heloderma ; 1-I ERREL et al., 1997a) ine1tial components in 
their feeding rnechanism. The fact that, in genera l, few differences in neck musculature 
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were noted in the whole group of anguinomorph !izards (RIEPPEL, 1980) may indicate that: 
(!) ail anguinomorphs use (at least partially) some inertial components in their feeding 
system or (2) the complexity of the cervical musculature is a primitive trait for the whole 
group and has been exapted in relation to inertial feeding in Heloderma and Varanus. 

The neck muscles also play an important role during prey processing for non-inertial 
feeders. In ail !izards examined so far, jaw opening is achieved partially by an elevation 
of the neurocranium, which is mediated by activity of the dorsal cervical musculature 
(HERREL et al., 1995, l 997b; CLEUREN, pers. comm.). Similarly, during jaw closure the 
ventral cervical musculature can aid in biting by actively depressing th-e neurocranium 
(GANS et al. , 1985). Consequently, the MSca, MAP on the dorsal side, and the MRA on 
the ventral si de of the neck are strongly developed, at least in agamid and scincid !izards 
(pers. obs.). 

Preliminary data on other !izards (geckoes and lacertids) indicate that the evolutionary 
shift from a lingual-based to a predominantly inertial feeding system within !izards appar
ently coïncides with an increase in the complexity of mainly the epaxial c;omponents of the 
cervical musculature. This should be tested, however, by a thorough examination of the cer
vical musculature in representatives of these and other !izard groups within a strict phylo
genetic framework. The nomenclature of !izard neck muscles as proposed here (based on 
the work of NISHI , 1916), which encompasses the full compexity of the system, sbould 
enable future workers to interprete the neck musculature in an evolutionary context. 
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Abstract. The possibility to use the integumental pore signature as a tool in the identification of 
cyclopoid copepods is explored. A full classical description of female specimens of Thermocyclops 
emini (Mrazek, 1895) is supplemented by mapping of the integumental perforations. These are bilate
rally symrnetrical, and most occupy constant geometrical positions. On the metasome and urosome 
the pattern changes from one segment to aoother, and differs in ventral and dorsal position (on the 
urosome). The total number of perforations varies between 193 and 202. 

Key worc/.s·: Copepods, Thermocyclops emini (Mrazek, 1895), integumental pore pattern , charac
terisation. 

INTRODUCTION 

Following the investigations of FL EM ING ER ( 1973), the number and position of integu
mental organs becarne used as taxonomie tools to classify calanoid copegods. Many 
species of copepods are now known to possess integumental perforations; these pores, 
with their underlying soft tissue form integumental organs that al"e usually arranged in a 
discrete pattern (KOOMEN, 1992). The perforations can be made visib le after a preparation 
of the cuticle that includes digestion of ail tissues and sta ining. Investigating the calanoid 
Paramisophria platysoma Susumu & Mitsuzurni , 1990 by Scann ing Electron Microscopy 
(S.E.M), SusuMu & MJTSUZU MJ ( 1990) found tbat the integumental organs of the female 
cephalothorax were nearly symmetrical in distribution . 

ln their habitats, copepods migrate, feed , breed and perforrn different soc io-beha
vioura l activities (MAUCHLINE, 1977) for which these eye- less animais must rely on che
mical and vibrational communication. l ntegumental organs are probably essential to locate 
and correctly identify a potential mate or predator without v isua l aids (FLEMINGER, 1973). 
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Such monitoring and interpretation suggests a variety of organ types, such as sensory 
receptors and glands (MAUCHUNE, 1977), with a possibly species-specific distribution 
across the body surface. Indeed, it is now known that each species of the genus Eucalanus 
Dana, 1853 has a distinct pore signature (FLEMINGER, 1973; MAUCHUNE, 1977). MALT 
(1983) successfully used integumental pore patterns to separate two Poecilostomatoida of 
the genus Oncaea Philippi, 1843 : O. ornata Giesbrecht, 1902 and O. englishi Heron, 
1977, which otherwise have a similar morphology. 

Unfortunately information on the taxonomie value of the pore s_ignature is still limited, 
and little is known of cyclopoids. Therefore, we aimed in the present study to provide a 
basis for investigations on the taxonomie value of the pore pattern of a variety of 
cyclopoid species and genera. 

We studied the pore signature of the genus Thermocyclops Kiefer, 1927. As a test case, 
Thermocyclops emini (Mrazek, 1895) is here redescribed using classical morphological 
characters, including mouth parts and thoracopods, but its pore signature is also mapped. 
Mapping was carried out on the dorsum and sides of the rostrum and cephalosome ; the 
dorsum of the metasome; the dorsum, ventrum and sides of the urosome. Perforations 
occur across the whole length of an animal and occupy bilaterally symmetrical positions. 
They are either simple, double or in groups of three. The preparation for routine work 
made it impossible to differentiate the integumental organs between sensilla (hair, cone, 
peg, pit) and gland openings. Thus, this work is limited to mapping the number and posi
tion of these organs. 

MATERlAL AND METHODS 

Dr. L. Mwebaza Ndawula collected material in 1990 from Lake Victoria. Samples 
were preserved in 4 % formai in . Only adult females were used as no mal e was present 
in the studied material. Specimens were identified on the evidence of their elongated 
shape, antennules, long furcal rami, and dorsal setae offurcal rami , and so rted from the 
sample. For routine morphometrical analysis , unstained spec imens were used. After 
dissection under a di ssect ing microscope, parts were mounted in g lycerine on a covered 
slide. For the digestion of tis sues, staining and wasbing procedure, the method of 
FL EM ING ER (1973) was used : specimens were first heated at 80-100°C for four hours 
in KOH 10 %. The remaining exoske letons were first kept for some minutes in di stilled 
water and in 70 % alcohol for washing. C lean anima'l s were then sta ined in Chl orazol 
black in lactophenol. Parts were studied separate ly except for the urosome that was 
studied intact. Dissections were done using h111gsten need les e lectro lytica !ly sharpened 
in KOH solution . Perforati ons were ana lysed and drawn uncler immersion oil us ing a 
camera luc ida on a M edilux-12 mi croscope. For each part investigated (rostrum , 
cephalosome, each metasomal somite and urosome), a minimum offive specimens was 
used . Scann ing Electron Microscopy (S .E.M) micrographs of critica l po int dri ed, gold
coated specimens were taken to compl ete opti ca l im ages. Tota l body length exc lud d 
the furca l setae and was meas ured from the anterior basis of the rostrum to the poste
rior edge of the caudal rami. The width of the cephalosome was measured at its wide t 
part. 
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The terminology used in VAN DE VELDE ( 1984), Huvs & BüXSHALL (1991) was 
adopted. Ail measurements are in µm and abbreviations are as follows : T. L : Total Length, 
L: Length, W: Width, Spi: Internai spine, Spe: External spine, Si: Internai seta, Smi: 
Median internai seta, Sme: Median external seta, Se : External seta, Sd: Dorsal seta, SI : 
Lateral seta, SD : Standard Deviation. 

RESULTS 

Redescription of females 

Measurements are given in Table 1. The animais are elongate with a length range of 
828-928 µm, mean 878.8 µm (n= 10). DUSSART'S (1982) and EINSLE'S (1970), material 
from the same Lake measured 1.000-1.1 OO µm and 900-946 µm, respectively. ln his origi
nal material, Mrazek ( 1895) cited 990 µm. Cephâlosome and genital somite longer than 
broad; ratios 1.28 and 1.43, respectively. On Enp3P4, Spi 2.43 times as long as Spe, and 
segment 1.15 times as long as Spi, Furca 3.52 times as long as broad, Smi 1.4 7 times as 
long as Sme, Sd 1.14 as long as Si, Sd 4.80 as long as SI, Sd 3.03 as long as Se, Si 2 .65 
as long as Se and Si 1.9 as long as Furca. 

Antennule (Fig. 2: N): Long and reaching the 4'" metasomal somite, 17 segmented, 
with a row of minute spinules on first segment, 10'" and 13'" segments devoid of setae ; seg
ments 16'" and 17'" with a relatively well developed hyaline lamella (Fig. 6: B, C, D, E). 

Antenna: Spine pattern on frontal and caudal sides of basipodite as in Fig. 5 : H, I. 
Second endopodite with four setae (Fig. 5 : !). 

Labrum: Ventrally with eleven sharp teeth, long hair dorsally surrounding two strong 
median teeth ; lateral edges rounded (Fig. 5: C, D). 

Mandible : Pars molaris with series of sharp teeth, mandibular pa lp provided with three 
unequal setae: a small and naked seta plus two long and feathered setae (Fig. 5: A). 

Maxillule (Fig. 5 : G). 

Maxilla (Fig. 5 : B) : fnner side precoxa with two strong and feathered setae. Coxa w itb 
a median seta, provided with strong spines. Outgrowth of coxa with two unequa l setae, the 
strongest feathered, with spinules at the end. A stout claw-like seta bearing a strong seta 
prolongates the maxilla. Stout seta prov ided with variable strong spines. Endopodite one

segmented with two spinous setae and three strong feathered setae with spinules at the end. 

Maxilliped: Basal segment (fusion of precoxa and coxa) provided w ith three feath~red 
setae, frontal s i de g labrous (Fig. 5: E), cauda l si de with spinules (Fig. 5: F). Basis of max
illiped w ith two feathered setae, frontal s ide witb two groups of minute spinules (Fig. 5: 
E) ; caudal s icle w ith long, strong spines (Fig. 5: F). Endopodite two-segmented. Caudal 
side of proximal segment w itb a group of spines, segment bearing a Long featbered seta. 
Distal segment with three unequal setae, the longest two feathered. 

Thoracopods P,-P. : Spi ne formula: 2-3-3-3 , armature of tbe segments (Figs 3: B; 4: 
B) outgrowths of the connecting lamellas naked. 

P , : Inner distal margin ofbas ipodite with a spioe, inner pait ofbasipodite with etu les 

(Fig. 3 : A, D). 
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Measurements of the females (.)(Therm ocyc lops emin i (Mrazek, 1895) from Lake Victoria 

J 2 3 4 5 6 7 8 9 JO Mean SD 

Total length T. 1 915.00 928.00 853.00 88 1.00 859.00 896.00 878.00 900.00 850.00 828.00 878.80 29.92 
Cephalosome L 32 1.00 337.00 325 .00 325.00 328.00 343.00 343.00 328.00 318.00 315.00 328.30 9.31 

w 259.00 243 .00 243.00 262.00 256.00 275.00 275.00 262 .00 253.00 243 .00 257.10 11 .43 
L!W 1.24 1.39 1.34 1.24 1.28 1.25 1.25 1.25 1.26 1.30 1.28 0.05 0 

0 
Thorax L 243 .00 237.00 243.00 240.00 231.00 240.00 234.00 237.00 228.00 209.00 234.20 9.60 (Tl 

Genital Somite L 128.00 128.00 109.00 131.00 11 5.00 11 5.00 128.00 140.00 115.00 112.00 122. 10 9.64 
cc 
> 

w 84.00 87.00 84.00 84.00 84.00 87.00 8 1.00 87.00 87.00 87.00 85 .20 1.99 ~ 

L/ W 1.52 1.47 1.30 1.56 1.37 1.32 1.58 1.6 1 1.32 1.29 1.43 0. 12 
cc 
:E 

Enp3P4 L 60.00 62.00 59.00 59.00 58.00 64.00 54.00 64.00 63.00 58.00 60.10 3.0 1 (Tl 

0 
w 17.00 17 17 18 15 18 18 17 17 18 17.20 0.87 c 

;;o 
L/W 3.53 3.65 3.47 3.28 3.87 3.56 3.00 3.76 3.7 1 3.22 3.49 0.25 (Tl 

Spi 53.00 52.00 53.00 50.00 53.00 51.00 48.00 54.00 53.00 52.00 5 1.90 1.70 > z 
Spe 25 .00 20.00 2 1.00 20.00 2 1.00 23 .00 20 .00 21.00 20.00 24.00 2 1.50 1. 75 0 

Spi/ Spe 2.12 2.60 2.52 2.50 2.52 2.22 2.40 2.57 2.65 2. 17 2.43 0. 18 :r: 
(Tl 

Abdomen L 275.00 275.00 28 1.00 256.00 228.00 250.00 259.00 265.00 23 1.00 228.00 254.80 19. 11 z 
;;o 

Furca L 75.00 75.00 71.00 68.00 78.00 78.00 71.00 7 1.00 75 .00 78.00 74.00 3.38 -< 
w 2 1.00 21.00 2 1.00 2 1.00 2 1.00 2 1.00 21.00 2 1.00 2 1.00 2 1.00 2 1.00 0.00 :--
L/W 3.57 3.57 3.38 3.24 3.7 1 3.7 1 3.38 3.38 3.57 3.71 3.52 0. 16 

0 
c 

Furcal set.ae 137.00 146.00 134.00 153 .00 146.00 140.00 140.00 156.00 150.00 150.00 145.20 6.87 :;:: 
0 

mi 28 1.00 300.00 293.00 290.00 291.00 287.00 290.00 287.00 27 1.00 296.00 288.60 7.66 z 
Sme 18 1.00 190.00 203.00 203.00 203.00 193.00 203 .00 203.00 196.00 187.00 196.20 7.72 

...., 

Se 53.00 56.00 59.00 53 .00 56.00 59.00 50.00 56.00 50.00 56.00 54.80 3.06 
Sd 162 .00 156.00 171.00 17 1.00 156.00 17 1.00 165 .00 171.00 159.00 178.00 166.00 7. 14 
SI 31 .00 37.00 34.00 37.00 37.00 37.00 31.00 34.00 3 1.00 37.00 34.60 2.62 
Smi/ me 1.55 1.58 1.44 1.43 1.43 1.49 1.43 1.4 1 1.38 1.58 1.47 0.07 
Sd/Si 1.1 8 1.07 1.28 1.12 1.07 1.22 1. 18 1. 10 1.06 1. 19 1. 14 0.07 
Sd/SI 5.23 4.22 5.03 4.62 4.22 4.62 5.32 5.03 5. 13 4.8 1 4.80 0.38 
Sd/Se 3.06 2.79 2.90 3.23 2.79 2.90 3.30 3.05 3. 18 3. 18 3.03 0. 18 
Si/Se 2.58 2.6 1 2.27 2.89 2.6 1 2.37 2.80 2.79 3.00 2.68 2.65 0.2 1 
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P,: Inner margin of the basipodite and both sides of the outgrowths of connecting 
lamella glabrous ; distribution of setules on sides of coxopodite as in Fig. 4 : C, G. E np3 , 

3.49 times as long as broad, Spi 2.43 times as long as Spe and 1. 15 times shorter than the 
segment. 

P5 : Setae on terminal segment almost equal (Fig. 4 : E). 

P6 : Three setae on thoracopod : two strong, dwarfed, naked setae oext to a relatively 
long, feathered seta (Fig . 6 : G). A variable number of opeoings on distal area of the 
implantation of P6, as described in Mesocyclops leukarti (C laus, 1857) by Van de Velde 

( 1984). 

Lateral margins of last metasoma l somite glabrous (Figsl : I, J , K, L ; 5: H) . 

Genital somite and receptaculum seminis : Somite 1.43 times as long as broad. 

Lateral arms of the receptaculum almost straight, as described in D UM ONT et al. ( 198 1) 
and E insle ( 1970). Copula tory pore and pore canal in the middle of receptaculum ; a large 
«gland opening » ( Figs 1 : J, K ; 6: A, G , H) at proximal edge of integument, near di sta l 
edge of last metasomal somite. P6 implanted laterally on genital somite (Fig . 6: G). 

Last (anal) somite : Ventrally, di sta l edge with a row composed of a variable number 
of spines (Fig. 1 : K ; 6: A), naked dorsally (Fig. 1 : 1, 6 : F). 

lntegumental pore pattern 

Rostrum and cephalosome 

Rostrum (Fig. 1 : A , C, D. ) : Eight perforations present. One in the middle, another at 
the limit of the rostrum and cephalosome. The other s ix surround two s ieve plates. ln fi ve 
investigated specimens, there was no variation in number or pos ition of perforations. 

Cephalosome : M ax imum 9 1 pores were counted. Seventy-seven are in dorsal pos ition 
(F igs 1 : B , Ca, E ; 2: A , B), 14 in lateral pos ition (F ig. 1 : C; a). Their di stri bution deli
mits three zones (Fig. 1 : B, C , E ; l , Il , Ill ) . The first incl udes a max imum of 37 perfora
tions, a rranged symmetrica ll y. Thirty-s ix of them are geometrica lly disposed around a 
s ing le mediocentra l one. Ha lf of fi fteen specimens ana lysed had double perforat ions at 
some pos it ions as highli ghted in F ig. 1 : B & E (arrow in F ig. 2: P hotograph A), they were 

s im ple in the other half (F ig. l : B , E). 

The second area has 26 perforations. Twenty two, symmetri cally disposed , surround 

four mediocentra l perfo rat ions. 

T he th ird zone is composed of I 4 perforations and lacks med ian p9res . 

Metasome 

First somite : lntegument w ith ni ne pores, geometrica ll y dispo ed (Fig . l : F). 

Second somite : T he integument has between 24 and 26 perforations. Two ofthem are 
exactly on the longitudina l ax is . A pos ition in fro nt of the posterior perforation can bo let 
e ither a symmetrica l perforati on or not, as in Figs 1 : G ; 2 : C . On the ame somite meclian 
pores occur, e ither s ingle or do ubl e (highli ght in Fig. 1 : G & M, arrow in Fig. 2 : C). Seven 
out of ten checkecl animais presentecl doubl e perforat ions at thi po ition. 
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Third somite: Integument with 21 pores (Fig. 1 : H; 2: D). The number and positions 
were constant in five investigated specimens. 

Fourth somite: Figs 1 : I, L; 2: E . The perforation number varied from four to eight. 

Urosome 

Genital somite (First somite) (Figs J : I, J, K; 2: F): Dorsally with 10 perforations, 
three on the anterior middle of the somite, six in a transverse row near the posterior per
foration and one on the longitudinal axis, close to the distal edge. Ventral side with four 
perforations. 

Second somite (Figs I, J, K; 2 : G): Seven perforations are present dorsally; six on the 
sides and one on the longitudinal axis. ln ventral position, only two perforations are seen. 

Third somite (Figs 1 : l , J; 2: G): One perforation only on dorsum, ventral side with
out any pores. 

Fourth (anal) somite (Figs 1 : 1 : I, J, K ; 2: G): six pores present dorsally, bilaterally 
symmetrical around the longitudinal axis. In ventral position, two pores near the distal 
edge of the somite. 

Furcal ramus 

With six perforations: two on the dorsum and four on the ventrum (Fig. 1 : I, J, K) . 

CONCLUS TON 

To date, only morphology and morphometrical analysis have been used to identify 
species within Thermocyclops Kiefer, 1927. The distribution of the integumental perfora
tions, sites of the integumental organs, herein used to redescribe Thermocyclops emini 
(Mrazek, l 895) , revealed limited variation in total pore number (from 193 to 202). Most 
positions were fixed. Further work will seek to clarify whether this conclusion can be gen
eralised to other populations, and whether the pore signature of Thermocyclops emini 
(Mrazek, 1895) is unequivocally di stinct from that of its congeners. 
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Fig. 1 . - Co111puter-ecli!ecl S.E. M micrographs. - 1. : Cephalosome: Photos A and B ; 2. : Second 
metasomal somite : Photo C ; 3.: Third meta ornai somite : Photo D ; 4 . : Urosomc and last meta
somal somite: Photos E, F, G. 
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Fig. 2 . - fnlegumental pe1:fora/ions and habitu. ·. - A, D : Rostrum ; B, E: Cephalo orne (dor
sal) ; C: Cephalosome (lateral) F : First thorac ic segment ; G, M: Second thoracic segment ; 
H: Third thoracic segment ; 1: Urosome (dor a l) with last thoracic segment ; J : Urosome (late
ra l) ; K : Urosome (ventra l) ; L: Last thoracic segment ; N: Habitus. Sea le bars = 10 ~lm. 
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Fig. 3. - Thoracopods. - A, C: P,-P, fronta l side; D, E: P,-P, caudal s ide; B: Ornamentation 
of setae of endo. and exopodites. Sea le bars = 10 ~un . 
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fig. 4 - Thomwpod.> - A, C P ,-P, froo" I , ;d<; F, G ; P ,-P, oood•I ' " '; D ; op,P,; F; PS ; 

B. - Om•m'""t\oo of " "' of <0do ood "opodlt"· S" lo b"' " 10 µm 
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Fig. 5. - Mouth parts and antenna. - A: Mand ible; B: Maxi lia ; C, D : Labrum (C: ventra l, 
D: dorsal); E, F: Maxi lliped ; G: Maxillule ; H: Basipodite A, (frontal side) ; l : Antenna (cau
dal side) ; J: Enp2J Antenna (postero-ventral). Scale bars = l 0 ~lm. 
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Fig. 6. - Urosome,furca and an/ennuie. - A: Urosome ançl furca ( entrai), B, , D, E: Hyline 
lamell a ; F: Anal segment and furca (dor a l sicle), G: Antennu le. Sea le bar = 10 µm. 
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Abstract. The left mandible of termite workers possesses just in front of the molar plate a char
acteristic « premolar tooth » that, in most species, is partly or wholly hidden under the mandible. The 
position, structure and size ofthis tooth were observed and compared from a functional point ofvi ew 
in 46 wood-feeder species belonging to ail termite families and in 33 soil-feeder species belonging 
to 4 different clades ofTermitidae. 

ln ail wood- and other plant matter- feeder species observed the premolar tooth resembles the 
chisel of a carpenter 's plane-like device. lt is suited to eut superficial fragments out of the wood 
before ingestion. 

ln ail soil-feeder species observed the premolar tooth bas lost one or several functional featmes 
that characterise wood feeders. lt assists the other teeth in tbe gathering of soi! partie les towards the 
mouth before ingestion. 

ln the left mandible of termi te workers, the premolar tooth thus show clear morphological adap
tations to the species' diet. 

Key words: functional morphology, adaptation, mandibles, termites, d iet, food processing. 

lNTRODUCTION 

This work cornes into the general scope of fu nctional and comparative morpbology of 
insects. 

ln chewing insects, mandibles are the most volurninous rnouthparts, the hardest ones 
and those that are rnoved by the rnost powerful muscles. They play a key role in the tak
ing and in the first mechanica l process ing of the food. From one group of insects to 
another, the rnorphology of mandibles may vary, particu larly as regards their inner mar
gins, which corne into direct contact with food . Besides the marked differences between 
the rnandibles of carnivorous and plant-feeder insects, very precise morphological adapta
tions to different plant matter-diets have been shown in some groups, notably gras hop
pers ( CHAPMAN, 1964). Such observations inspired the present work. 
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In termites, the soldier and worker mandibles play crucial roles in defence and feed
ing. Their morphology may vary from one genus or even from one species to another and 
is therefore commonly used for the systematic description of termite species. Furthermore, 
since the beginning of the century, they have proved to be of great interest in the study of 
phylogen~tic relations between termite taxa, as illustrated by the works of HOLMGREN 
( 191 l ; l 912), HARE ( 193 7), AHMAD ( l 950) and KRISHNA ( 1970). 

Severa] functional morphological adaptations to diet have been observed in the 
mandibles of termite workers, notably in the molar plate (or mola), i.e. the proximal mas
ticatory part of their inner margin. This mola has flattened ridges for grinding in the work
ers of xylophagous species but becomes smooth and hollow like a spoon in soil-foeder 
species, as shown by SANDS ( 1965) for Nasutitermitinae and by D ELIGNE ( 1966) for other 
families and subfamilies. 

Despite the interest in mandibles for systematic and phylogenetic purposes, and their 
functional importance, only the external outlines of their upper sides have generally been 
described and represented in taxonomie papers, with a few notable exceptions (e.g. SANDS 
l 972; l 992 ; 1998). 

The external outline of the mesal margin always shows an« apical tooth », a few « mar
ginal teeth »and the« molar plate» (Fig. 2). During the course of an earlier work (DELIGN E 
1970) my attention was drawn to a tooth situated in front of the molar plate and partly or 
wholly hidden under the left mandible. Due toits position we called it a« premolar tooth » 
(DELIGNE & PASTEELS 1969) while KRISHNA (1968), SANDS ( 1972 ; 1992) and MATH EWS 
( l 977) gave it other names as discussed below. 

As the premolar tooth of termite workers has not been studied so far from a functional 
point of view, I compared the position , structure and s ize of this tooth in wood-feeder and 
soil-feeder species, in order to detect possible adaptations to di et. 

MATERIAL AND METHODS 

The sh1dy is based on alcohol preserved termites belooging to 79 species and 62 gene
ra, representing ail 6 families and most of the subfamilies of termites. The li st of examined 
species is giveo below. 

For each spec ies, from 2 to 5 workers were observed. The mandibles were fi rst han
dled in situ under a stereom icroscope to enable analysis of their relative movements. The 
adductor apodemes were first eut with micro-scissors. The maodibl~s were then dissected 
and observed a long different orientations with a stereomicroscope; to fac ilitate this mu l
tidirectional observation, they were secured on a bed of th in sand covered with alcoho l. 
Sorne were mounted wbole on s i ides in Canada balsarn with the ventral side upwards for 
observation w ith a li gbt microscope. To observe tbe mesa! cutting eclge at ri ght aogels to 
the optic ax is, the slide was sl ightly t ilted, as much as necessary, under a stereomicro
scope. For most spec ies, mandib les were a lso prepared for the scanning electron micro
scope with their denticulate inner margin upwards. The mandibles were not c leaoed 
before observation because the distr ibution of food parcels in different parts might be 
ind icative of the ro le of these parts. 
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As a complement to morphological descriptions, the maximal length of the premolar tooth 
was measured in surface view using an ocular micrometer, and expressed as percentage of the 
total mandible length (TML, measured from the point of the apical tooth to the most proxi
mal point of the molar plate). Although the proportions ofmandible parts generally show very 
little variability among the workers of a given species, l consider that too few specimens have 
been measured to calculate a mean value. The values given are therefore rough estimations 
(e.g. >20%, >30% etc). More complete data will be published in a later paper. 

The diet is established by examining the workers' intestinal contents with the help of a 
polarizing microscope, which improves the observation ofmineral elements and plant fibres 
(DELIGNE, 1966). These data were checked and supplemented with other published data 
(n"otably NOIROT & NOIROT-Tl-ILMOTH ÉE, 1969, GRASSÉ, 1986 and SANDS, 1998). The main 
diet of the major taxais summarised in the list of examined species. As generally recognised, 
a wood- and other plant tissue-diet characterises ail termite families, except a part of 
Tennitidae among which a soil-diet appeared at least 4 times in the course of evolution. 

List of examined species 

- [W] means « mainly wood and other plant tissue feeders » 
- [S] means « mainly soi! feeders » 
- The re ference of the sample is put in quotation marks 
- Ali cited collecting sites in Gabon are located within a radius of 80 km around Makokou 

Mastotermitidae [W] 

- Maslolermes darwiniensis Frogatt 1896, « TD 31 », North Queensland, Austra lia 

Kalotermitidae [W] 

- Kalolermes .flavicollis (Fabricius 1793), « TD 32 », Banyuls, France 
- Neolermes desneuxi (Sjostedt 1904), « Mad 4 », Mandraka forest, Madagascar 
- Cryptotermes havilandi (Sjostedt 1900), « TN 541 », lvory Coast 
- Clyptotermes parvulus (Sjostedt 1907), « TD 33 », Banco fores t, Ivory Coas t 
- Postelectrotermes amplus (Sjostedt 1925), « TD 34 », Mandraka fores t, Madagascar 

Termopsidae [W] 

Termopsinae 

- Zootermopsis angusticollis (Hagen 1858), « TD 35 », Philipsv ille, Cali fo rnia, USA 

Stolotermitinae 

- Stolotermes a/Ï"icanus Emerson 1942, « N 23 », South A fr ica 

Porotermitinae 

- Porotermes planiceps (Sj os tedt 1904), « N 14 », So uth Afri ca 

Hodotermi t-idae [W] (') 

- Microhodotermes viator (Latre ille 1804), « SAf 5 », South Afr ica 
- Anacanthotermes ochraceus (B urmeister 1839), « T 500A », Beni Abbès (A lgeria) 

(~) Ten;opsidae and 1-loclotermi tidae are consiclerecl as separate fami lies accorcling to GRASSÉ 

( 1986). 
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Rhinotermitidae [W] 

Psammotermitinae 

JEAN DELIGNE 

- Psammotermes a/locerus Silvestri 1908, «SA f 50 », South Africa 
- P hybostoma Desneux 1902, « T 205 », Tamanrasset, Algeria 

Heterotermitinae 

- Heterotermes sp. Frogatt 1896, « TC 49 », Santa Cruz Island, Galapagos 
- Reticulitermes lucifi1gus (Rossi 1792), « TD 38 », Banyuls, France 

Coptotermitinae 

- Coptotermes silvaticus Harris 1968, « 1145 », Belinga, Gabon 

Rhinotermitinae 

- Schedorhinotermes putorius, (Sjostedt 1896) « TD 17 », Mayela, Gabon 
- S. lamanianus (Sjostedt 1926), « T 617 », Bossembele, Centr. A fr. Rep. 

Termitidae [W] or [S] 

Macrotermitinae [W] 

- Pseudacanthotermes militaris (Hagen 1858), « 1056 », Makokou, Gabon 
- P spiniger Sjostedt 1900, « TC 7 », Kisangani, D. R. Congo 
- Acanthotermes acanthothorax (Sjostedt 1898), « 1929 », Ekowong, Gabon 
- Protermes prorepens (Sjostedt 1907), « 1099 », Madjime, Gabon 
- Sphaerotermes sphaerothorax (Sjostedt 19 11 ), 1134-3, Madjime, Gabon 
- Macrotermes nobilis (Sjostedt 1911 ), « 11 60 B », Be linga, Gabon 
- Macrotermes natalensis (Havi land 1898), « TC 55 », Kinshasa, D. R. Congo 
- Odontotermes simplicidens (Sjostedt 1899), « 1108 », Madjime, Gabon 
- O. terricola (Sjostedt 1902), « 11 83 », Makokou, Gabon 
- Microtermes sp. Wasrnann 1902, « 1027 », Mayel a, Gabon 

Apicotermitinae [S] 

- Eburnitermes grassei Noirot 1966, « TN 26 1 bis», Anguédedou Forest 
- Labidotermes celisi De ligne & Pasteels 1969, « TC 89 », Lubero Terri tory, Kivu, D. R. Congo 
- A teuchotermes ctenopher Sands 1972, « 1003/2 », Eclzamangen, Gabon 
- Speculitermes cyclops Wasmann 1902, « TD 39 », Ohaver, Mysore, lnclia 
- Allognathotermes hypogeus Silvestri 19 14, « TD 25 », Dabou, Ivory Coast 
- Apicotermes gurgulifex Emerson 1956, « TC 58 », Kinshasa, D. R. Congo 
- Jugosilermes tuberculatus Emerson 1928, « 1107 », Maclji me, Gabon 
- Rostrotermes cornu tus Grassé 1943, « TN 1017 », Dakpadou, Ivory Coa ·t 

Termi tinae A (geJJera with biting so lcliers) [W] or [S] 

1° mainly wood and other plant matter feeclers (W] 

- A111iter111es evuncifer Silvestri 19 14, Nclili River, D. R. Congo 
- Cephalotermes rectangularis (Sj ostedt 1899), « 1089 », Be liJ1ga, Gabon 
- Microcerotermes fuscotibialis (Sjéi tedt 1896), « 1006 », Macljirne, Gabon 
- Microceroterrnes progrec/iens Sil vestri 19 14, « 1002 », Encloumavion, Gabon 

2° soi! feeclers [S] 

- Foraminilermes tubifrons Holmgren 19 12, « TN l0 18», Dakpadou, lvory oa t 
- Thoracotermes macro thorax (Sj osteclt 1899), « 11 62 B », Bel inga, Gabon 
- Crene/ermes albotar a/is (Sjosteclt 1897), « 1003 », Eclzamangen, Gabon 
- Ophioten nes grandilabius (Emerson 1928), « 1070 », Mekob, Gabon 
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- Ophiotermes sp. Sjêistedt, « 1102 », Madjime Gabon 
- Furculitermes winifredi Emerson 1960, « 1166 », , Amyéré, Gabon 
- Cubitermes gaigei (Emerson 1928), « 1132 », Madjime, Gabon 
- Cubitermes heghi Sjêistedt 1924, « 1017 », Madjime, Gabon 
-Noditermes indoensis Sjêistedt 1926, « l l 20bis » , M'Vadhi, Gabon 
- Proboscitermes tubuliferus (Sjêistedt 1907), « TD l 5bis », Maya le, Gabon 
- Basidentitermes malelaensis (Emerson 1928), « 1153 B 2 », Belinga, Gabon 
- Ortho termes mansuetus (Sjêistedt 1911 ), « 1134/2 », Madjime, Gabon 
- O. depressifi-ons Silvestri 1914, « 1003/3 », Edzamangen, Gabon 

Termitinae B («Termes » group: genera with snapping soldiers) [W] or [S] 

1° mainly wood and other plant malter feeders [W] 

-Neocapritermes sp. Holmgren 1912, «TC5/2 »,Rio de Janeiro, Brazil 
- Termes langi (Emerson 1928), « 1020 », Ngote, Gabon 

2° soil feeders [S] 

- Tuberculitermes bycanistes (Sjêistedt 1926), « 1077 », Mekob, Gabon(') 
- Cavitermes sp. Emerson 1925, « 41 C », Guajara Mirim, Brazil 
- Pericapritermes magnificus Silvestri 1912, « 1103 », Madjime, Gabon 
- Discupiditermes inca/a (Wasmann 1893), « TD 40 », Dhorwar, Mysore, lndia 

Nasutitermitinae [W] or [S] 

1° mainly wood and other plant matter feeders [W] 

- Syntermes dirus (Burme ister 1839), « TC4, TC 10 & TC 16 », Rio de Janeiro, Brazil 
- Procornitermes triacifer (S ilvestri 190.l ), «TC 39 », Alto Araguaia, Mato Grosso, Brazil 
- P araujoi Emerson 1952, «TC 62 », Ribeirâo Prêto, Sao Paulo, Brazil 
- Cornitermes cumulans (Kollar 1832), « TC 22 », Panloc Dumont, Mato Grosso, Brazil 
- Rhynchotermes nasutissimus (Silvestri 1901 ), « TC 24 », Felixlandia, M. Grosso, Brazil 
- Nasutitermes diabolus (Sjêistedt 1907), « 1066 », Badi Gabon 
- N. elegantulus (Sjêistedt 191 1 ), « Be 1149 », Belinga, Gabon 
- N. fulleri Emerson I 928 , « 1048 », Abor, Gabon 
- N. latiji-ons (Sjêistedt 1-896), « 1093 », Be linga, Gabon 
- Nasutitermes schoutedeni, (Sjêistedt 1924), « 1021 », Ngota, Gaboo 
- Constrictotermes cyphergasler (Silvestri 190 !), « TC 33 », Tres Marias, Mato Grosso, Brazil 
- Leptomyxotermes doriae (S il ves tri 19 12), « Be 11 29 », Belinga, Gabon 

2° so i! feeders[W] 

- labiotermes labralis (Holmgren 1906), « TC 41 A », Guajara Mirim, Brazil 
- L. pelliceus Emerson & Banks 1965, « TC 47 », Guajara Mirim, Braz il 
- Armitermes sp. Wasmann , « TC 34bis », Belo Hori zonte, Mato Grosso, Brazil 
- Eutermellus convergens Si lvestri 19 12, « 1158 B », Belinga, Gabon 
- Subulitermes sp. 1-lo lmgren 1910, « TC 47bis », Guajara Mirim , Braz il 
- Postsubu!itermes parviconstrictus Emerson 1960, « 1098 », Be linga, Gabon 
- Verrucosilermes tuberosus Emerson 1960, « 11 65 », Belinga, Gabon 
- Verrucositennes hirtus Deligne 1983, « TC 242 », Lome fo rest, near K.ribi , Cameroon (') 

(' ) Tuberculitermes has been placed in the Termes group accorcling to DELJGNE ( 197 1 ). 
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(') Verrucositermes is considered here notas a monotypic genus (SA NDS, 1998) but a includ ing 
at least 2 species (DELIGNE, 1983). 
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RESULTS 

The results are presented in the following way. ( 1) The position and structure of the 
premolar tooth as well as observations related to its actions are presented for a species cho
sen as an example of wood feeder and (2) the other wood feeders are then compared to 
this species. (3) The same data are given for a species chosen as an example of soi! feeder 
and (4) the other soi! feeders are similarly presented in a comparative way. 

An example of a wood feeder: Zootermopsis angusticollis 

The premolar tooth is situated at the ventral side of the left mandible. 

ln a ventral surface view (Fig. 2) , it appears as a narrow blade that overlaps the 
posterior half of the 3d marginal as wel 1 as the front part of the molar pl ate. Its length 
amounts to more than 20% of the TML (total mandible len gth). It is completely situa
ted behind an imaginary line (A-M3) passing through the point of the apical tooth 
and that of the 3d marginal. With very slight differences in the lateral tilt of the speci
men , it is entirely seen on the ventral surface of the mandible or as slightly inte r
secting the indentation separating the 3d marginal from the nlQ]ar plate. lts mesa! 
edge is long and straight. lts apical edge is rounded and fused with the ventral sur
face of the mandible, while its ventral proximal edge forms a more ang ular outline 
with the long mesa l one. 

In tangential view (Fig. 21 ), it appears as a straight and sharp blade which is clearly 
out of a lignment with the marginal teeth and the dorsal edge of the molar plate. Along 
the dorsa l side of the premolar tooth there is th us an e longated « premolar hollow » par
ti a lly edged frontwards by the 3d marginal tooth and rearward by the edge of the molar 
plate . 

When the mandibles are manipulated under the stereomicroscope and flexed along 
their natural articulation axis, one can observe how they work during the chewing move
ments. The two mandibles cross each other, with the left sliding above the right one. Any 
bit of wood brought into contact with them is thus necessarily held ti ghtly between the 
ventral surface of the left mandible and the dorsal surface of the right one. 

Due to its position and structure the premolar tooth then slightly juts out between the 
two surfaces (F ig. 1 ). Wh il e moving, it must th us exert shearing forces on the wood bits 
that are in its way and is perfectly su ited for cutting superfi cia l s li ces or fragments out of 
them. 

This working is analogous with that of a carpenter 's plane as di scussed be low. 

Other wood and plant matter feecl ers 

ln the termite fa mili es that are entire ly wood-feeder or phytophago us a il the observed 
spec ies show a premolar tooth with the same genera l features as those d scribed above for 
Zootermopsi · angusticollis. This po i_nt is illustrated in the plates for Mastotermitidae 
(Fig . 20), Ka lotermitidae (F igs 5, 22), Termopsicl ae (F igs 2, 3, 4, 2 1 ), Hoclotermitidae 
(F ig. 6), and Rhinotermi tidae (F igs 7, 23) . 
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The premolar tooth is always either straight or slightly convex and a lways long, its 
length amounting to more than 20% of the TML. lt even exceeds 30% of the TML in most 
Kalotermitidae and Rhinotermitidae observed. 

lt the case of Termitidae, the 28 wood-feeder or other plant matter-feeder species 
observed (belonging to 19 genera), ail present a similar « plane device », with some dif
ferences from one group to the other. 

1° ln the 10 observed species of Macrotermitinae (belonging to 7 genera), the follow
ing features were noted. ln surface view, the cutting edge of the premolar tooth shows a 
nearly straight or slightly convex edge, as illustrated for Macrotermes nobilis (Fig. 8). 
When a concavity is a lso present in this edge, it is very fa int and 1:estricted to the most 
proximal part of its length (Fig. 9). The tooth always lies behind the line A-M3 as defined 
above. Jt generally intersects the indentation separating the 3d margina l tooth from the 
molar plate. ln some species it is at a distance from the inner margin of the mandible and 
is therefore totally situated under the ventral surface of the mandible. This back position 
is particularly pronounced in Macrotermes (Fig. 9) and Odontotermes species. 

ln tangential view the premolar tooth appears as a straight sharp blade (Fig. 24). lt is 
always clearly out of alignment with the edge of the margina l and molar teeth . 

The length of the premolar tooth amounts to about 20-25% of the T ML, except in 
Odontotermes (-16%) and Protennes prorepens (only 13%). 

2° ln the group ofTermitinae with biting soldiers, the 4 wood-feeder species observed 
be long to the genera Amitermes, Cephalotermes and Microcerotermes. ln these 4 species 
the premolar tooth presents, either in surface view or in tangenti al view, the same general 
features described above fo r the other wood-feeder spec ies. These features are illustrated 
for Microcerotermes (Figs 12, 25). The premolar tooth amounts to about 20-25% of the 
T ML, except in Amitermes evuncifer (-17%). 

3° In the group of Termitinae with snapping soldiers, the 2 wood-feeder spec ies 
observed, i.e. Termes langi and Neocapritermes sp. (F igs 18- 19) a lso exhibit the same fea
tures. ln both species, the premolar tooth intersects the indentation between the 3d mar
g ina l and the molar plate and its length amounts to about 20% of the TML. 

4° The observed wood-feeder Nasutitermitinae belong to 12 species and 7 genera. 
These species are e ither Neotropical or African but they a il show a premolar tooth with the 
general morphology described in the previous wood-feeder groups. This point is illu -

trated for Procornitermes (F igs 15, 26) and for Nasutitermes (F ig. 27). T he premolar tooth 
however has a more variab le position, s ince it either crosses the A-M3 li ne ( in Neotropica l 
genera Syntermes, Procornitermes, Cornitermes and Rhynchoterme "), or tays behind this 
li ne (in Constrictotermes, Nasutitermes and Leptomyxoterme ·)and intersects to a variable 
extent the margina l-molar indentation. lts length amounts to 20-30% of the TML 

An example of a soil feeder: Thoracotermes macrothora.x 

In surface view (Fig. 11 ), the premolar tooth is no longer ituated at the ventral ide of 
the mand ible : it reaches the sa me mesa] level as the margina l teeth and its mesa] edge 
cro ·ses the A-M3 line. lt is qu i te short, its length amounting to only about 15% of the TML, 
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and its apical part hardly overlaps the 3rd marginal tooth. Its mesal edge shows a distinct 
concave outline, its point is rounded and its proximal edge is a continuation of the apical 
slope of the molar depression. fn surface view this proximal edge overlaps the large dor
sal molar prominence. 

In tangential view (Fig. 28), the premolar tooth appears with a curved and blunt edge, 
in the same general alignment as the marginal teeth. Its dorsal side is sti ll adjacent to a 
« premolar hollow » and its proximal end is enlarged, th us tlanking the apical part of the 
molar depression. 

When the mandibles are manipulated under the stereomicroscope and flexed along 
their natural axis, the left mandible slides over the right one and the premolar tooth 
matches the opposite dorsal part of the right mandible. Due to its blunt edge it does not 
appear to be suited for cutting hard plant tissue but rather for pushing soft material with 
its rounded dorsal s ide. 

Other soil-feeder species 

The 33 soil-feeder species observed belong to 4 groups. They include 8 species (from 
8 different genera) of Apicotermitinae, 13 species (10 genera) of Termitinae with biting 
soldiers, 4 species (4 genera) ofTermitinae with snapping soldiers and 8 species (6 gene
ra) ofNasutitermitinae. With the exception of some Nasutitermitinae they ail present most 
of the features described above for Thoracotermes macrothorax. 

The case of Nasutitermitinae is presented separately. 

fn the three first groups, the observed species ail share the following characteristics. In 
ventral surface view (Figs 10, 11 , 13, 14), the premolar tooth reaches the same mesa! level 
as the marginal teeth, or nearly so, and crosses the A-M3 line. lts length amounts to Jess 
than 20% of the TML. ln tangential view (Figs 28-30), its edge is blunt and lies in conti
nuity with that of the 3d marginal tooth . 

Besides these common features the fo llowing particulari ties can be noted. 

1° ln the observed species of soi l-feeder Apicotermitinae, the premola.r tootb is very 
sh01t, amounting to 5 to 15 % of the TML, except in Eburnitermes (1 5- 19%). The mesa! 
edge of the premolar tooth is straight in the cases of Eburnitermes (Fig. 10), Allognatho
termes, Apicotermes (Fig. 30) and Jugositermes. Jt shows a distinct concave outline in 
labidotermes and Ateuchotermes. 

2° Among the observed species of soil-feeder Tennitinae with biting soldiers, the pre
molar tooth has a concave outline in most of the cases. lt is straight in Ophiotermes and 
Furculitermes. 

3° Among the observed soil-feeder species of Termitinae w ith snapping soldiers, the 
premolar tooth is straight in Tuberculitermes bycaniste and concave in Caviterme , 
Pericapritermes and Di ·cupiditermes. 

As for soi l-feeder Nasutitermitinae, in the observed Neotropica l pecies o f 
labiotermes (Figs 16, 17, 3 1) and Armitermes the premolar tooth does show the same 
general features as in Thoracotermes. ln the small African species belonging to 4 close 
genera (Verrucositermes, Postsubulitermes, Subulitermes and Eutermellus), the premolar 

• 
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tooth is short(~ 15% of the TML) and blunt but it differs from that of Thoracotermes in 
being straight and out of alignment with the 3d marginal tooth. 

Fig. 1. - Schematic functioning of the premolar tooth of the 
left mandible of a wood-feeder worker of term ite. Left and 
ri ght mandibl es are seen in cross section from tJ-ie ir proxi
mal part. The left mandible slides above the right one and 
ingested bits of wood are held tight between the two 
mandibles. The premolar tooth slightly juts out between the 
two mandibles ; while moving it exerts shearing forces on 
tbe wood bits which are in its way and can eut superfic ial 
fragments out of them. 

Legend to the figures (see pages 2 10-214) 

Figs 2- 1 7. - M icrophotograpbs of the left mandible of termite worker seen in ventra l surface view to 
show the positi on and fo rm of the premo lar tooth (arrow). - Fig. 2. Zootermopsis angusticollis. 
a: ap ica l tooth ; m 1, 1112, m3 : first, 2d, 3d marginal tooth ; ml: molar pl ate; pm: premo lar tooth.
Fig. 3. Stolotermes africanus. Fig. 4 . Stolotermes afi·icanus (deta il ). Fig. 5. Kalorermes flavicol
lis. Fig. 6. Microhodotermes viator. Fig. 7. Heterotermes sp . Fig. 8. Macrotermes nobilis. 
Fig. 9. Macrotermes nobilis (deta il). F ig. 1 O. Eburnitermes grassei. Fig. 11. Thoracotermes 
macrothorax. F ig . 12. Microcerotermes fuscotibialis. Fi g. 13. Pericapritermes magnificus . 
Fig. 14. Pericapritermes magnifi.cus (deta il ) . Fig. 15. Procornitermes stria/us . F ig. 16. 
Labiotermes labralis . Fig. 17. Labiotermes Labralis (detai l). 

Figs 18-3 1. - SEM microgra pbs of the left mandibl es of worker termites een in tangential view from 
the inner s icle to show the position and form of the premolar tooth (arrow). - Fig. l8. Neo
capritermes sp. Fig. 19. Neocapritermes sp.(deta il ) . Fig. 20 . Mastoterme darwiniensis. 
Fig. 2 1. Zootermopsis angusticollis. Fig. 22. Kalotermes flavicollis. Fig. 23. Reticulitermes Lucifo
gus. F ig. 24. Acanthotermes acanthothorax. Fig. 25. Microceroterrnes fuscotibia/is (detail). 
Fig. 26 . Procornitermes araujoi. Fig. 27. Nasutitermes lujae. Fig. 28 . Thoracoterrnes macrothorax. 
Fig. 29 . Pericapritennes magniftcus . Fig. 30. Apicotermes gurgu!ifex. Fig. 3 1. Labiotermes labralis 
(deta il ). 
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DISCUSSION 

The premolar tooth is an asymmetrical structure only present in the left mandible of 
termite workers. Tt bas escaped the notice of earlier morphologists, probably because it is 
generally more or less hidden under the mandible. Since the late '60s, it bas _been 
described under the names of « molar tooth » (KRISHNA, 1968), « premolar tooth » 
(DELIGNE & PASTEELS, 1969; D ELIGN E, 1970), (( subsidiary marginal tooth)) (SANDS, 
1972), « submolar tooth » (MATH EWS, 1977) and « 4th marginal tooth » (SANDS, 1992). 
Among tbese names, 1 consider both adjectives« molar »and« subsidiary marginal» to be 
ambiguous, the former because it may induce a confüsion with the molar plate and the lat
ter because the same terms designate a different tooth in the right mandible. The adjective 
« submolarn may also be ambiguous or inexact. The tooth under discussion is actually 
often situated under the dorsal molar prominence but never under the molar plate itself. 
Furthermore in many Termitidae genera the tooth is wholly situated in front of the molar 
region and not under any part of this region. Similarly the name « 4th marginal» does not 
seem appropriate because, in most families and subfamilies, the tooth is not situated at the 
inner margin of the mandible but lies instead more or !ess far from that margin. The name 
« premolar tooth » seems better because the tooth is always in front of the molar plate and 
in close connection with it. Furthermore its sensillae are innervated by the same nerve 
branch as the molar plate and not by a marginal branch (DELIGNE & PASTEELS, 1969). 
Finally as it differs in structure and position both from molar plate and from marg inal teeth 
in most families and subfamilies, it seems preferable to also give it a specific name. For 
ail these reasons I retain the narne of« premolar tooth ». 

Until recently the morphology of the premolar tootb had only been described in a few 
groups of termites. SANDS ( 1998) published an outstanding systemati c synthesis on the ter
mite genera from soils of Africa and the Middle East, in which the «4th marg inal » (i.e. 
the premolar tooth) was described for many African species. Even though the information 
given in the present work is parti y based on the same materi al as Sands ', it is not redun
dant beca.use of the use of di ffe rent observation techniques. lndeed the observation in ven
tral view of the mandible, as proposed bere in Figs 2-17, allows a more accurate 
description of the premolar tooth than the dorsal observation used for systematic purposes. 
The observation in tangenti al view, as depicted here in SEM F igs 18-3 1, is necessary in 
order to observe the prec ise form and connecti ons of the premo lar tooth. l have also 
observed termites belonging to families (Mastotermitidae, Kalotermitidae), to subfamilies 
(Termopsinae, Stolotermitinae, Porotermitinae) and to non-African genera or species, 
which are not inc luded in Sands ' mate1:ia l. Furthermore the scope of tb is work is rather 
fun ctional morphology than systematics. 

Concerning func tional morphology, the premolar tooth ofwood-feeder sp ecies always 

shows a s imil ar pos ition and structure, as described for Zootermopsis . It is suited for exert
ing sheariJ1g forces on bits of wood held tigbtly between the two mandib les and fo r cut
ting superfici al s li ces or fragments out of them (F ig. l ). As br iefl y mentioned above thj s 
fonction is similar to that of a carpenter 's plane. The ana logy is as fo llows. With the p lane 
(o r with tbe premolar reg ion of the m.andib le), wood is be ld tigbt between the sole of the 
plane (or the ventra l surface of the left mandible) and the workbench (or the dorsa l sur-
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face of the right mandible), while the slightly jutting chisel of the plane (or the premolar 
tooth) cuts superficial shavings out of the wood. 

In a very schematic way, Fig. 32 suggests how the resulting fragments may be moved. 
Under the pressure of newly eut fragments , the first fragments are pushed into the premo
lar hollow and , from there, towards the molar region ( dotted arrow), where they are fur
ther rasped. The connection between the premolar hollow and the molar rasp can be 
clearly observed on Figs 20-27 and the movement of fragments from one part to the other 
is suggested by Figs 18-19. In the species where the premolar tooth is near the inner mar
gin of the mandible or even intersects the indentation between the 3d marginal tooth and 
the mola, the eut fragments of wood can also be pushed at the level of this indentation 
towards the dorsal surface of the left mandible ( continuous arrow). 

Fig. 32 . - Schemati c cross section and stereo-di agram of the premolar region of the left 
rnandible and opposite part of the ri ght ma.nd ible. The fragments of wood eut by the 
premolar tooth are pushed into the premolar ho ll ow and, frorn there towards the molar 
region (dotted arrow), where they are further rasped. T hey can a lso be pushed betweeD 
the 3d marg inal tooth and the molar prominence towards the dorsa l surface of the left 
mandible (continuous arrow) and, fro m there be moved back towards the molar region 
and the mouth by the movernents of the labrurn. 

ln most of the soil-feeder species that we observed, belonging to at least 4 phyleti c clades, 
the premolar tooth has lost one or several functional features that characteri se wood feeders. 
ln particu lar it reaches more or less the same level as the marginal teeth, comes in alignment 
with them and becomes blunt. It becomes more similar to the margina l teeth and presurnably 
plays a sim ilar ro le. During the movements of the mandible , together witb the marginal teeth, 
it is suited to gather soil particles towa:rds the rnidLi ne and the rear part of the oral cavity where 
they are compressed between the mola of both manclibles before being ingested. These adap
tive trends appeared at least four times in different groups of soil-feecler Termitidae. 

... 
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In ail cases the otber mouthparts, especially the labrum and the hypopharynx, assist the 
mandibles in moving food items towards the mouth. Besides their key role in the process
ing of food the mandible teeth, including the premolar tooth, also certainly play a role in 
the processing of wood and soi! material used by workers for building the nest. 

CONCLUSIONS 

In the left mandible of termite workers, the premolar tooth shows clear morphological 
adaptations to the species' diet. 

In wood- and other plant matter-feeder species, the structure, position and functioning 
of the premolar tooth are analogous to those of the chisel of a carpenter 's plane. It is suited 
for cutting superficial fragments out from the wood. 

ln many soil-feeder species, belonging to at least 4 clades, the premolar tooth has lost 
in a polyphyletic way one or several functional features that characterise wood feeders . 
Due to its structure and position it is suited to assist the marginal teeth in the gathering of 
soil particles towards the mouth before ingestion. 
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Abstract. The ultrastructural morphology of the proboscis in species of the genus Zonorhy nchus 
Karling, 1952 is investigated. The proboscis epithelia are organized in four belts. The apical cone 
epithelium has intra-epithelial nuclei , and the distal belt of the sheath epithelium is fo rmed by nume
rous cells lacking a distinct pattern. Multiciliary receptors are lacking. The diversity in ultrastructural 
data on the proboscis is used to elucidate the phylogenetic relationships within the Cicerinidae and 
Eukalyptorhynchia. A bipartite cone epithelium as found in Zonorhynchus-species is a common fea ture 
for ail eukalyptorhynch species investigated. A syncytial basal cone epithelium is a syoapomorphic 
character for ail species except Toia calcejàrmis Brunet, 1973 and Nannorhynchides herdlaensis 
Karling, 1956. A syncytial proximal belt of the sheath epithelium, and int:ra-epi the lia l nucleus( i) in the 
apical cone epithelium constitute apomorphic features for species of the genus Zonorhynchus. The 
absence of multi c iliary receptors is regarded as tbe ples iomorphi c state and distin gui shes 
Zonorhynchus-speci es, T. calcej àrmis and N. herdlaensis from other Eukalyptorhynchia investigated. 
Cicerina remanei Meixner, 1928, Psammorhynchus tubulipenis Meixner, 1938 and Cytocystis c!itella
tus Karling, 1953 have two insunk sensory organs with muticiliary receptors. The presence of four 
epithelial belts in Zonorhy nchus-s pecies as in C. remanei, P tubulipenis and C. c/ilelfatus is considered 
a shared plesiomorphic state within the Eukalyptorhyncbia The pn;sence of a third belt in the sheath 
epithelium is a synapomorphic character of a il Koioocystidiclae, Cystiplanidae and Polycysti cl iclae. 

Key words : Pl atyhe lminthes, Eukalyptorhynchi a, probosc is, phylogeny, ul trastructure. 

JNTROD UCTJON 

The fa mil y C icerinidae Meixner, 1928 comprises ten genera. ln the diagnos is of the 
fa mily the presence of germovite llaria and of a g landular ring at the j unction of the pro
boscis in rnost species are the main diagnostic features . However, germovite ll aria are pre
sent in Cytocystis clitel!atus Karling, 1953 as well (KARLlNG , 1964). Althougb less 
prominent, a ring of g landular secretion in the sheath ep ithe lium just above the junctioo is 
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present in species of other families such as Psammorhynchidae, Gnathorhynchidae and 
Placorhynchidae (DE VoCHT, 1990; DE VOCHT, 1992). Because ofthis a distinct apomor
phic character to define a monophyletic taxon Cicerinidae is lacking. After the establish
ment of the taxon Cicerinidae by MEIXNER ( 1928), KARLING ( 1952) proposed the name 
Zonorhynchidae with two subfamilies: Zonorhynchinae (including the genera 
Zonorhynchus Karling, 1952, Cicerina Giard, 1904, Paracicerina Meixner, 1928, 
Ptyalorhynchus Ax, 1951 and Blennorhynchus n.n.) , and Ethmorhynchinae (for 
Ethmorhynchus Meixner, 1938). With the description of several new species and genera, 
as for instance by MARCUS ( 1952), KARLING ( 1956) and Ax ( 1959), the family was named 
Cicerinidae again by KARUNG ( 1964). A few years later, BRUNET ( 1965, 1973) described 
eight new species and two new genera and made a revision of the family based on light 
microscopie observations on twelve species. BRUN ET (1973) distinguished two groups of 
genera within the Cicerinidae. One group contains the genera Toia Marcus, 1952, 
Nannorhynchides Karling, 1956 and Pocillorhynchus Brunet, 1973. The other group 
includes the genera Cicerina , Paracicerina, Ptyalorhynchus , Ethmorhynchus , 
Zonorhynchus, Xenocicerina Karling, 1956 and Didiadema Brunet, 1965. In this non
cladistic approach the distinction between the two groups was based on several criteria, 
and the first group is characterized by their small dimensions (0.2-0.7 mm), their oval 
body-shape and excellent swimming capabilities. Histologically these species are charac
terized by two frontal glands, pigmented eyes with lenses and a ciliated proboscis sheath 
epithelium. The second group is characterized by a body length exceeding l mm, in gen
eral paired vesiculae seminales and opposite or different character states of the former 
mentioned characters. EvDONIN (1977) distributed the genera into three subfamilies: the 
Cicerininae Meixner, 1928, Nannorhynchinae Evdonin , 1977 and Xenocicerininae 
Evdonin , 1977. More recently new species of C icerinidae have been described by 
SCHOCKAERT (1982), KARLING (1989) and ARMONI ES & HELLW IG (1987). 

Species of the genus Zonorhynchus have been collected from sait marshes, lagunes 
and muddy sediments (KARLING, 1952 ; Ax , 1959 ; ARMONI ES & HELLWIG, 1987). Up to 
now four species of Zonorhynchus have been described (ARMONI ES & HELLW IG 1987, 
KARLING 1952, 1956). Ali four species are light microscopica lly characteri zed by the posi
tion of the copulatory organ and the genital pore in the middle of the body, non-sclerotized 
bursal mouthpieces and a proboscis with long probosc is- and integument retractors. 

MATERJALAND M ETHODS 

Specimens of Zonorhynchus seminascatus Karling, 1956 were co ll ected from fine 

sediment of a sba llow lagoo n (0.4 m) near Btabergsho lmen in the G ullmar-fj ord nea r 
Kristineberg (Sweden) in June 1988 . An unidentifi ed specimen oftbe genus was coll ected 
from fine sand from the bord of Etan g de Lapalme at the Mediterranean coast Dear 
Banyul s-sur-Mer (F rance) in October 1987 . Zonorhynchus salinus Karling, 1952 was co l
lected from a sa it marsh near Konigshaven at the is land of Sylt (Germany) in April 1988 . 
Extraction was canied out by decantation with a M gCl2- o lut ion isotonie to seawater for 
the unknown spec ies of Zonorhynchus and Z. seminascatus. Z. salinus was extracted by 
the «Ü bersand»-method described by ARMONlES & HELLWIG (1986) . 



" 

EUKALYPTORl-IYNCHIA MEIXNER 221 

Before primary fixation, animais were anaesthetized in a solution ofMgCI, isotonie to the 
seawater. Primary fixation was carried out with 0.1 M cacodylate-buffered i °(o glutaralde
hyde at 4°C for 2h. After double rinsing in the same buffer, specimens were postfixed in 1 %
cacodylate-buffered osmium tetroxide at 4°C for 1 h, pre-stained in 2% uranyl acetate solution 
(20 min) before dehydration in a graded acetone series and embedded in Araldite. Serial sec
tioning was carried out with Reichert OMU 3 and Reichert Ultracut microtomes. Thin sec
tions were mounted on carbon-coated piolofonn-covered grids and stained with 2 % aqueous 
uranyl acetate (5 min) and 1.2 % aqueous lead citrate (7 min), using an LKB-ultrostain. Fine 
structural examination was perforrned with a Philips EM 400 electron microscope. 

Terminology and abbreviations used in the text and figures 

Apex: Apical-most part of the cone. 
Belts: Limited, circumferential parts of the epithelium, e ither the sheath (S, and S,) or the cone 

epithelium (A and B). They can be formed by one cell , several ce lls or a syncytium. 
Bulb : Muscular part of the proboscis separated from the surrouLJding parenchyma by a layer of 

extracellular matrix. 
Cane epithelium: The part of the epithe lium that covers tbe muscular part of the proboscis which 

protrudes into the cavity, constituted of an apical cone epithe lium (A) and basal cone epi thelium (B) . 
Dilatars (D) : Dilating muscles around the sheath. 
Extracellular matrix (ECM): lntercellular components of connective tissue or the product of 

epithelia or muscles cells. 
Gland necks (gl-g2): Tbe apical parts of g land cells of which the secretory parts are located in 

the parenchyma. They usually store secretion granules. 
lnner musculature : The circular (ietn), central cylinder and peripheral blocks of longitudinal 

muscles (cilm and pilm) situated internally to the proboscis septum. 
!nsunk cell parts : Epithelial cell parts situated in the parenchym below the epithelial basal lam

ina. 
lntra-epithelial : This notation is used in contrast with insunk or subepithelial in respect of the 

position of nucle i or receptors for instance. 
Intrabulbar nuclei: Nuclei of the proboscis epithelia located internally to the bulbar septum in 

between the inner proboscis muscles. 
Junctian: The place where the apical part of the sheath epithe lium makes contact with the apical 

part of the cone epithelium. 
Matianal muscles: The positioning muscles of the proboscis in the body. The motional muscles 

include dilators (D), protractors (?), fi xators, proboscis retractors (PR) and integument ret:ractors. 
Nadus (n): Posterior end of the bulb. 
Nuclea-glandular girdle (ngg): Epithe lial cell parts situated below the junction around the ante

rior part of the bulb, containing the nuclei of the epithel ial ce lis or syncytia and gland necks. 
Outer musculature: The muscles situated at the outside of the proboscis septum or u.nderlying 

the sheath epithelium. 
Prabascis: Frontal organ, mainly composed of epitbe lia and muscles with associated glands and 

sensory cells, used to capture prey. 
Prabascis cavity: Cavity with terminal pore in which a part of the proboscis protrudes. 
Prabascis cane: Terminal part of the muscular part of the proboscis, wl1ich protrudes into the 

proboscis cavity 
Sensa1y receptars: Receptive terminal parts of nerve cells, whicb pierce the epithelia. 
Septum: Layer of extracellular matrix surrounding the proboscis bulb. 
Sheath epithelium: The part of the proboscis epithe lium that lines the wall of the probo ·cis cav

ity, formed by a distal (S,) and a proximal belt (S,). 
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RESULTS 

Zonorhynchus-species are large bulky animais compared to most Eukalyptorhynchia. 
The brownish animais measure 0.8-1 .5 mm and possess a relatively small proboscis. 
Characteristic for the proboscis in species of the genus Zonorhynchus is the large amount 
of gland necks that pierce the epithe lia of the sheath as we ll as the cone epithelium. The 
relatively long bulb shows a particular organization w ith internai circular and radial mus
cle fibres between the inner longitudinal muscles in the cone. 

Epithelia. The probosc is epithelium in Zonorhynchus-species is formed by four belts 
(Fig . 1 ). The di stal belt consti tutes the main part of the epithe lium lining the probosc is 
cavity and is fo rmed by separate cell s arranged without a di stinct pattern (F igs 1, 2). A cir
cumfe renti al proximal belt of the sheath epithelium fo rms the juncti on between sheath and 
cone. The epitl~ e li a are devo id of c ili a, and cell s are interconnected by apica l zonulae 
adhaerentes, septate junctions and di spei·sed desmosomes (F ig. 2) . The cell s of the dista l 
belt are 5 µm high and bear s lender microv illi , 900 nm long and about 10 per µm (Fig. 2) . 
A fine fibrill ar but not electron-dense layer, about 450 nrn thi ck, is present in the apica l 
parts of the cell s just beneath the apical plasmalernma. Ali ce ll s in the distal belt have 
intra-epithe lia l lobate nucle i (5 -6 ~Lill long) . The cytoplasrn conta ins o nl y very few mi to
chondria, patches of endoplasrnic reticulurn and Golgi cornplexes . Anteri orly, di ffere nces 
in e lectron density of the cytoplasrn of the ce li s can be seen. The latera l ce ll borders fo rrn 
many very narrow interdig itati ons w ith ne ighbouring ce ll s. U nderly ing the epithelium is a 
uni fo rm 140 nm-thi ck basa l larnina. The proxirnal belt of the sheath epithe liurn is 5 to 0.5 
µm high and is found at the juncti on (Fig. 7). The microvilli are di stinctly shorter (350 nm 
long) than in the di sta l belt. ln the spec irnen from Banyul s-sur-Mer, nine cytoplasrni c 
strands are found in the nucleo-glandular girdle contain ing fo ur nuc le i (F ig. 8). ln another 
spec ies, Z. seminascatus, e ight cell strands packed w ith swollen g land necks are found in 
the nucleo-g landular g irdle (F ig. 9). Eight oblong and lobate nuclei (9-10 µ111 long) of the 
syncytiurn are fo und in a c ircle at the posteri or end of thi s g irdle (Fig. 10). The basal lam i
na underl y ing the sheath epithe lium proceeds around the nucleo-g landular g irdle but is not 
continuous w ith the bul bar septum . 

ln Z. seminascatus the cone ep ithe lium is fo rmed by a s ing le apica l ce ll and a basa l 
syncytiurn that covers the fl anks of the cone (F ig. 5) . The epitheliurn is about 5 ~Lm high. 
The stout microv illi are 350 nm long. The apica l ce ll has no sun ken ce ll prut s, measures 
8 µ m in d iameter and has a 6 µ111 long intra-epi thelia l nucleus. A basal lamina underl ies 
the epi the liurn ; it is irregul ar in thickness and frequentl y pierced by the g land necks. A ter
minal web is not present bu t the cytop lasrn has a fibro us appearance. T he syncytia l ba a l 
cone epithe lium has fi ve insun k nucleated cell parts. The microvill i of the basa l be lt do not 
possess s igni fi cantly more dense tips than do the microvill i in the apica l belt. Na rrow 
stra nds of the syncyti um are s ituated in between the e ight or ni ne cell strands of the p rox i
mal belt of the sheath epitheli um (Figs 8, 9). The nuc le i of the syncytium 31"e s ituated in 
fi ve cytop lasrn ic stra nds around tbe median part of the bulb (Fig. 11 ). 

Glands. The sheath epi thelium in Zonorhynchus-s pecies is not only charaeterized by 
its particular ce ll ular organization but a lso by the many g land necks that pierce the epithe
li um fro m pore to juncti on. T he most numerous type of g land necks (g,) con tains e lectron-
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dense secretion granules that measure 800 to 900 nm (Figs 2, 4). Sometimes granules with 
a light centre or lighter granules are present. A second type of gland neck (g2) piercing the 
distal belt of the sheath epithelium stows moderately electron-clense secretion granules of 
about 900 nm in diameter (Figs 2, 4). The gland necks ofboth types are constricted by the 
terminal web of the epithelium. These two types of gland necks (g, and g) are also found 
in the proximal belt at the junction but a third type (g3) is present as well (Fig. 7). Type g3 
gland necks are fi lied with secretion in the apical half of the epithelium and stand wide 
open at the surface. The moderately electron-dense secretion granules measure about 500 
nm in diameter. Two different types of gland necks surface through the part of this belt 
covering the basal part of the cone. One type (g.) is empty because the secretion granules 
are washed out during preparation, while the other type (g5) is pilecl with closely-packecl, 
moderately electron-dense granules ofapproximately 1000 nm diameter (Figs 8, 9). These 
granules sometimes possess a darker spot in the centre. Types g,, and g, gland necks are 
grouped in eight (Z. seminascatus) or nine (Zonorhynchus spec. B-s-M) cytoplasmic 
strancls of the junctional belt (S2) beneath the junction. 

The basal belt of the cone epithelium is pierced by four types of glands. Large gland 
necks (g6) with 1400 nm wide, transparent secretion granules and lined by an up to 200 nm 
thick peripheral margin of cytoplasm appear in a regular pattern (Figs 4, 5, 7). In a first 
circle, four g6-type gland necks alternate with four gland necks of type g, (Fig. 6). The lat
ter type of gland necks, which contain 700 nm wide, electron-dense secretion granules, are 
also found between the muscles in the cone. However, they are not present in the proxi
mal part of the bulb and enter the proboscis at the same position where the epithelial cell 
strands of the basal cone epithelium sink in (F ig. 1 ). Dispersed between types g6 and g, 
gland necks are two other types of gland necks. Narrow (700 nm) necks conta in a closely
packed, moderately electron-dense secretion, 350 nm in diameter (g8) or spherical to 
ovoid, more electron-dense secretion granules 250 nm in cliameter (g 10) (Fig. 6). The api
cal cell is pierced by gland necks (g9) passing through the central part of the bulb (Fig. 3). 
Moderately electron-dense secretion granules (200 nm) are sparsely present near the ter
minal end of the gland necks. 

Senso1y receptors. Uniciliary receptors are spreacl throughout the sheath epithelium 
(Fig. 4). The apical part of the sensory cell s is connected to the epithelium by zonulae 
adhaerentes and septate junctions. The ci lia possess normal 9+2 axonemata, basal bodies 
and rootlets. Over 2 ~un long primary rootlets are orientated perpendicularly to the epithe
lium and short s lanting secondary rootlets radiale from the basal bodies towarcls the pla -
malemma form ing the zonulae adhaerentes. Multiciliary receptors are not present, either 
intra-epithelially or insunk. Only very few sensory ce ll s were encounterecl in the basa l 
cone epithelium. 

Outer proboscis musculature. The sheath epithelium in Zonorhynchu - pecies i ur
rounded by circular and longitud inal muscles (Fig. 6) . The outer circular mu cles are pre
sent around the cavity from the region of the dilators of the sheath up to the 
nucleo-glandular girel le, more specifica ll y up to the position of the nuclei ofthe j unctiona l 
belt (S2). Around the anterior part of the di sta l belt of the shea th epithelium, nine very thin 
longitudinal muscle fibres are fo und. More posteriorl y a distinct layer of longitudinal and 
circular muscles appears under the epithelium. Longitudinal muscle fibres of the body 
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wall musculature deflect and continue around the sheath epithelium (Fig. 1 ). The connec
tive patis that run thrnugh the parenchyma form the dilators of the sheath. Posteriorly of 
the dilators of the sheath, the outer longitudinal muscle layer is composed of eighteen or 
twenty fibres. Towards the junction the fibres bifurcate and insert on the basal lamina. In 
between tbese muscle fibres and between their bifurcations a new set of outer longitudi
nal muscle fibres appeai's below the junction and around the nucleo-glandular girdle. Their 
bifurcated anterior ends form eighteen or twenty muscle fibres as well. They are present 
around the bulb and the 2 µm thick insunk cytoplasmic cell strands. They finally insert on 
the postero-lateral sides of the bulb. 

The motional muscles include three pairs of protractors, four pairs of proboscis retrac
tors and one pair of integument retractors. This arrangement corresponds to the descrip
tion of Zonorhynchus tvaerminensis (KARLING, 1952). Proboscis retractors adhere on the 
postero-lateral sides of the bulb behind the nucleated cell parts of the basal cone epithe
lium in between the six protractor muscles (Fig. 12). 

lnner proboscis musculature. The inner circular muscles surround the internai cone 
retractors (inner longitudinal muscles) from the nodus nearly up to the junction (Figs 8-
11). Behind the nucleo-glandular girdle this layer is about 1.7 ~1111 thick. ln the cone the 
inner longitudinal muscles can be divided into a central cylinder (ci/m) and eigh.t periph
eral blocks (pilm). The muscles that form the central cylinder are found beneath the apical 
cell. About halfway down in the cone they are surrounded by thin, circular muscle fibres, 
wbich are continuous witb eight radiating muscles fibres in between the peripheral blocks 
(Fig. 13). The radiating muscle fibres ail bifurcate and include another eight blocks of lon
gitudinal muscles at the periphery. These muscle fibres are probably continuous with the 
ümer circular muscles that surround ail longitudinal muscles in the bulb. The circular mus
cles are found when the radiating muscles disappear. Apically the longitudinal muscles 
sbow e lectron-dense condensations (Fig. 13). Sometimes they appear to be conical. Ail 
muscle fibres , including those in the outer proboscis musculature, possess a sarcoplasmic 
reticulum but cross striation is not observed. The circular musc les are present from the 
nodus up into the cone, below the basal belt of the cone epithelium. The apical-most fibres 
are connected to the radiating fibres in the cone that separate the eight blocks of periphe
ral longitudinal muscles and the one or few c ircu lar muscle fibres enclosing the central 
cy linder of longitudinal muscle fibres. 

Surrounding the inner circular muscles is a distinct layer of extrace llular matrix (ECM) 
or septum. Ap ically thi s ECM-layer continues with the inner circular muscles underneath 
the cytoplasmic eplthelial ce ll parts form ing the nuc leo-glandu lar gird le, and forms the 

uniform basa l lamina of the cone epithe lium (F ig. 1). 
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Fig. 1. - Reconstruction of the probosc is of Zonorhynchus semi na calus. - S, and S2 : resp. the 

dista l and prox i111al bel t of the sbeath epitheliurn ; cone epithel iu111 for111ed by an apical cc l l 
(A) and a basa l syncytial bel t (B) with insun k. nucleated ce ll parts (iB). Probosci 111 usculature 
wi th central (ci/m) and periphera l (pilm) in tern ai longitudinal muscle fibre , ini1er circular 
musc les (icm), outer circular (ocm) and longitudinal musc les (o lm), probo cis retractors (PR) 
and proboscis protraclors (P) . The position of the nu<.:leo-glandular girdle (ngg) is indicatcd. 

225 
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Figs 2-5. - 2. Z. seminascatus. Ce ll s of the di stal belt (S,) with nucleus and g , and g1 gland 
necks. Sca le bar: 2 ~un. - 3. Z. seminascatus. Distal belt of the sheath epithelium (S,) sur
rounded by circular and longitudinal muscles, and apical cone epi lheli um (A) wi th g. gland 
necks. Sea le bar: 2 ~Lill. - 4. Zonorhynchus sp. Distal belt of the sheath epitheli urn (S,), and 
ba al cone epitheliurn (8) with g, and g, gland necks. Scale bar: 2 ~1111. - 5. Z. se111 i11ascat11s. 
Cross secti on of the cane with nucleus of the api ca l c ne epith liurn (A ), and ba al conc 
epilhel iurn (8) wilh alternaling g, and g, gland necks. Sea le bar: 5 µm. 

• 
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Figs 6-9. - Zonorhynchus sp. - 6. Cross section of the cone clearly showing alte rnat ing g6 and 
g, gland necks with io between g8 and g 10 gland necks. Sca le bar: S ~un. - 7. Proxj mal belt of 
the sheath epithelium with g1, g, and g3 gland necks, basa l cone epithelium with groups of g, 
and g, gland necks, and g6 necks in the bulb. Sca le bar: 2 µm. - 8. Cross secti on oftbe nucleo
glandular girelle show ing type g, and g, gland necks and cytopîasmic cell parts of S, and B. 
Scale bar: 2 ~lm. - 9. Posteri or portion of the nucleo-glandu lar girdle with nucleus of S, and 
cell st:rancls of B. Scale bar: 2 ~lm. 
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Figs 10-1 3. - Zonorhynchus seminascatus.- 10. N ucleo-glandul ar girelle with group of g, and 
g5 g land necks and nuclei of S,. Sca le bar: 5 µm. - 11. Cross section of the medi an part o ftb e 
bulb with insunk nucleated cell part of B in between probosc is retractors (PR). Sca le bar: 
2 µm. - 12. Cross section of the posteri or part of the bulb with probosci retractors (PR) and 
protractors (P). Sca le bar: 5 µrn. - 13. Cross sec tion in the cane with centrn l cy li nder (cilm) 
and periphera l longitudina l muscles (pilm) , separa ted by a circiil ar muscle fib re. Note the 
ECM (arrow) . Sca le bar: l µm. 
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DISCUSSION 

The epithelium of the proboscis in Zonorhynchus-species is divided into four belts as 
described for Cicerina remanei Meixner, 1928, Psammorhynchus tubulipenis Meixner, 
1938 and Cytocystis clite/latus Karling, 1953 (DE YOCHT & SCHOCKAERT, 1988, DE 
VOCHT, 1990). In Polycystis naegelü K' lliker, 1845, Cystiplana paradoxa Karting, 1964 
and Cystiplex axi Karting, 1964 and Mesorhynchus terminostylis Karling, 1956 five cir
cumferential belts constitute the proboscis epithelium (SCHOCKAERT & BEDTNI, 1977; DE 
VOCHT, 1989; DE VüCHT, 1991). The cone epithelium in ail investigated species is always 
formed by two belts while the number of belts in the sheath epithelium is two or three. 

As in C. remanei, the distal belt of the sheath epithelium in Zonorhynchus-species lines 
the major part of the proboscis cavity. A distal belt formed by numerous cells, without dis
tinct organization, is typical for ail species of Zonorhynchus, and has not been recorded 
for any other species up till now. 

A basal lamina under the cone epithelium, as in C. remanei, P naegelii and 
Cystiplanidae is present in Zonorhynchus-species as well (SCHOCKAERT & BEDINI, 1977 ; 
DE VOCHT & SCHOCKAERT, 1988 ; DE VOCHT, 1989). ln c. axi, p tubulipenis and M ter
minostylis and Koinocystididae in general such a basal lamina is lacking (DE VocHT, 
1989 ; DE VOCHT, 1990 ; DE VOCHT, 1991 ; KARLI NG, 1980). In ail species of 
Eukalyptorhynchia investigated, with the exceptions of Toia calceformis Brunet, 1973 and 
Nannorhynchides herdlaensis Karling, 1956, the basal belt of the cone epithelium is syn
cytial (DE VOCHT, 1992). The organization of the nucleated parts of the cone epithelium is 
diverse and common tendencies are hard to discern. ln ail species of the genus 
Zonorhynchus the apical cone epithelium has intra-epithelial nuclei, one in Z. seminasca
tus and Z. tvaerminensis, and several in Z. salinus (KARLING, 1952). Within the 
Eukalyptorhynchia, only species of the genus Zonorhynchus have intra-epithelial nuclei in 
the cone. In ail other species the nuclei of the apical cone epithelium are situated beneath 
the junction in the nucleo-glandular girdle or inside the bulb. The basal cone epithelitm1 in 
Zonorhynchus-species bas insunk nucleated cell parts, not enclosed by a layer of ECM. 
These epithelial cell perikarya have already been noted but not characterized as such by 
KARLI NG ( 1952). 

The perikarya of the proboscis epithelia in C. remanei are fully enclosed by a layer of 
ECM and outer circular and longitudinal muscle::; (DE Voc1-1T & S 1-10 KAERT, 1988). They 
are not considered insunk. [n Zonorhynchus-species the nucleo-glandular girdle is not as 
such incorporated in the bulb as in C. remanei, and proximally not enclosed by a layer of 
ECM. As in C. remanei, but less pronounced, a grouping of g4 and g5 gland necks is pre
sent in th is girdle in Zonorhynchus-species as well. 

A delimited circumferentia l ring of gland necks above the junction is present in ail 
species class ified in the famil y Cicerinidae. However, such a ring is also present in 
Gnathorhynchidae and Placorhynchidae (DE Voc1-1T, 1992). ln Zonorhynchus-speoies tbis 
glandular ring is less obvious because the sbeath epithelium as a whole is pierced by 
numerous gland necks. 

The conspicuous gland necks of type g4 and g5 are also fou nd in C. remanei, but are 
not present in either P tubulipenis or C. clitellatus (DE VOCl-IT & SCHOCKAERT, 1988 ; DE 
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Voc HT, 1990). Type g6 and g, gland necks in the basal cone epithelium show common fea
tures with gland necks found in C. remanei, P tubulipenis and C. clitellatus. In C. remanei 
the basal cone epithelium is pierced by two similar types of gland necks (g6aod g7) apically 
of the glandular ampullae as well (DE VOCHT & SCHOCKAERT, 1988). These gland necks 
pass through the bulb and enter it at the nodus. In P tubulipenis and C. clitellatus homo
logous gland necks are also found in the basal cone epithelium (DE VOCHT, 1990). Jn 
C. clitellatus, type g9 glands also form wide necks in the bulb but they do not form distinct 
groups. 

The apical cone epithelium in Zonorhynchus-species is pierced by one type of gland 
necks that contain an electron-dense secretion packed in small granules (200 nm). This 
kind of secretion with relatively small granules is also found in P tubulipenis (type g8) and 
C. clitellatus (type g11 ) (DE VOCHT, 1990). In C. remanei and Cystiplanidae two di ffe rent 
types of secretions appear in this epithelium: small rod-like granules as in P naegelii and· 
larger spherical granules (SCHOCKAERT & BEDINI, 1977; DE VOCHT & SCI·IOCKAERT, 1988; 
DE VOC HT, 1989). Apparently gland necks with the small secretion granules in the ap ica l 
cone epithelium are typical and a common feature for ail species investigated. 

As in ail eukalyptorhynch species investigated, uniciliary receptors with blunt ci li ary 
shafts, basal bodies and rootlets are also present in the cone epithelium of Zonorhynchus
species (REUTER, 1975 ; SCHOCKAERT & BEDINI, 1977 ; DE VOCl·IT & SCl·IOCKAE RT, 1988; 
DE VOCHT, 1989; DE VOCHT 1990 ; DE VOCHT, 1991). Multiciliary receptors assoc iated 
with the distal belt of the sheath epithelium, situated either intra-epithelially as in C. para
doxa and C. axi, or insunk as in P tubulipenis , C. clitellatus and C. remanei, are not pre
sent in Zonorhynchus-species (DE VOCHT, 1989; DE VüCHT 1990; DE VOCHT 1992). 

The motional muscles of the proboscis in Zonorhynchus-spec ies inclucle protractors, 
proboscis retractors and integumen t retractors. As in C. remanei fixators are lacking. ù1 
Z tvaerminensis wide di sk-shaped fibres are also present anteriorl y in the inner circul ar 
muscle layer (KARLING, 1952). A clear distinction between groups of internai longitudina l 
muscles as encountered in Zonorhynchus-s peci es is onl y found in T calceformis and 
N. herdlaensis but in no other euka lyptorhynch species investigated thus far (DE VOCHT 
1992). 

Based on the til trastructura l data deri ved from investigat ions of the proboscis in dif
fe rent species of Eukalyptorhynchia, a tentative cladogram is proposed (F ig. l4). Within 
the Ka lyptorhynchia the Euka lyptorhynchia fo rms a monophyletic taxon based OD the 
presence of a conorhynch (proboscis with muscul ar bulb enclosed by a layer of ECM with 
a cone protrud ing in the proboscis cavity) (apomorphy 1 ). T calceformis and N. herd
!aensis are characterizecl by fu ll y ce llular proboscis ep itheli a. This character tate i 
regarcled as the ples iomorph ic cond ition. Both Toia- and Nannorhynchides-species have 
pigmented eyes with lenses and a reduction of one or two sperm axoneme(s), which form 
synapomorphi ~ features for both taxa (apomorpbies 2 and 3) (BRUNET, 1973; DE Vo HT, 
1992; WATSON, 1998). The presence of a syncytial basa l belt on the cone epithelium forms 
a synapomorphy for Zonorhynchus-spec ies and the other taxa in ve tigated (apomorpby 4). 
A dista l belt of the sheath epithelium with random, mu lticellular rganization and an api 
cal cone epithelium with intrn-ep ithelial nuclei are apomorphic cbaractcr tates fo r 
Zonorhynchus-species (apomorphi es 5 and 6). The preseDce of multiciliary receptors asso-
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ciated with the distal belt of the sheath epithe lium constitutes an apomorphic feature for 
the other taxa investigated (apomorphy 7). Iwo insunk sensory organs with multiciliary 
receptors are present in C. remanei, P. tubulipenis and C. clitellatus (apomorphy 8). The 
presence of a third belt in the sheath epithelium is a synapomorphic character for species 
of the families Koinocystididae, Cystiplanidae and Polycystididae (apomorphy 9) (DE 

VOCHT, 1989; D E VOCHT, 1991 ; DE VOCHT, 1992). P. tubulipenis and C. c/itellatus are 
characterized by intrabulbar nucleated cell parts of the proximal belt of the sheath epithe
Iium and the apical cone epithe lium, as well as insunk nucleated cell parts of the basal belt 
~fthe cone epithelium (apomorphy 10) (D E VOCHT, 1990). C. remanei is characterized by 
the presence of four glandular ampullae, surrounded by circular muscles (apomorphy 11) 
(DE VocHT & SCHOCKAERT, 1988). The presence of respectively one or three Jens( es) in 
the pigmented eyes of species of the genus Toia and Nannorhynchides are autapomorphic 
characters for both taxa (apomorphies 12 and 13) (BRUNET, I 973). The monospecific gen
era Psammorhynchus and Cytocystis are respectively typified by the appearance of multi
ciliary receptors which form stacks of flat sheet- Ii ke ci liary shafts in the sensory organs, 
and elongated insunk cell paits of the distal belt with ' normal ' -shaped ciliary shaft (apo
morphy 14 and 15) (DE VOCHT, 1990). 
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Fig. 14. - Tentati ve cladogram mainly based on characters derived from ul tra
structura l investigations on the proboscis of eukalyptorhynch species investi 
gated. See text fo r the description of the apomorphic characters 1 to 15. 

We conclude that the species or genera grouped in the family Cicerinidae lack a synapo
rnorphic character. Zonorhynchus-species have an interrnedjate positi on in the group of 
spec ies investi gated thus far and have syrnples iomorpbic features in common witb T cal
ceformis and N. herdlaensis. Zonorhynchus species are characterized by synapomorphic fea-
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tures common with P tubulipenis, C. clitellatus and C. remanei. C. remanei and the mono
specific genera Psammorhynchus and Cytocystis can be regarded as monophyletic based on 
the presence of the sensory organs associated with the distal belt of the sheath epithelium. 
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Abstract. Two new species of Polycystididae are described : Dup/acrorhynchus megalophallus 
sp. nov. from the bay of Marseille (France) and D. heyleni sp. nov. from Zanzibar (Tanzania). The 
female system of both is characteri zed by the presence of a muscular bulb at the proximal end of the 
bursal stalk, with three strong teeth in D. megalophallus, and in D. heyleni the muscle bulb is hi ghl y 
asymmetric. ln D. megalophallus the copulatory bulb is di vided by a septum, and the c irrus has sma ll 
spines and a proximal umbre ll a- like expansion. Ln D. heyleni only the cirru , whi ch has stTOng teeth , 
is enc losed in the cirrus sack: the semin al and prostate ves icles are not. Relationships with the two 
known spec ies of the genus (D. minor Schockaert & Karling, 1970 and D. major Schockaert & 
Karling, 1970) are discussed. The subfamily Duplacrorhynchinae Schockaert & Karling, 1970 may 
constitue a monophyletic taxon, characte ri sed by the 3+2 confi guration of the proboscis retrncto r sys
tem. Duplacrorhynchinae conta ins a il genera of Polycystididae with an interposed prostate ves icle. 
The taxon Duplacrorhynchus may be the sister taxon of a il these genera. 

Key words : Duplacrorhynch1.1s mega/opha/lus sp. nov., Duplacrorhynchus heyleni sp. nov., 
Eukalyptorhynchia, systemat ics, phy logeny, Polycystidae, Duplacro rhynchinae. 

INTRODUCTION 

ln 1970 Sc1-10CKA ERT & KARLJNG introduced the subfam il y Duplacrorhynchinae to con
ta in « three new anatomica ll y remarkable » species of Polycystididae : Duplacrorhynchus 
minor, D. major and Yaquinaia microrhynchus . The remarkable aspect of these species is 
the copulatory organ of the so-called conjuncta-duplex type (terminology of KA RLIN , 
1956), i.e. with an interposed prostatic vesicle and an eversible cirrus enclo ed in a muscu
lar bulb or cirrus sack. Later, Sc1-10CKAERT ( l 97 l , 1974) added Djeziraia pardii Schockaert, 
1971 to the subfam i ly (or at least suggested a close relationship) based on the fact that the 
prostate vesicle ofthat species is also interposed, and the sty let is s ingle wa lled - a so-ca lled 
« papillenstil et » (term inology of KARLING, 1956) - unli l e the dou ble-walled sty let of ail 
other Polycystididae. However, the prostate ves icle i · also interposed in the genera 
Phonorhynchoides Beklemischev, 1927 and Annalisel!a Karling, 1978 (bolh with a sing le-
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walled stylet), and Koinocystella Karling, l 952 and Paracrorhynchus Karling, 1956 (both 
with a cirrus that is not enclosed in a cirrus sack). This is also the case in Gemelliclinus 
jlavidus Evdonin, 1970, but the original description ofthis species does not provide enough 
data and the material in our possession is of inferior quality ; hence we consider this species 
as inquirenda and it will not be considered further. Do these taxa ail belong in the 
Duplacrorhynchinae? An extensive discussion on the matter is beyond the scope of this 
contribution, but we present some ideas in the discussion. 

ln this contribution we describe two new species, considered to be representati ves qf 
the genus Duplacrorhynchus: D. hey leni n.sp. from the African East Coast (Zanzibar) and 
D. megalophallus n.sp. fro m the Mediterranean. Both species show some characters in 
which they strongly deviate from each other and from the two previously described 
Duplacrorhynchus species, but we argue fo r their close re lationship and consider that they 
are members of a single monophyletic taxon. 

MATERIAL AND METHODS 

Both spec ies were found in marine environments and were extracted from the sedi
ment by decantation, using an isotonie MgCl, so lution (see Schockaert, 1996). Animais 
were studied alive and then mounted with lactophenol. Other specimens were fixed in 
Bouin 's fluid and seria ll y sectioned. Sections were sta ined with Heidehain 's iron hema
toxilin, using eos in as counterstain. The material of Duplacrorhynchus megalophallus was 
co llected and studied al ive by Dr. Brunet. 

The size of organs is expressed as a percentage of the body length as is the position of the 
gonopore (distance from the anterior tip of the body). Figures without a sca le are freehand. 

Type material of the new spec ies is deposited in the zoologica l coll ection of the 
Department SBG, Limburgs Universitair Centrum, Diepenbeek, Belgi um . Type materia l 
of the species considered in the discussion are in the Swedish Museum ofNatura l History 
(Stockholm) where they were studied by TA. during a visit in I 997. Sorne type material 
is a lso Jocated in the Diepenbeek co llection . 

ABBREYJATIONS fN THE FIGURES 

acg : accessory glands od : ov iduct 
ag : atrial glands ov : ovary 
b : bursa p: proboscis 
bs: bursa l sta lk pb: probo cisbulb 
ci: ci rrus ph: pharynx 
co: copulatory organ rl , r2, r3 : three di ffe rent retractors 
dir : dorsa l in tegument retractor rs: eminal receptacle 
e : eye t : testis 
evs : extern al seminal vesicle ut: uterus 
fd : female duct vcr· 

b" prostate vesic le 
g: glands vi : vite! larium 
ga: common geni tal atrium vir: ventra l integumcnt retractor 
gp : gonopore vs: emina l vesicle 
ivs: in terna i seminal ves icle x: explanation in text 
mb : muscul ar bu lb 
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DESCRIPTIONS OF THE NEW SPECIES 

D11placrorhy11chus megalophallus sp. nov. 

Distribution. Bay of Marseilles, between the Chateau d' If and the Isle of Ratonneau, 
in Amphioxus-sand ( I4- l 6 m deep ), 31211966 (Type locality). Bay of Marseilles, between 
the Island of Jarre and the coast, on the «Plateau des Chèvres», in Amphioxus-sand (8-
10 m deep), 3/2/ 1966. 

Material. Drawings of living animais by Dr. Brunet. Severa! individuals sectioned, one 
of them designated as the bolotype (sectioned horizontally, leg. Dr. Brunet). 

Derivatio nominis. The species epithet refers to the very large copulatory organ; 
megalos (Gr.): big, phallos (Gr.): penis. 

Description 

The living animais are colourless, 0.8-1 mm long, with paired eyes. The epidermis is 
syncytial with flattened, lobate nuclei, 5 µm high, with ci lia of 4 µm . Ovoid rhabdites are 
present, with a length of about 1/3 of the height of the epithelium. The pharynx is situated 
in the first body half and is of the same construction as in the other members of the genus 
(see SCHOCKAERT & KARLING, 1970). 

The proboscis is 20% of the body length in living animais (l 60 µm according to 
Brunet's measurements) and about 30% in sectioned material. The proboscis cavity bas an 
anucleated epithelium and is surrounded by internai circular and external longitudinal 
muscles. The apex of the conus is very small. There are no nucle i at the junction of the 
cone and the sheath epithelium. There are three pairs of proboscis retractors and two pairs 
of integument retractors. 

The gonads are paired. Both testes are situated laterally and extend from about the 
anterior edge of the pharynx to the ovaries. The ovaries are rather small and situated ven
tro-laterally behind the pharynx. The vitellaria lie dorsally and extend from the level of the 
pharynx towards the caudal body end. The common gonopore is s ituated at about 85%. 
The gen ital atrium is divided into two parts by a sligbt constriction, one in which the cop
ulatory organ opens while the uterus and the bursal stalk end in the other one. The atrium 
is lined with a nucleated epithelium and surrounded by weak longitudinal muscle fibers. 
ln some sections the epithelium has a ruffied aspect (pseudociliat ion) or seems to have dis
appeared (pseudocuticula). Basophilie atrial glands are found where the copulatory organ 
connects to the atrium. 

The copulatory organ has a caudal position, dorsa lly from the common gen ita l pore. 
Its position may be variable: in living animais and in several sectioned an imais its posi
tion is behjnd the genital pore, while in the bolotype it is situated in front of it. The copu
latory system consists of a large ovoid bulb that is surrounded by a spiral muscle sbeath 
and is divided into two parts by a transverse septum. The dista l part contains the Girrus, the 
proximal part the enlarged seminal duct (internai seminal vesicle) and the intracapsular 
parts of the prostate glands. The seminal duct narrows towards the septum and perforates 
it, to continue as the cirrus. The prostate glands enter the seminal duct here. The nucleated 
parts of the prostate glands are entirely extracapsular. The prostate secretion consists of 
coarse basophi lie granu les. There is also an extracapsular seminal vesicle. 
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A 

Fig. 1. - Duplacrorhynchus megalophallus sp. nov. - A. Hab itu . - B. Genera l organj sation 
(from a li ving animal) . - C. Hori zontal reconstructi on of the genital organ ·een from the ven
tra l aspect. 
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The most proximal part of the cirrus is narrow and moderately sclerotised. lt widens 
almos~ immediately into an umbrella-shaped diverticulum of which the proximal watt is 
uniformly sclerotised; the distal watt bears tiny teeth. Such teeth occur over the whole 
length of the cirrus, and are ail of equal size, slightly larger than those in the diverticulum. 
The cirrus is surrounded by a spiral muscle sheath over its whole length . 

Bursal stalk and uterus (with the same structure as in most Polycystididae) end in the 
same diverti culum of the atrium . The bursal sta lk runs stra ight in the cepha lic directi on, 
above the uterus, and ends in the large spherical to ovoid bursa. One sectioned individual 
had a nucleated epithelium in the bursa, wh ite in ail other specimens the bursa was sur
rounded by a thin membrane and was filled with sperm. The bursa l stalk is long, sur
rounded by a thick circular muscle coat that becomes weaker towards the atrium. lts 
ep ithelium is anucleate di sta ll y, reduced to a pseudocuticul a proximally. Close to the bursa 
the bursa l sta lk is surrounded by a very thick muscul ar bulb, and ins ide this bulb the 
pseudocuticula forms a rin g of three strong teeth. 

The female duct opens in the bursal stalk just distally of the muscular bulb. Some 
basophilous g lands open here. From there on it a lso runs in a cepha li c direction. lt is lined 
by a thin pseudocuticula. The fe male duct then bifurcates into the two ov id ucts, which are 
very sho1t and have anucleated epitheli a. Both the ov iducts and the fema le duct are sur
rounded by a thin circular muscle layer that di sappears towards the avaries. 

Duplacrorhynchus heyleni sp.nov. 

Duplacrorhynchus spec. in W ATSON, 1999 

Distribution. Wide ly distributed in mangrove sa nd fiats on Zanz ibar Is land 
(Tanzania): off Ma hurubi Palace ruins, sand flat in the hi gh mid- li ttoral w ith re lati ve ly 
c lean coarse sand di sturbed by crabs (5/8/ 1995) (type loca li ty); same loca li ty, in the sand 
of an exposed sea grass fie ld, very ri ch in detritus (5/8/ 1995); beach behind the Mbweni 
Ruins Hotel , north of the creek, in a li tt le pool w ith seagrass (Thallasia pec?) ( 11/8/ 1995), 
and in a tide pool w ith a broad leafed seagrass (l 7/8/ 1995) ; sou th of the creek, in a hi gher 
part ot the sand fiat , with relatively coarse sand (11 /8/ 1995); mangrove fo rest near Pete, 
in a tide pool w ith relat ive ly fine sand and some algae ( 16/8/ 1995). 

Màterial. Many animal studi ed a l ive, 7 who le mounts, 5 sectioned spec imens, one of 
them des ignated as holotype (horizonta l sections). 

Derivatio nominis. Named after Wim Heylen, a fri end of Artois'. 

Description 

Co lourless and opaque anima is of about 1 mm long, with pai red eyes. The epid rmi 
is syncytia l w ith numerous optica ll y empty vacuoles . T he rhabdite are more or le ova l, 
less numerous in the first body quarter. The position and con lru tion of the pharynx is the 
same as in the other members of the genus. 

The probosc is is about 20% of the body length with a d i tinct apex. The epitbe lium of 
the proboscis cav ity is re lati ve ly hi g h w ith a ri ng of m1clei app roximatcly in the midd l of 
the cav ity. The cav ity is surroundei:I by an outer longitudina l and an inner circular mu cle 
layer. The circul ar one is lacking in the d istal 1/4 of th cavity. T here are no nuclei at the 
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Fig. 2. - Duplacrorhynchus heyleni sp. nov. - A. General organisation (from a living anima l). 
- B. Transverse section at the level oftbe distal end of the proboscis bulb. - C. Gen ita l organs 
in a liv ing animal. - D. Sagitta l reconstruction of the genital organs seen from the le ft. 
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junction of the cavity and the cone epithelium. The basal cone epithelium is very glandu
lar, with a strongly eosinophilic secretion. There are three pairs of proboscis retractors and 
two pairs of integument retractors. 

The gonads are paired. The testes are situated dorsolaterally, and extend from the pha
rynx to the copulatory organ. The ovaries lie Iaterally, bebind the copulatory organ. They are 
rather long, with the oocytes more or Jess arranged in rows. The vitellaria lie dorsally to the 
testes and extend from the Ievel of the pharynx to the caudal body end. The gonopore is 
situated at abo.ut 70% and surrounded by a strong sphincter. The common genital atrium is 
unusually long, is lined by a nucleated epithelium and surrounded by a longitudinal muscle 
layer. Proximally it has a narrow diverticulum into which the copulatory organ intrudes. 

The male copulatory system consists of a single seminal vesicle (Iined with a low 
nucleated epithelium), narrowing distally into the seminal duct, which continues as a 
broader muscular ejaculatory duct towards the armed cirrus. The distal part of the seminal 
vesicle is asymmetrically surrounded by the large prostate vesicle. The seminal vesicle and 
the prostate vesicle are both enveloped in a common spiral (mainly circular) muscle layer. 
The prostate glands entçr the seminal duct close to its connection with the ejaculatory duct. 
There are five different types of prostate glands: two with eosinophilic gr~trnles (light 
coarse granules, dark and very coarse granules) and three with basophilie granules (dark 
coarse granules, light and small granules, very light small granules). Ali nucleated parts of 
the prostate glands are outside the muscle coat. The ejaculatory duct and the cirrus are sur
rounded by an inner longitudinal and a strong outer circular muscle layer (both actually 
spiralling). The muscle layer surrounding the prostate vesicle is continuous with the cir
cular l<,1yer. The cirrus is a broad duct, armed with numerous uniform, triangular teeth , with 
their sharp ends pointing proximally. Tt is enclosed by a highly muscular septum of which 
the muscles are mainly circular, and continuous with the circular musc le layer of the ejac
ul atory duct. A bundle of li ght basophilie accessory g lands enters the ejacul atory duct at 
its initial part. 

The bursal sta lk enters the long genital atrium caudally, distally fro m the c irrus, and 
ends in the terminal bursa. lt receives the fema le duct about mid-way. C lose to the bursa 
there is a large, highly asymmetrical muscular bulb. Proximally from this bulb the bursal 
sta lk has a relatively strong c ircular musc le layer, di stally it has an inner c ircular layer and 
a double outer layer of longitudina l muscles that becomes si ng le towards the muscular 
bulb, once the fe male duct has joined the sta lk . The sta lk is surrounded by a layer of ce ll s, 
presumab ly muscle cell s. The epithelium lining the bursa l sta lk and the fe male duct is 
membraneous; that covering the muscular bulb appears sclerotised (« pseudocuti cul a » ). 
The fema le duct is surrounded by circular musc les, quite stroIJg close to the entrance in 
the bursal sta lk, becoming weaker proximally. The short ov iducts , which enter the fe male 
duct at its prox imal end , a lso have c ircul ar muscles. These ov iducts each show a small 
g lobu lar w idening that is embedded in the stromatic ti ssue at each ovary (see Fig. 20 , 
labe ll ed x) . Sperm is fo und in these widenings, botb evidently fun ctioni ng as semina l 
receptacles. ln its proximal part the unpaired femal e duct is a lso w idened, and some sperm 
can be fo und here as well. The uterus enters the common gen ita l atrium thro ugh its ante
rior wa ll , c lose to the gonopore. lt has a relat ive ly low epithelium, but does not dev iate 

from the usual po lycystidid construction. 
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DJSCUSSION 

Ali four Duplacrorhynchus species have an interposed prostate vesicle and a cirrus 
enclosed in a bulb: the conjucta-duplex type. However, this type of copulato1y organ can be 
found· in many Platyhelminthes, in virtually all major taxa. So this is clearly a plesiomorphy 
and thus invalid to define the taxon, even though it is this characteristic that brought 
SCHOCKAERT & KARLING (1970) to define the subfamily Duplacrorhynchinae (but see below). 

The female system of the four species, however, exhibits a nurnber offeatures which can 
be considered unique for Polycystididae: a long and highly muscular bu.rsal stalk, a single, 
long, muscular female duct that joins the bursal stalk mid-way, the oviducts being very short 
and entering the female duct at its proximal end. The combination of these characters can 
thus be put forwa.rd as a synapomorphy for the four species considered. (A rather similar 
situation is seen in the Koinocystididae, though diffe rences can be found and there is pro
bably no homology). The four species are, however, ve1y different from each other in other 
characteristics, as well in the femal e as in the male system, even to the extent that erecting a 
new genus for each of them might be appropriate. We have chosen not to do so to avoid an 
«inflation» of names, and to keep the taxon Duplacrorhynchus on the genus « level ». 

The most striking di stinction in the male system of D. heyleni is the very large prostate 
vesicle and the seminal vesicle both not enclosed in the bulb. Only the cirrus is enclosed. 
Moreover, the seminal ves icle enters the prostate vesicle eccentrically and the prostate 
vesicle contains the necks offive different glands . .ln D. minor the prostate ves icle appears 
« reduced »and the cirrus is devoid of spines. ln D. major the cirrus has small spines only 
in its middle part, while in D. megalophallus the bulb is divided by a muscular septum in 
a proximal part (containing the prostate ves icle and the internai seminal vesicle) and a di s
tal part with the cirrus that has an umbre lla-like expansion). These are ail autapomorphies 
for each of the species. Other autapomorphies are the elongated common genital atrium 
and the accessory glands at the beginning of the cirrus in D. heyleni, and the accesso ry 
glands in the male atrium where the cirrus enters it in D. megalophallus . No obvious 
synapomorphi es can be fo und in the male system. 

Both D. maj or and D. minor have a volurninous eccentric seminal receptacle attached to the 
female duct. Furthermore, the female duct is swollen into a spherica l enJa.rgment in which a 
« morula-shaped » appendage can be found (Sc1-10CKAERT & KARLING, 1970, p. 242). At least 
thi s peculi ar structure can be considered a synapomorphy for both species. Also in D. heyleni 
the female canal is enlarged. ft obviously functiQns as a seminal receptacle and the morula-like 
appendage is lacking. ln D. minor the terminal bursa is lacking, an autapomorphy ofthis species. 

fn D. hey leni and in D. megalophallus the bu rsal sta lk is enlarged and higbly muscu
lar close to the bursa : a synapomorpby fo r these two spec ies. ln D. heyleni the muscles 
fo rm a unil aterally very thick mass, while in D. megalophallus it contains tbree highly 
sclerotised teeth. 

Within the taxon (genus) Duplacrorhynchus, D. minor and D major appear to be closely 
related and a close relationshi p of D. heyleni with D. megallophaLLus can be supported as well. 

The main diagnostic feature given by Sc1-10CKAERT & KARLING ( 1970) fo r the 
Duplacrorhynchi nae is the copu latory organ of the conj uncta-duplex type, bowever th i is a 
plesiomorphy (see above). The copu latory organ as in Djeziraia (conjucta with a «papillen 
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stilet ») can also be found in many taxa within and without the Kalyptorhynchia. · The 

Duplacrorhynchinae thus seems to be paraphyletic. We have reconsidered ail Polycystididae 

with a copulatory organ w~ere the prostate vesicle is interposed .(see enumeration in the intro
duction). lt now appears that in ail these species the proboscis can be retracted by a system of 
three pairs of retractors (one subdorsal, one lateral, one subventral) and that the body wall 
around the the proboscis opening can be retracted by two pairs of integument retractors. In ail 
other Polycystididae and in most other Eukalyptorhynchia the retractor system consists of four 

pairs of proboscis retractors and, in the other Polycystididae, only one pair of integument 
retractors ( except in the polycystidids Acrorhynchides Strand, 1928, Macrorhynchus Gratf, 

1882, Opisthocystis Sekera, 1912, Papia Karling, 1956, and except in the Cytocystididae 

Karling, 1964, where the 3+2 retractor system is most probably a convergence). Consequently, 

this 3+2 retractor system might be considered a synapomorphy for ail Polycistididae with an 
interposed prostate vesicle (conjuncta type= plesiomorphy) which can now be included in the 

taxon Duplacrorhynchinae. The bulk of the other Polycystididae constitute the sister taxon with 
a copulatory organ of the divisa type, i. e. with the prostate vesicle entering the male atrium next 
to the sperm conducting system. Though a thourough discussion on · the relationships of the 
genera within the Duplacrorhynchinae is beyond the scope of this contribution, we have rea
sons to believe that Duplacrorhynchus is the sister taxon of ail other Duplacrorhynchinae. 

Other Duplacrorhynchinae do not have the combination of characters in the female system that 

is considered to be the apomorphy of the taxon Duplacrorhynchus, and they ail have a copu

la tory organ that deviates from the typical duplex system. 

AMENDED DlAGNOSES AND DIAGNOSES OF THE N EW TAXA 

Duplacrorhynchinae Schockaert & Karling, 1970 

Polycystididae with paired gonads, a copulatory organ with an unpa ired seminal ves i
cle and an interposed prostate vesicle ( conjuncta type). Three pa irs of proboscis retractors 
and two pa irs of integument retractors (apomorphy). 

Type-genus: Duplacrorhynchus Schockaert & Karting, 1970 

Genus Duplacrohrynchus Schockaert & Karting, 1970 

D uptacrorhynchinae w ith a c irrus enclosed in a septum. Genital pore ventra l, not ter

m ina l. Female system with a hight y muscular bursa l sta tk, the un pa ired muscular fema le 

duct enteri ng the bu rsat sta lk in its micldte part (apomorphy). 

Type spec ies: D_ minor Schockaert & Ka rting, 1970 

D. minor + D. major 

Duplacrorhynchus spec ies w ith a compound cop ul atory organ, with sem inal vesicle 
and prostate ves icte enc losecl in the bu lb. Female system with an eccentr ic sem inal recep
tac le and the female duct w ith an en largement containing a « morul a-shaped » ap pendage. 
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D. minor Schockaert & Karling 1970: Duplacrorhynchus species without a terminal 
bursa, small and entirely intracapsular prostate glands ; cirrus unarmed. 

D. major Schockaert & Karling 1970: Duplacrorhynchus species with a terminal 
bursa, a large prostate vesicle with the nucleated parts of the prostate glands outside the 
septum ; small spines in the middle of the cirrus. 

D. megalophallus + D. heyleni 

Duplacrorhynchus species with a muscular enlargement in the proximal part of the 
bursal stalk. Cirrus with spines over its entire length. 

Duplacrorhynchus megalophallus sp.nov.: Duplacrorhynchus-species with seminal vesi
cle and large parts of the prostate glands within the bulb. Copulatory organ ve1y large, divided 
by a muscular septum in a proximal part (containing the seminal vesicle and prostate glands) 
and a distal part (with the cirrus). Cirrus with an umbrella-like expansion. En largement of the 
bursal stalk with three strong teeth. Genital atrium with a male and a female part. 

D11placrorhy11chus heyleni sp.nov. : Duplacrorhynchus-species with only the cirrus 
enclosed in the bulb. Seminal vesicle enters the prostate vesicle eccentrically. Strong tri an
gular teeth in the cirrus . Common genital atrium very long. Muscular enlargement of the 
bursal stalk that is highly asymmetrical. 
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« Eve1ything is what il is because it got that way» 

D' ARCY W ENTWORTH THOMPSON, 1917 

Abstract. An ever increasing number of comparative studies try to shed light on various aspects 

of animal evolution. Particularly studies in comparative ultrasfructure and evolutionary developmen

tal biology propose remarkable hypotheses about the history of animal life. These studies rnust log i

cally depend on an accurate and comprehensive knowledge of recent developments in phylogenetic 

methodology and hypotheses. Unfortunately, this requirement is often not met. 1 di scuss some impor
tant recent investigations from various fi e lds in order to illustrate the many pitfalls invol ved, and 
emphasize the necessity for sound insight into current phylogenetics as an essential pre requi s ite to 
studies o f animal evolution. 

Key worcl.~ : Metazoa, phylogeny, comparative biology, evolutionary developmental bio logy, 
Urbilateria , tree pruning 

INTRODUCTION 

The study of higher-level animal relationships has a long pedigree, going back in its 

most familiar form to Haeckel 's artistic trees . Enormous numbers of phylogenies have 
been published since then, making it very diffi cult to orient oneself in thi s expans ive and 
quickly exploding literature. This has led a significant number of zoo logiSts ( especia lly 
th ose not directly involved in pbylogenetic research) to fai l to see the forest for tne trees . 

A useful way to organize the literature is to foc us on the stud ies that employ cladistic 
principles for phyl.ogeny reconstruction. A cbaracteristic of many pre-c lad istic studies is 
the absence of a rigorous and we ll-defined methodology of analys is. Intuit ive methods tbat 
grouped spec ies on the basis of general similar ity or even common ascent (JANVIER, l 996) 
preva il ed in the past, and prevented any firm consensus about the phylogeny · the animal 
phyla. T he ad vent of clad ist ics revo lution ized the fi e ld, and a blossoming of higher-level 
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cladistic studies on the basis of both morphology and molecular sequence analyses has 
emerged in the last decade (e.g., for molecular analyses see AGUfNALDO et al., 1997 ; FIELD 
et al., 1988; LAKE, 1990 ; WlNNEPENNfNCKX et al., l 995a ; for morphological analyses see 

Ax, 1995; BRUSCA & BRUSCA, 1990; EERNISSE et al., 1992; HASZPRUNAR, 1996; NIELSEN, 
1995; NIELSEN, SCHARFF & EIBYE-JACOBSEN, 1996; SCHRAM, 1991 ). Sorne interesting 

results have arisen from this research . However, a detailed consensus is not yet apparent, 
both between and within the fields of molecular and morphological analyses. Upon exam
ination of current cladistic analyses of metazoan morphology, we found that the Jack of 
consensus is due to differences in fundamental methodology underlying the various cladis
tic analyses (JENNER & ScHRAM, in press). This study was a comprehensive attempt to 
explicitly introduce theoretical issues of cladistic methodology to explain the diversity of 
results ofhigher-level animal phylogenies. In order to construct a morphological reference 
framework, a more experimental approach toward higher-level animal phylogeny is 
needed. Jncreased attention to issues of character and taxon selection, character coding, 
scoring, weighting, and ground pattern reconstruction is of crucial importance (JENN ER & 
SCHRAM, in press). Unfortunately, current authors frequently seem falsely convinced of the 
robustness of their phylogenies. The diversity of recently ploposed phylogenetic schemes 
belies this misplaced confidence. Tt is time for a more constructive assessment of current 
conflicting hypotheses . 

Apart from difficulties associated with the construction of a robust metazoan phy
logeny in itself, there are also problems relating to the proper use of phylogeneti c infor
mation in comparative biology. In this paper, l want to focus attention on how 
phylogenetic information should be used when studying animal evolution on the basis of 
comparative studies. Increasing numbers of researchers are trying to illuminate animal 
evolution by in-depth analysis of a small number of species, in particular by employing 

the model system organisms used in molecular and developmental biology. I suggest that 
conclusions drawn from the study of only a few model system organisms are likely to be 
meaningless when insufficient attention is paid to overall invertebrate phylogeny and 
modern phylogenetic methods. 

USE AND MTSUSE OF PHYLOGENIES: 
CRlTICAL REMARKS ON THE RECONSTRUCTlON 

OF THE «BILATERJAN ANCESTOR» 

The need for a so l id and well-reso lved phylogeny of the Metazoa is now greater tban 

ever. For.a detailed understanding ofmetazoan evo lution we need to compare and integrate 
the ev idence fro m diverse fields , such as morphology, molecules, paleonto logy, and evolu

tionary developmental biology. Paraphrnsing DOBZHANSKY, we cou ld tate, « Nothing in 
evo lutionary biology makes sense, except in the light of phylogeny ». A phylogenetic 
framework is necessary for studying the evolution of any organism a.l feature ( .g. , a phe
notypic trait, behavioral trait, li fe-history characteri sti c), and fo r reconstructing the ances
tral features of a taxon or group of taxa . Researchers often re ly, however, on 
« plausibili ty » or «corn mon sense » approaches to argue fo r a part icul ar evolu tionary 
transformation . Unfortunate ly, such ad hoc, intui t ive approaches lack any methodologi al 
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rigor and often lead to spurious results, as shown by various authors (e.g. , McHUGH & 
RousE, 1998 ; PACKER, 1997; STURMBAUER et al., 1996 ; HART et al. , 1997). 

Recent ad van ces in diverse fields of research ( ultrastructure, molecular developmental 
biology, paleontology) have invited increased interest in the Big Questions about animal evo
lution. These include the origin, diversification, and stability of animal body plans, and 
trends of metazoan evolution such as changes in organismal complexity. A sol id phyloge
netic framework is the only val id background for such discussions. The choice of a particu
lar phylogenetic framework is therefore a most crucial step during any study. An uncritical 
choice can easily render resultant hypotheses of evolutionary scenarios meaningless. 

One problem that remains elusive to this day is the nature of the bilaterian ancestor. 
Striking similarities in the molecular developmental biology ofinsects and chordates (e.g., 
formation of the dorso-ventral axis, development of« segments») have particularly stim
ulated a resurgence of interest into the characteristics of their common ancestor (A RENDT 
& NüBLER-JUNG, 1995; HOLLAND et al. , 1997 ; HOLLEY & FERGUSON, 1997 ; M ÜLLER et 
al. , 1996). I will illustrate some recent approaches to the use of phylogenetic information 
in the reconstruction of the ancestor of the Bilateria. The first two studies l will discuss 
deal with evolutionary developmental biology. A common problem of these studies is that 
they routinely employ pruned phylogenies to depict the relationships of only a few model 
system species. These pruned phylogenies can either represent incomplete phylogenies 
due to paucity of data, or phylogenies from which taxa are deliberately removed. They are 
then used to reconstruct ancestral ground patterns and thus function as the foundation for 
evolutionary scenarios. I will first illustrate the dangers of this approach. 

Pruned pbylogenies : bandle witb care ! 

ARTHUR ( 1997) rightly argued for the importance of phylogeny fo r studying the origin 
and evolution of animal body plans. Sorne fundamenta l fl aws in logic, bowever, underlie 
his discussion . Arthur argued that pruning a phylogeny to only those taxa of interest 
reduces the information content of the cladogram, but also reduces the probabili ty of it 
being wrong. I agree w ith the fi rst conclusion , but l strong ly di sagree w ith the second. 

Why is pruning a problem? Let us examine a hypotbeti cal phylogeny, and its pruned 
version (Fig. 1 ). Fig. 1 a depicts the « real » evolutionary relationships of the taxa W, X, Y, 
and Z as inferred by a comprehensive phylogenetic analysis. «A» represents the last com
mon ancestor of taxa W, X, Y, and Z . Characters 1 to 4 represent morpholog ica l synapo
morphies at di ffe rent levels in the tree . Character 5 evo lved independently in taxa Y and 
Z, but appears very s imilar. F ig. lb dep icts a pru ned version of thi s tree. 

The firs t p roblem ari ses with the reconstruction of the ground pattern of the ancesjor 
A. T he pruning of the ori g ina l tree removed the basa l branches of the larger clàd e that 
includes Y and Z . Such basal taxa are essenti a l, however, for aproper reconstruction of the 
g:ro und pattern of ancestor A (Y EATES, 1995) . The anato mica l variation present in the 
stripped taxa is not represented in the p ru ned tree, and will therefore not contribute to the 
reconstruction of ancestor A. The improper reconstru ction of a segrnented cornmon ances
tor of protostomes and deuterostornes by HOLLAND et al. ( 1997) and DE ROBERTLS (1997) 
can be d irectly attr ibuted to sucl .a.methodologica l oversight. 
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Second ly, the pruned tree rni srepreseJJts the topo logy of the original tree. The apparent 
sy rnmetry of the pruned tree rnasks the asyrnmetry of the orig ina l cladogram. The exc lu
s ion of essentia l anatomical variat ion , and the misrepresentat ion of topo logy .in the pruned 
tree do not a llow the reconstruction of either the nature or the sequence of evolutionary 
changes on the tree. Moreover, ambiguity is iotroduced about the interpretation of the 
characters. Character J is a true synapomorphy of taxa W and X in both the original and 
pruned trees, but characters 2, 3, 4, and 5 introduce problems. Chara ter 2 and 3 are not 
synapomorphies of Y and Z as is implied by the pruned tree. Character 2 however, actu
a ll y is a symples iornorphy at the level of the last comrn on an estor of Y and Z, while char
acter 3 does ari e as an evolutionary nove lty in th is ancestor. The pruned top logy al o 
cloes not a ll ow one to deterrni ne that character 2 evolved eaJlier than character 3. 
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Moreover, the pruned tree falsely suggests that character 5 was acquired by taxon Z ear
lier than character 4, where in fact the reverse is true. The pruned tree would also suggest 

that character 4 is an autapomorphy of Z, but in reality it arose iD the last common ances

tor of Z and its sister taxon. The pruned tree does not permit this resolution. Finally, cha
racter 5 evolved independently in taxa Y and Z. The pruned tree, however, would suggest 
it was a synapomorphy of these taxa. 

Summarizing, it should be clear that in this case the pruned tree does not allow a 
proper reconstruction of ancestors. Jt does not allow one to distinguish between homo
plasies, autapomorphies, synapomorphies or symplesiomorphies. The incorrect represen
tation of phylogenetic iDformation does not allow one to retrieve the true nature and 

sequence of evolutionary changes. Ali these problems contribute to the speculative nature 
of ground pattern reconstructions and evolutionary transformations in a sign ificant num

ber of studies in various fields of comparative research, notably evolutionary develop
mental biology (e.g. , DE ROBERTIS, 1997 ; GERHART & KIRSCHNER, 1997 ; ROLLAND et al., 
1997). A number of these important problems can also be recognized in phylogenetic 
analyses that deal with only a subset of the animal phyla (JENNER & SCHRAM, in press). 

The roundish tlatworm hypothesis 

In their recent book on evolutionary developmental biology, G ERl-IART & K1RSCHNER 

( 1997) provided a hypothesis for the evolutionary origin of metazoan body plans. They 

focused on the diversification of the Nematoda, Arthropoda, Chordata, Mollusca, and 
Annelida from a common ancestor named the roundish.flatworm. The roundish flatwonn 
was first proposed as an appropriate ancestor for the protostomes and deuterostomes by 
VAL ENTIN E (1994) on the basis of trace fossils , although his reconstruction differs fro m 
that ofG ERHA RT & KJRSCHNER. GERHART & Kmsc1-fNER reconstructed the body plan of the 
roundish flatworm and then proposed an evolutionary scenario deriving the body plans of 
the five modern phyla from this ancestor. There are, however, some fondamental flaws in 
their methodology that seriously undermine their hypothesis. 

The füst problem is the body plan reconstruction of the roundish flatworm. G ERHART 
& KIRSCHNER (1997) derived this body plan by intuitively assembling sorne anatomical 
characters present in modern invertebrates, however no phylogenetic context was pro

vided . Among the morpholog ical features thougbt to be pati of the roundish flatworm 
body plan were spiral cleavage, 4d-mesentoblast, blastopore becoming the mouth, pseudo

coelom, and a complete gut. This assemblage offeatures is hard ly more than specu lation . 

A more ri gorous metbod for reconstructing ancestra l characters wou ld have been to 

employ phylogenetic systematics witb a maximum parsirnony algorithm or maximum 

li ke libood methods (C UNNfNG l-I AM et al., 1998; SWOFFORD & MADDI SON, ] 987) . It tben 
becomes clear that the phylogenetic distribution of anatomica l features in Fig. 2 (fig. 7-28 
in GERHART & K1RSCHNER) in fact does not support thi s body plan reconstruction! F'or 
example, spiral c leavage and a 4d-mesentoblast have only been convincingly clemon
stratecl in molluscs and anne l ids. They are absent in chordates and nematodes and very 
debatable in artb:ropods. B lastopore fate bas been overemphasized iri traclitional p byloge
netic analyses, and the variat ion in blastopore fate in annelids, nematodes, arthropod , and 
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chordates should be carefully assessed. Furtherrnore, possession of a pseudocoelorn in the 
roundish flatworrn, based as it is on nematode morphology, is highly questionable consid
ering the range of anatomical variation present in nematodes, and the inappropriateness of 
a pseudocoelom as a well-defined anatomical feature (e.g., see RUPPERT, 1991). A corn
plete gut is the only character likely to be present in the roundish flatworm ancestor. Note 
that, even if they were used at ail , the out-groups are singularly unhelpful for establishing 
the body plan of the roundish flatworm. 

Fig. 2. - Phylogeneti c relationships of Nematoda, Arthropoda , 
Mollusca, Annelida, and Chordata as depicted in GERHART & 
KIRSCHNER ( 1997) (see their figs 7-28). RFW represents the roundi sh 
flatwonn proposed by G ERHART & K1R SCHNER ( 1997) as the last com-
111011 ancestor of these fi ve ph y la. 

The second problem is the supposed phylogeny on which GERHART & K1RSCHNER ( 1997) 
based their scenario. They quote a number of phylogenet ic stud ies primarily based on 
molecular data, to provide a brancbing sequence for the nematodes, arthropods, chordates, 
annelids, and mo lluscs. Although the data allowed for a number of different branching 
seq uences, they ex hibited one consistent feature : the chordates are derived from within the 
protostomes, making the protostomes paraphyletic. This parti cular hypothes is, however, is 
likely to be the resul t of undersampling of the chordates, and works publi shed both before 
(TELFORD & HOLLAND, 1993 ; TURBEV ILLE et al. , 1992 ; WINNE PENN INCKX et al., 1996) and 
after (AGUINALDO et al., 1997 ; G1R.1BET & RlB ER.A, 1998) the publ ication of GER.HART & 
KJRSCHNER's book indi cate a monophyletic Protostomi.a and Deuterostomia (excluding the 
lophophorate phy la) . Another consistent featme of GERHART & KIR CHNER's pbylogeny is 
the position of the nematodes, basal to the rnolluscs, annel id , arth.ropods, and cbordates . 
Th is is likely to be an art ifact that results from the fa t rates of molecular evolution of the 
sarnpled nernatodes. Substituti on rates are known to b 2-3 times grea ter fo r some nema
todes (such as the wicle ly studied Caenorhabditis elegans) than for most other Metazoa 
(AGUINA LDO et al. , 1997). This may result in long-branch attraction and forci ng the nema-
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todes to a basal position in the metazoan tree (e.g., WrNNEPENNINCKX et al., 1995b). lt 
would seem that these critical problems of GERHART & KIRSCHNER 's phylogeny are suffi
cient to raise serious doubts about the value of their evolutionary scenario. 

A third problem concerns the re-introduction of rnorphology into the molecular phy
logeny to provide an evolutionary scenario of body plan changes. The principal difficulty 
arises with the introduction of morphology when the phylogeny is pruned down to only
those few phyla under consideration. As discussed above, the use of such pruned trees to 
visualize relationships is methodologically tlawed, and is likely to lead to untrustworthy 
results. For example, GERl-IART & KIRSCHNER hypothesize teloblastic segmentation to 
have arisen somewhere before the split of the chordates from the protostomes. The seg
mented mesoderm in chordates, and the segments of arthropods and annelids, may thus 
have been derived from a common ancestor as suggested by GER.HART & KIRSCl-INER. 
However, when one considers the diversity present in other phyla not included in their 
phylogeny, the picture changes drastically (e.g., AGUINALDO et al., 1997 ; NIELSEN et al., 
1996). These more comprehensive morphological and molecular phylogenetic studies 
indicate that the most parsimonious solution is the independent evolution of segmenta
tion in chordates and protostomes. If segmentation is derived from a common ancestor, 
it must have been lost several times independently in a large number of phyla. l believe 
that if GERHART & KIRSCI-INER would have paid more attention to the comparative 
anatomy of the phyla within a rigorous phylogenetic context, the improbability of deri
ving the chordates from deep within the protostome clade would have been apparent 
(e.g., SCHAEFFER, 1987 ; NIELSEN, 1995). 

We can thus identify some very serious shortcomings of GERHART & K1RSCHNER 's 
roundish fl atwonn hypothesis. Explicit incorporation of animal phylogeny, rigorous use of 
phylogenetic systematics, and increased attention to comparative anatomy is needed for a 
more robust hypothes is to emerge that traoscends the anecdotal realm (LEROJ, 1998). 
Although G & K admit that theirs is « but a hypothes is », it is not supported by ava ilab le 
data. 

Reconstructing Urbilateria : insects, chordates, and segmentation 

Recently, there have been tantalizing claims in the li terature for the existence of a 
common segmented ancestor fo r the protostomes and deuterostomes (HOLLAND et al., 
1997 ; KJM MEL, 1996). This hypothesis is based on exciting new discoveries of the mole
cu lar developmenta l biology underlying segment formation in insect and chordates. 
Unfo rtunately, the authors paid insuffic ient attention to the comparative context of their 
work, wbich resul ted in their advancing a bypothes is premature ly. Th early introduc
tion of an explicit phylogenetic framework is a necessary but mi sing step in these 
analyses. A comprehen ive and deta iled discussion oftbe nature, developmental coutrol, 
and evolution of segmentation in the Metazoa is not my purpose here_ ln 1996, a 
European symposi um was largely devoted to thi subject (M1NELLJ , 1998). Jnstead, my 
goal is to point out how a phylogenetic framework is a necessary and powerful too l for 
understancli ng the true evolutionary meaning of these findings from molecular develop
mental biology. 
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MüLLER et al. (1996) discovered that the zebrafish expression pattern of her-1, a ver
tebrate homolog of the insect pair-rule gene haùy, was strikingly similar to that of its 
insect homo log in developing short germ band insects. This led KlMMEL ( 1996) to suggest 
the possibility of a common segmented ancestor of protostomes and deuterostomes, 
named Urbilateria by DE RüBERTIS & SASAI (1996). Subsequently, HOLLAND et al. (.1997) 
found a surprising resemblance in the expression pattern of the Drosophila segrnent-pola
rity gene engrailed and its chordate homolog AmphiEn in Branchiostoma (amphioxus). 
Both engrailed and AmphiEn are expressed in the developing segments before these 
become morphologically distinct. This suggests that these genes may play homologous 
roles in segment development in protostomes and deuterostomes. 

To assess the evolutionary meaning ofthese findings, two steps need to be undertaken. 
First, we have to establish whether the gene expression patterns under investigation show 
detailed similarities that would allow a primary hypothesis of homology to be proposed. 
Second, this information should be assessed in a phylogenetic context, either by perform
ing a character congruence study that allows the findings to be evaluated against ail other 
informative characters, or by mapping the character onto a phylogeny in order to assess 
the initial homology determination. Unfortunately, it is ail too common in recent studies 
in evolutionary developmental biology to completely neglect the second step in the pro
cedure. 

ln this example, the expression patterns of the insect pa ir-ru le gene haùy and its ver
tebrate homolog her-1 do indeed show remarkable resemblances in both the pattern and 
dynamics of gene expression (M ÜLLER et al., 1996 ; KIMMEL, 1996). Likewise, the expres
sion patterns of the insect segment-po larity gene engrailed and its homolog AmphiEn in 
amphioxus appear s imilar (HOLLAND et al. , 1997 ; DE Rü BERTIS, 1997). These similarities 
can serve as a basis to suggest the homology of the expression patterns and, by extrapola
tion, the resultant phenotypes. However, this is precisely the point where the studies ter
minate the ana lytical process. D E RüBERTIS ( 1997, p.25) s imply stated that « The fact that 
engrailed is expressed in both Drosophila and chordate metameres tells us that segmenta
ti on was present in the common ancestor from which the insect and chordate lineages 
di verged 500 million years ago, the Urbi lateria ». HOLLAND et al. ( 1997, p.173 1) go so fa r 
as to suggest that this information « favors phylogenetic scenarios deriving vertebrates 
from anne lid-li ke or arthropod-like body plans». However, these are extremely premature 
conc lusions not supported by available information. 

Consideration of the phylogenetic relationshi p of in ect and chordate in the context 
o f a il associated p hyla would provide a powerfu l opportun ity to test the proposed homol
ogy, and to uncover any alternati ve perspectives. When the phylogenetic re lationshi ps of 
insects and chordates are considered on the basis of presently available molecular or mor
pho logical information from a l 1 phyla, it becomes cleru- that segmentation has evolved 
independently in these lineages. Indeed, this a lternative is currently by far the mo t parsi
monious interpretation (AGUfNALDO et al. 1997; N1ELSEN et al., 1996). I f insect and chor
dates rea lly did d iverge from a common segmented ancestor, then the multiple 
independent losses of segmentat ion in other protostomes and dcutero tom s have to be 
expla ined. HOLLAND et al. ( J 997) only briefly mention the possible los of egmentation 
in echinoderms, hemichordates, and urochordates, but tbey never even takc up the pro-
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blem of explaining the supposed loss of segmentation in various protostome phyla (possi
bly including various acoelomate and pseudocoelomate groups). With the possible excep
tion of the molluscs, there is precious little evidence for this scenario of multiple losses of 
body segmentation. Explicit attention to a total invertebrate phylogeny might suggest a 
different interpretation of the data, one connected to the hierarchical nature of homology 
(e.g., ABOUHEIF, 1997; 80LKER & RAFF, 1996). 

lt can be dangerous to use shared patterns of regulatory gene expression to determine 
morphological homology. There is mounting evidence that the genotype-phenotype map 
may be very fluid. This means that developmental regulatory genes can function in very 
different contexts within a single organism and between different organisms (e.g., LOWE 
& WRAY, 1997 ; PANGANIBAN et al. , 1997; RAFF, 1996 ; W !,! & ANDERSON, 1997). These 
genes are not rigidly restricted to the development of a certain morphological character. 
Therefore, the determination of morphological homologies as indicated by regulatory gene 
expression patterns may in fact not be straightforward (e.g. , ABOUH EIF, 1997; DICKINSON, 
1995 ; MüLLER & WAGNER, 1996). This is clearly indicated by current debates on the sup
posed homology of insect and vertebrate eyes as revealed by expression of insect eyeless 
and vertebrate Pax-6 genes, and the evolution of animal appendages as revealed by 
expression of Distal-less in body wall outgrowths of various animal phyla (PANGAN IBAN 
et al. , 1997). f n such cases, the use of phylogenetic information will prove to be especially 
valuable. 

The actual distribution of segmentation among ail the phyla, and the lack of detailed 
anatomical correspondence between insect and chordate segmentation do not support rea l 
homology. The information does indicate, however, that the last common ancestor of 
insects and chordates possessed homologs of the pair-rule gene hairy and the segment
polarity gene engrailed. This indicates the possibility of a deeper homology. For example, 
we might suspect tbat engrailed may have originally functionecl in regional patterning in 
general , and later became independently co-opted into the formation of insect and chor
date metameres. However, HOLLAND & BOLLAND (1 998) do not explore this alternati ve 
perspective. They simply state (p.656) that « it is important to stress that we are compa
ring body parts and not deeper homologies ». However, consideration of a real phylogeny 
would immediately suggest the value of this different, and useful hypotliesis. Various 
authors have pointed out the va lue of explicitly incorporating phylogenetic information 
into the study of tbe evolution of developmental processes in more or less closely related 
species (e.g. , ABOUHEIF, 1997 ; MEYER, 1996 ; RAFF & POPODI, 1996). Furthermore, a phy
logenetic fra mework is also absolutely necessa1y when one wants to compare distantly 
related organisms, such as the wide·ly used model systems of molecular and developmen
tal biology. 

Evolving bilateral symmetry : insights from the scleractinians'? 

EZAKI ( 1998) argued that scleractinian corals may have evolved as early as the 
Paleozoic and cou Id tbus constitute an early anthozoan radiation. EZAKI argued that under
stand ing the evolution of the scleractin ian body plan may help to understand the evolu
tionary origin of the Bi lateria, and in particu lar the evolution of a bilatera l ly syrrun etrical 
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body plan. EZAKI's argument is as follows. Anthozoa (including scleractinians) share a 
bilaterally symmetrical body plan that is traditionally considered as derived from other 
radially symmetrical cnidarians. Traditionally, the Bilateria are thought to have been 
derived from the Radiata, and the bilaterally symmetrical Anthozoa are the most likely 
candidates. The early origin of the scleractinian body plan may thus belp to elucidate the 
anthozoan radiation within the Bilateria and so shed light on the early evolution of body 
plans within the Bilateria. He presented a phylogeny of the Cnidaria (Fig. 3a; Fig. 5 in 
EZAKI , 1998) to support his arguments. Unfortunately, insufficient attention to the phylo
genetic basis of his arguments resulted in a conclusion that is virtually devoid of evolu
tionary significance. 

Fig. 3. - Different phy logenetic relation
ships of cnidarian classes as depictecl in 
Ezaki ( 1998) (a) aDd accordi ng to mod
ern consensus (b), primarily on the basis 

of BRIDGE el al. ( 1995). 

EZA KI presented a « trad itional » phylogeny of the Cnidaria in wh ich the Hydrozoa is 
a s ister group to the other cnidari ans. Anthozoa is the s ister grm1p to the Scyphozoa + 
Cubozoa. This pbylogeny is hardi y a reflection of o ur current understand ing of cn idar ian 
phy logeny. In fact, EZA KI did not mention any source for this phylog ny, oor d id he spe
c ify what kinds of·data it is based on (molecular or morpho logi al), no r what tbe support
ive characters for th is phylogeny are. The close re lationsh ip belwe n Scyphozoa and 
Anthozoa has traditionall y been based upon the sharcd possess ion of a cellu lar mesog lea, 
gastroderma l gonads, and gastrodermal nematocyte (e.g., BARNES & HARRI ON, l 991 ; 
M E iLITSCH & ScI-lRAM, 199 1; RUPP ERT & BARNES, 1994). lt was not unti l recenlly, how-
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ever, that this hypothesis was tested by a comprehensive character congruence study. 
BRIDGE et al. ( 1995) showed that these characters do not effectively support a close rela
tionship between Anthozoa and Scyphozoa (and Cubozoa) (Fig. 3b). This clearly shows 
the danger of proposing sister group relationships on the basis of single characters outs ide 
the context of ail pertinent information. The current consensus on cnidarian relationships 
(based on morphology and l 8S rDNA data) now indicates a basal position of the Anthozoa 
and the existence of a clade of cnidarians with medusae (Scyphozoa, Cubozoa, Hydrozoa) 
(Ax, 1995; BRIDGE et al., 1995; NIELSEN, 1995; SCl-JUCHERT, 1993). Furthermore, there is 
no firm evidence for a phylogenetic link between Anthozoa and Bilateria. ln this scheme, 
it is likely that the supposedly bilateral symmetry of anthozoans and Bilateria is conver
gent, and the evolution of the scleractinian body plan within the Anthozoa is unrelated to 
the origin of the Bilateria. Consequently, the anthozoan condition may be more accurately 
described as biradial. EZAKI 's study clearly indicates the danger of relying on outdated, 
and weakly supported textbook trees. 

Evolution of muscle and body cavities: reconstructing the bilaterian ground pattern 

Based on ultrastructural studies of muscle systems and body cavities in various inver
tebrate groups, RIEGER and BARTOLOMAEUS advanced opposing hypotheses of the nature 
of the bilaterian ancestor (BARTOLOMAEUS, 1994 ; RI EGER, 1986 ; 1988; RI EGER & 
LOMBARDI, 1987). RI EGER suggested a myoepithelial organization of the coelomic lining 
as tbe ground pattern of the Bilateria. The acoelomates and pseudocoelomates would have 
been derived from this bilaterian stem species by repeated events of progenesis. ln con
trast, BARTOLOMAEUS (1 994) argued for a compact bilaterian ancestor without internai 
body cavities. The pseudocoelomate and coelomate organizations would have been 
derived from th is ancestor. The detailed arguments these authors use are not important 
here. What is important is that both authors make only minimal use of both phylogenetic 
methods as well as currently available information about invertebrate phylogeny. 

RIEGER only inserts various intui tive phylogenetic arguments into his work. His con
clusions are based chiefl y upon extrapolation fro m echinoderms and annelids to the whol.e 
of the coelomate Bilateria. This irnpl ies that the coelomate Bilateria (protostomes and 
deuterostomes) are monophyletic. ln this regard, however, it is crucial to understand the 
pbylogeneti c pos ition of the pseudocoelomate and acoelomate phyla. Wh ile recent phylo
genetic analyses of the animal phyla do not agree in detail, both rnolecular (AGUINALDO et 
al., 1997 ; WINNEPENN INCKX, l 995a, b), and rnorphological analy es (EERNISSE et al., 
1992 ; N1ELSEN et al. , 1996) suggest that the pseudocoelomates and acoelomates rnay be 
distri buted among coelomate bi laterians. lrrespective of whetber or not they form coher
ent clades, thi s possibil ity ind icates that a coelomate bilaterian corn mon ancestor of all 
coelomate phyla might not even have existed. Even if the coelomate bilaterian form a 
coherent clade with the acoelomates and pseudocoelomates out ide it, R1 EGER's xtrapo
lations at the very best are only ab le to reconstruct the ground pattern of the c lomate 
Bilateria. Bilateria and coelomate Bi lateria are, however, used interchangeably in RltuER 
& LOM l3ARDI ( 1987). Only explicit consideration of phylogenetic relationships of all the 
invertebrate phyla wilJ resolve this ambiguity. 
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BARTOLOMAEUS' (1994) scenario suffers from similar problems. He reconstructed the 
bilaterian ground pattern by reference to Ctenophora ànd acoelomate Bilateria (e.g., 
Platyhelminthes, Nemertinea, Entoprocta, Gastrotricha). This only makes sense, however, 
if these phyla are in fact primitive branches within the Bilateria. The basal branches of a 
clade are the ones most Iikely to provide relevant information concerning the ground pat-

. tem of the clade (YEATES, 1995). Here again, a comprehensive phylogenetic framework is 
needed for an accurate re-evaluation of this hypothesis. 

Although RI EGER's and BARTOLOMAEUS' hypotheses about the bilaterian stem-forms 
are presented as alternative reconstructions, a more rigorous use of phylogeoetic methods 
would have alerted tbem to the pointlessness of the debate. In fact, RIEGER and 
BARTOLOMA EUS reconstructed different ancestors. Fig. 4 illustrates this. By extrapolating 
from studies on echinoderms and annelids to the whole coelomate Bilateria, RIEGER recon
structed an ancestral ground pattern at the in-group node (node 1) of the phylogeny. ln coo
trast, by focusing on the presumptive sister group of the Bilateria (Ctenophora), 
Bartolomaeus reconstructed the ground pattern of the out-group node (node 0) of the phy
logeny. This means that in principle both hypotheses could be vindicated by the data, 
because character transformations may occur on the internode connecting the in-group and 
out-group oodes. The relative merits of the contrasting hypotheses proposed by RI EGER 
and by BARTOLOMAEUS need to be re-assessed, but that can only be done with reference to 
cladistically-framed hypotheses about the phylogenetic relationships of ail the invertebrate 
phyla, and by employing parsimony algorithms for ground pattern reconstructions . 

Fig. 4. - Locations of the in-group node (l-node) and out-grovp 
node (0-node) with regard to the different hypotheses for the 
bilater ian ancestor proposed by BARTOLOMAEUS ( l 994) and 
RI EGER & LOMBA RJ)J ( 1987). See text fo r di scussion. 

CONCLUS !ON AND RECOMMENDATlON 

T his is a time in whi ch man y new researcb programs are estab lished in a ari ety ofbio
log ica l di sc iplines . These deve lopments are associated w ith the transformation of corn-
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parative biology by phylogenetic systematics. Although the comparative method has 
existed at least since CUVIER, and with a particular focus on phylogenetic relationships 
since HAECKEL, the elaboration of explicit phylogenetic methods greatly facilitated the 
rigorous use of phylogenetic information in comparative studies. The modern meaning of 
a cbmparative, historical, or evolutionary perspective therefore refers to the pbylogenetic 
relationships of organisms. This phylogenetic perspective was a maj_or force for the estab
lishment of, for example, historical ecology and ethology, various parts of evolutionary 
paleobiology, and evolutionary developmental biology (e.g., ARTHUR, 1997 ; BROOKS & 
Mc LENNAN, 1991; HARVEY & PAGEL, l 991 ; JABLONSKI et al., 1996). 

Evolutionary biology principally derives its strength and merit from extrapolation 
from case studies to more comprehensive contexts (GRANDCOLAS et al. , 1997). 
Phylogenetic methods and information provide a robust and testable means for such 
extrapolation . l.t should be clear, however, that posing a questiôn in an evolutionary 
context is not the same as incorporating evolutionary information into the answer. 
This pinpoints the problem with a variety of modern comparative studies, especially 
in the field of evolutionary developmental biology. Frequently, the central importance 
of primary homology assessments is over-emphasized, while the ass imilation of phy
logenetic information is ignored (e.g., GILBERT et al. , 1996; HOLLAND & HOLLAND, 
1998; HOLLAND et al., 1996). In addition, studies of this kind often put dispropor
tionate emphasis on only one or very few characters. Such a monothetic approach fun
damentally violates the principles of phylogenetic systematics, which 1 believe is the 
only rigorous method currently available for reconstructing phylogeny. Taking up 
only one or a few characters is often misleading and very unlikely to increase our 
understanding of evolution. ln other cases, phylogenetic data are only used in an intu
itive fashion, with little attention to select ion of a particular phylogeny (e.g. , EZA KI , 
1998) or proper method s of phylogenetic inference (e.g., BARTOLOMAEUS, 1994; 
GERHART & KIRSC l-IN ER, 1997; RI EGE R & LOMB ARD!, 1987) . We are on the right track, 
however. A more intense dialogue between phylogeneticists and other biologists is 
necessary for a proper understanding of macroevolutionary change, and for the deve l
opment of a more robust and unifi ed evolutionary theory (G ILBERT et al. , 1996; 
GRANDCOLAS et al., 1997 ; LARSEN et al. , 1997). 

The literature on ail aspects of animal evolution is expanding at an ever in creas in ~ 

rate. lndeed, a high rate of research may lead to rapid turnover of phylogenies. Continuai 
re-evaluation and add itions to the character sets , however, should result in increas ingly 
robust phylogenetic hypotheses. Neverthe less, the dynamics of the field cannot be used as 
an argument for ignoring phylogenetic i_nformation in comparative studies. CleaJ·ly, there 
are phylogenies (both molecular and morphologica l) ava ilable, and despite differences in 
their topology there is much to be ga ined from incorporating them into comparative stu
dies. 

lf we do not want to be swamped by the grow ing forest of trees and evolutionary sce
nari os we need to be conscious of our methods of analysis (JENNER & SCHRAM , in press) . 
Ou r own future effo rts will concern a comprehensive cladistic analys is of comparative 
anatomy, embryo logy, a.nd developmenta l genetics to shed light on the higher-level phy
logeny of invertebrates. 
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Abstract. An electrosens itive catfi sh, Jeta/urus me/as, was tra ined in a two-altematives fo rced
choice conditioning paradigm to di scriminate between the e lectric fie lds of two di rect-current (de) 
dipoles, spaced 12 cm apart, the dipole axes para llel to the swimming path of the subj ect. The d ipole 
size cou Id be varied between 1 and 10 cm. The di pole current was about 5 µ A. When two dipoles of 
di ffe rent sizes were presented simul taneously, the subject's electrodi scrimination performance 
exceeded the 85% correct choices level provided the dipole of 1 cm was tested aga inst a di pole with 
a span of 1.5 cm or more. The average stimulus strength at 1 cm distance fro m the di pole axis ranged 
from 1 to 10 m V /cm. The swimming speed of the subject was 7 ± 3 cm/s. The potenti al swing over 
the skin caused by the subj ect pass ing the dipole, matched the frequency band of the ampull ary e lec
troreceptor organs. Apparently motion of the fis h with respect to a stationary di rect-current stimulus 
source, or vice versa, generates a bio logically adequate fonn of reafferent stimulation. Without rela
tive motion an electrica l dc-so Lu-ce would remain unnoticed. 

Key words· : Conditioning, direct-current, e lectric fl ow, dipole discri mination, two-alternative 
fo rced-choice (2AFC), e lectro location, e lectro-orientation, sensory-motor integratioo, exafferent, 
reafferent. 

INTRODUCTION 

Among the electroreceptive fish there are many species that do not have electric 
organs. Such fis h are sa id to have « pass ive» electroreception. Carti laginous fis h, sharks, 
rays, and bony fish such as species of Siluriformes, belong to this category (MOLLER, 
1995). Electrophys iological studies in such « passive electroreceptive » fis h have revealed 
the receptive characteri stics of the various electrosensory organs (DuKGRAAF & KALM IJ , 
1966 ; MOLLER, 1995; MURRAY, 1962 ; PETERS & 8 UWALDA, 1972 ; ROTH, 1968, 1972; 
ROTH & SCHLEG EL, 1988) and some principles of central process ing (ANDRIANOY et al., 
1974 ; KNU DSEN, 1976a,b ; McCREERY, 1977 ; MONTGOMERY, 1984; WEILLE DE, 1983) . 
Ecophys ical stud ies have shown what kind of electrical stimu li are present .in tbe habi tat 
(BUTSUK & BESSONOV, 1981; KALMIJN, 1972 ; PETERS & BR ETS HNEIDER, 1972; ROTH, 
1972). 1 n add ition, behavioural experiments have revealed that « pass ive electroreceptive » 
fi sh are capable ofprey detection (GUSEY et al. , 1986; KALM IJ N, 1971 ; PETERS & MEEK, 
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1973 ; ROTH, 1972), prey localization, and spatial orientation with respect to electric fields 
that occur everywhere in nature (DJJKGRAAF, 1968; KALMIJN et al., l 976a,b; PETERS & 
V AN WJJLAND, 1974, 1993; ROTH, 1972; SJSNEROS et al., 1998; WILKENS et al., 1997). ln 
spite of this rather complete general impression of the rote of passive electroreception in 
everyday fish life, questions concerning feature detection of externat fields remain largely 
unexplored. Particularly the paradoxical mismatch between the tuning curve of the elec
troreceptor organs (band pass filter) and the predominant direct-current (de) nature of the 
natural stimuli remains enigmatic (PETERS et al., 1988, 1995). Has the fish to move with 
respect to a de source - or vice versa - in order to detect it? 

ln addition to our earlier frequency discrimination studies (PETERS & BARETTA, 1998), 
where two exafferent electric alternating current sources were used as exafferent stimulus 
sources, we present here the first results of a frequency discrimination study wuere motion 
with respect to a stationary de source generates a reafferent electrical stimulus that does 
match the bandwidth of the electroreceptor organs. The results presented hereafter tell us that 
passive electroreceptive fish do indeed recognize patterns from motion. A fish that passes an 
electric dc-current source generates in this way its own reafferent electric stimulus. 

MATERJAL AND METHODS 

The experiments were perfonned on a single male specimen of Ictalurus me/as of 
22 cm total length and a weight of about 160 g. The subject was kept in a rectangular all
glass tank of 110 by 30 cm with a water depth of 10 cm, at 18 °C. The water resistivity was 
kept between 300 and 340 µSiern. Between tests the subject was allowed to swim freely 
either in full daylight or in the dark. During the tests, which were performed at night, there 
was complete darkness, except for light emitted by indicator LEDs of the equipment. 

Each test began with an intertrial interval period (JTT) of30 s, marked by switching on 
a light above the tank. This induced the subject to hide under an opaque shelter. At the end 
of the ITI the light was switched off, upon which the subject started to swim in the direc
tion of the other end of the tank, where two parallel electrical dipoles were presented 
simultaneously. The dipoles were of different sizes. One di pole had the e lectrodes spaced 
at a fixed distance of 1 cm. The electrode spacing of the other di pole could be varied 
between 1 and 10 cm. The dipoles were J 2 cm apart, and parallel to the swimming direc
tion of the subject. The subject was trained to receive food upon turning in the direction 
of the smaller of the two dipoles (Fig. 1 ). The stimulus current was about 5 µA , which pro
duced voltage gradients of 1 to 10 m V /cm at about 1 cm from the di pole axis. Upon choos
ing correctly, the subject received some food deli vered via a peristaltic dispenser, and an 
additiona l 60 s of darkness. Upon the subject choosing fa lsely, the lights were switched on 
immediately, which urged the subject to return to its shelter again, waiting for the next 
tria l. ln this way 4 sessions of 50 tria ls per night were clone. Tbe experiment began w ith 
testing the di scrimination between a 1 cm and a 10 cm di pole. These sessions were 
repeated 20 times. Then, fo llowing the same schedule, 7, 4, 3, 2, J .5, and l.2 cm dipo les 
were tested against the 1 cm reference di pole. After compJetion of the series, the discrim
inati on between a l and 3 cm di pole was tested aga in, while the amplitudes of the di pole 
fi e lds were random ized, and afl:er a silk screen had been placed that kept the subject at 
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1 cm or more from the electrodes. A more detailed description of the general setup is given 

. in PETERS et al. 1995. 

~ 'small' dipole 
shelter 

------7 'large' dipole 

Fig. 1. - Overview of the tank with stimulus electrodes· and feeding compart
ment. During the intertrial interval the fish hides at right under an opaque shel
ter. At« lights out», it starts to swirn into the feeding compartment (direction of 
an-ow), passing the two direct current sources of unequal size. Turning towards 
the dipoles at right or at left causes the lights to be switched on again, or food 
to be delivered, depending on the position of the positive discriminant, i.e. the 
1 cm di pole. The dotted line represents an infrared beam that monitors the sub
ject's position. The silk screen, not shown here, was put horizontally one cm 
above the dipole electrodes, between the two feeding compartments. F: food 
dispenser in compartment with electrodes. Black blocks ou dotted line are elec
trodes delivering the stimulus. 

RESULTS 

The outcome of this experiment was that the subject could recognize the different 

stimulus sih1ations. The subject mastered discrimination between a l cm and a 10 cm 

100.0 
~ 
~ 
Il) 
Q) 
Il) 
c 
0 a. 
Il) 
Q) 

0:: 

75.0 

50.0 

25.0 

o.o L==-~~t:::~=c=~~=-
"'} "~ '1 "v '1 ":> "lt;,.. '1'\ "c::i <'1 <'1 < < < < <'1 

r:>airs of clir:>oles with different spans (cm) 

Fig. 2. - Direct-current dipole discr imination perfo rmance of /cta/urus me/as. 
The « rewarded di pole» had a lways a span of J cm. Tbe non-rewarded d i pole 
s ize was vari ed between the ex peri ments frorn 10 cm to 1. 2 c . ErTor bars o.re 
standard deviations of the cli ffe rent ses ion (n=20) . Each poinl in the graph rep
resents the average score of 20 sess ions of 50 trials eacb . 
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di pole within 30 sessions, without specific shaping. Dipoles of smaller sizes could be dis
criminated equally well from the reference di pole. At dipoles of 3 cm the number of mis
takes began to increase (Fig. 2). Dipoles of 1 cm length and 1.2 cm could not be 
discriminated. Placing an electrically transparent silk screen (polyamide) l cm above the 
stimulus electrodes, in order to contrai the distance of the subject to the stimulus, did not 
affect discrimination between dipoles of l and 3 cm. When the stimulus amplitudes were 
randomized, the discrimination performance remained equally good. 

The average swimming speed, calculated from the reaction times, was 7 ± 3 cm/s. 

DISCUSSION 

The relative ease with which tbe subject could be conditioned to the dipole-size dis
crimination task betrays its familiarity with such a kind of stimulus presentation. Jndeed, 
electrical stimulus situations as presented above occur in nature abundantly. Also earlier 
laboratory observations revealed that !. me/as turns toward an electrically simulated dc
prey when it bas already passed it by several cm, and that it is very well able to follow a 
trait of small dc-dipoles. 

The two simultaneously presented electrical fields are detected as a single field , being 
the sum of both dipole fields. This field is sampled by the ampullary electroreceptor 
organs dispersed ovei: the skin. Apparently the catfish is able to transpose the stimulation 
patterns to «food at right » or «food at left ». The present experiment does not reveal 
which specific feature of the electric field is used for making the decision to turn right or 
left, but even a very simple neural mechanism, like a bisensor network (cf H O PKJNS et al., 
1997 ; S c HôNE, 1984), cou Id achieve this . Any imbalance between the two ha Ives of such 
a neural network cou Id steer the subject in either of the two directions. Jt is not clear from 
this first experiment how we should describe the internai representation of the electri c 
fi eld . What is clear is that the subj ect is capable of responding in a biologically adequate 
way to the simultaneous presentation of two dc-dipoles of different sizes, and that it is able 
to associate these stimulus situations, which occur in nature, with the position of a poten
tial prey. 

From the swimming ve locity and the di stance to the di pole we conclude that the poten
tial swing over the skin caused by the subj ect pass ing the dipole, matches the frequency 
band of the ampu ll ary electroreceptor organs. The resu lts presented here demonstrate that 
passi ve electrorecepti ve fish do indeed recognize patterns fro m motion. An e lectrosens i
ti ve catfi sh passing an e lectric direct-current source apra rently generates its own reaffer
ent electric stimulus. 

The experiments are being conti nued. 
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Abstract. ln this paper the effects of environmental factors on cadmium and zinc uptake by larvae 
of chironomids are discussed. The results of several laboratory experiments and field studies were pooled 
and analysed using uptake and accumulation models. Ln the field studies, the re lationship between metal 
concentrations in larvae and sediment was studied on samples from several watercourses. The effect of 
different sediment characteristics on these relationships was investigated. In the Iaboratory experiments, 
larvae of Chironomus riparius were exposed to metals via the water, and the effects evaluated of three 
changing environmental factors, i.e. salinity, temperature, and pH. Non-linear regression models were 
constructed to determine the relative importance of the different environmental factors contributing to the 
variation in metal uptake or accumulation. For the field data, the arnount of variation that could be 
explained by tbese models was limited. Only for zinc was a significant amount of variation (up to 66%) 
explained relating accurnulated zinc to easily extractable zinc and considering total organic carbon (TOC) 
in the mode!. For the laboratory data, relating uptake levels to the metal ion activitie explained no more 
than 6% and 24 % of the total variation in respectively cadmium and zinc uptake. The integration of the 
different effects of the environmental factors in the models explained 67 % of the total variation in cad
mium uptake and 56 % of the total variation in zinc uptake. Factors contributi.ng mo t significantly to the 
explained variation were temperature, pH, and salinity of exposure, calcium ion activity and salini ty of 
acclimation. The high, unexplained variation under field condition is probably due to the large variation 
in exposure conditions in natural environments and a lack of knowledge concern ing the relative impor
tance of the different exposure routes under these c ircumstances. 

Key worcl.~: meta l uptake, environmenta l factors, hironomidae, modelling . 

fNTRODUCTION 

When li-ace metals are adcled to natural waters they are djstributed over different com
pa11ments of the ecosystem i .e. the water column, the suspended matter, the ediment and the 
interstitial water (TESSIER & CAMPBELL, 1987 ; LUOMA, 1989 ; AMYOT et al., 1994 ). Within 
each phase, metals wi ll be partitioned among specifïc ligands, the so-called chemical pe ia
tion . ln the sediment and the suspended solids, metals can interact wiU1 iron- or mangancse 
ox ides, adsorb to clay particles, bind to organic ligands, etc. ln the water column and in th 
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interstitial water, the trace metals will be present as hydrated ions, associated with dissolved 
inorganic or organic ligands, or adsorbed to inorganic and organic colloids. The distribution 
of a metal among the different components depends not only on the concentration but also 
on the nature of the compartments. Changes in the physical or chemical conditions such as 
pH, salinity, and alkalinity, influence the distribution between the phases (BORGMANN, 1983; 
SALOMONS & FôRSTNER, 1984 ; LUOMA, 1989). The bioavailability of trace metals will 
largely depend on the chemical speciation. Thus, the total trace metal concentration in sedi
ment or water should not be used as the only measure of metal contamination. Severa! stu
dies have verified that metal availability from solutions is a fonction of the free metal ion 
activity (ALLEN et al., 1980; DE LISLE & ROBERTS, 1988; BLUST et al., 1992). Besides che
mical processes, biological processes will influence the uptake of trace metals by organisms. 
Two major uptake routes have been identified, i.e. direct absorption of dissolved metal 
species from solutions, and via ingestion of particulate matter (including food) (LUOMA, 
1989; HARE, 1992; RAINBOW & DALLINGER, 1993). Although mostly present at higher con
centrations in food than in solution, trace metals associated with particles tend to be less 
available tban are those in solution. Uptake mechanisms may be controlled physiologically 
by the organism. Control tbat could be exerted by the invertebrate with respect to these 
uptake mechanisms would be via some alteration to the number, or affinity of the membrane 
transport ligands (SIMKISS & TAYLOR, 1995). 

In this paper the data of several studies that assessed the influence of environmental 
factors on tbe net uptake (in the laboratory) and accumulated levels (in the field) of trace 
metals by chironomid larvae, are pooled and analysed. In the field studies, the effect was 
assessed of the geochemical characteristics ofsediments on the levels of trace metals accu
mulated by larvae of the midge Chironomus riparius (Meigen, 1804) (Diptera, Chirono
midae). To relate metal levels in organisms with levels in sediments, trace metal 
partitioning among various sediment phases was determined and geochemical sediment 
characteristics were analysed (BERVOETS et al., 1994, 1997, and 1998). ln this study we 
analysed the pooled data of the three field studies for zinc and cadmium using accumula
tion models. ln the laboratory experiments , the effects of some environmental factors on 
the net uptake of two trace metals , cadmium and zinc, by larvae of Chironomus riparius 
were studied (BERYOETS et al., 1995, l 996a, 1996b ; B ERYOETS & BLUST, unpublished). 
Among the factors influencing uptake and accumulation of metals by aquatic organisms, 
salinity, temperature, pH , hardness, and the presence of organic ligands are tbe most 
important (P1-11urs, 1976 ; SIMKISS & TAYLOR, 1995). The separate and combined effects 
of the different components ofthese environmental factors were assessed by analysing the 
pooled data. The effects of changing environmental factors on the net meta l uptake by 
fourth instar larvae were studied, in relation to tbe effects of the factors on the chemical 
speciation and on the physiolog ical condition of the organism. 

MATERfALS AND METHODS 

Test organism 

Midge larvae (Diptera, Chirnnomidae) are the centra l organ isms in th is study. 
Chironomid larvae were chosen because of the ir important position in freshwater ecosys-
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tems. Larval members of this family are found in almost every kind of fresh- and brack
ish water. Under certain conditions such as low levels of dissolved oxygen, larval chi
ronomids may be the only insects present in benthic sediments (PfNDER, 1986; WARWICK, 
J 990; CRANSTON, 1995). Ali larvae collected from natural waters for metal analysis in the 
field studies were identified as Chironomus gr. thummi. This species group contains at 
least 13 different species, which are morphologically very similar (WEBB & ScHOLL, 
1985). Larvae used in the laboratory experiments were obtained from a controlled labora
tory culture at the Royal Belgian lnstitute for Natural Sciences (KBIN, Brussels, 
Belgium). Larvae were cultured in 10 L plastic aquaria according to the methods of 
YERMEULEN et al. ( 1997). When the fourth larval stage (instar 4) was reached, the larvae 

were placed at l 5°C in the dark and held in aquaria at high densities ( 1 larva per cm2) to 
retard pupation white maintaining them in normal physiological state (lNEICHEN et al. , 
1979; BANG ENTER & FISCHER, 1989). 

Field studies 

ln the field studies midge larvae were collected at different sampling sites . 
Concentrations of Cu, Zn, Cd, Pb, Cr and Ni were measured in organisms and sediments. 
To identify trace metal partitioning arnong various geochemical phases, sedirnents were 
subjected to simultaneous extraction schemes. Four rnetal fractions were determined: 
(1) easily reducible (ER) metal (trace rnetals associated with Mn oxides); (2) reducible (R) 
metal (trace metals associated with Fe oxides) ; (3) met.ais bound to organic matter (ORG) ; 
(4) total metal (TOT), metals extracted using a mixture ofHN03 and HOCl4• In addition, 
several geochemical characteristics of the sediments were analysed ; total organic carbon 
(TOC), Fe-oxides, Mn-oxides, and particle size distribution. For a detailed description of 
sampling, sediment handling, and analytical procedures, we refer to BERVOETS et al. (1994, 
1997, and 1998). In this paper the analysis of the pooled data of cadmium and zinc is pre
sented . 

Laboratory experiments 

Tn the laboratory experirnents the effects of three e1wironmental factors , i.e. sa lini ty 
(0.24 to 10 ppt), temperature (5 to 25 °C) and pH (5.5 to 10.0) on the net uptake of cad
mium and zinc by larvae of the rnidge Chironomus riparius were studied using artifi c ial 
river water. The composition of l L of this chem ica lly-defined freshwater was 0.096 g 
NaHC03, 0.004 g KCI , 0.123 g MgS0 4.7Hp and 0.06 g CaSOJHp , re ul ting in a sa lioi
ty of0.2 ppt and a pH of7. 8. The medium was prepared by disso lving the ana lytica l grade 
products (Merck p.a.) in deioni zed water. Ion ie stocks of cadmium and z inc, conta ining 
1 OO µM Cd and 1,000 µM Zn respective ly, were prepared. The rad ioisotopes '09Cd and 65Zn 
(Amersham International, UK) were used as tracers, 460 KBq/ L ofeach tracer being added 
to the metal stock solutions. In ail experimental exposure so lutions, the resuJting metal 
concentrations were 0 .1 µM Cd and 1.3 µM Zn. These concentrations were chosen for 
their environ mental relevance. The resultiog radioactiv ity of both tracers was 0.46 KBq/L. 
For ail experiments, 50 midge larvae of comparab le size were placed in a seri es of plast ic 
vesse ls containing 50 ml so lution. For each experimental condition we u ed 6 to 8 rep li -
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cates. These vessels were placed in a thermostatic water bath at the required temperature. 
Net uptakes of both cadmium and zinc were linear over time for at least 8 hours during 
exposure to a total co~1tration of 0.1 µM cadmium and l .3µM zinc. Therefore accu
mulation was measured after 6 h of exposure. After exposure, the 50 individuals were col
lected on a 250 µm sieve and rinsed with 50 ml of deionized water. The influence of prior 
acclimation at the different environmental conditions on metal uptake was assessed. In 
addition the effect of the environmental factor on the chemical behaviour was added to 
uptake models. For a detailed description of the experimental set-up we refer to BERVOETS 

et al. (1995, 1996a,b). 

The equilibrium concentrations of the chemical species considered were calculated 
using the computer program SOLUTION (BLUST et al. , unpublished), an adaptation of the 
program COM?LEX (GINZBURG, 1976). This speciation model allows the calculation of 
the composition of solutions in equilibrium with the atmosphere. Activity coefficients 
were calculated using the estimation method ofHelgeson (BIRKETT et al., 1988). Results of 
the chemical speciation calculations were expressed on the molar concentration scale and 
multiplied by the appropriate activity coefficients to obtain species activities . 

ModeUing net uptake or concentration 

To determine the relative importance of the different factors contributing to the varia
tion in the net uptake of metals (in the laboratory experiments) or concentration (in the 
field studies), non-linear regression models were constructed (BLUST et al., 1994, I 995; 
BERYOETS et al., 1997). For the pooled data of the laboratory experiments, the net uptake 
was related to the terms that describe the change in the free metal ion activity, and differ
ent components of the environ mental factors (i.e. salinity, temperature, and pH of expo
sure and acclimation) and the free calcium ion activity. ln the field studies the metal 
concentration in the organisms was related to a term describing the variation in the metal 
concentration in the different sediment fractions (i.e. total , reducible, easily reducible 
metal concentrations or metal s bound to organic malter) and to the different sediment 
characteristics (iron oxides, manganese oxides, TOC and particle s ize di stribution). The 
relative importance of the different tenns was determined by a forward selection proce
dure. This was done by starting with a s ingle factor, the metal activity or concentration, 
and stepw ise adding the otber terms and eva luating their contribution to the total variation. 
A coefficient ofproportionality (Cr) was introduced to relate the concentration in the envi

ronment to the metal concentrat ion in the organi sms. 

RESULTS 

Field studies 

Tota l metal levels were always higher than reduci ble metal levels but important dif
ferences were observed between essential and 1ion-essenüal metals. ln this paper we clis
cuss onl y the results for cadmium and zinc. For cadmium, total levels were only slightly 
higher than reducible leve ls. Fo r z inc, however, the differences were much more pro-
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nounced (up to 5 times more total zinc compared to reducible zinc). This is illustrated in 
Fig. 1 for three different rivers. 
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Fig. 1. - Results of metal partitioning in sediments from three ri vers. Mean va lues with stan
dard deviation are presented in µg g' dry weight. 

The relationships between total metal concentration in sediments and midge larvae for 
the pooled data are sbown in F ig. 2. For both meta ls on ly poor relationships were fo und. To 
determine the relative importance of the different sediment facto rs we used non-linear 
regression models. The metal concentration in the organ isms was related to a term describ
ing the variation in the metal concentration in the different fractions (ER, R, ORO, TOT) and 
a term that described the variation in meta l concentration in the pore water. The di fferent sed
iment factors considered in the models were the manganese (Mn), the iron (Fe) and the 
organ ic matter (TOC) content, and grain fraction < 63 ~tm. However, it was not poss ible to 
mode! the accum ulated metal leve ls using the pooled data because we did not measu.re the 
same characteri stics in the th.ree studies. ln the separate studies, oo ly for zinc was it possible 
to explain 48 and 66 % respectively of the variat ion, when organ ic malter was iocluded in 
the accumulation mode! for zinc. The mode ls that exp la ined most of the va.r iation were: 
Znrn, = F*Zn.ro/TOC', in a first study (B ERVOETS et al. 1997) and Zncru = F*Zn.R*TOC' in 
a second study (BERVOETS et al., I 998). 

For cadm ium it was not possible to construct a mode! that explained a sign ificant 
amo un t of variation in levels accurn ul ated by the larvae . 
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Laboratory studies 

ln Fig. 3 the results of the calculations of the chemical speciation mode] in defined 
solutions are summarised. The effects of salinity, temperature and pH on free metal ion 
activity are presented for cadmium and zinc. In the case of salinity the contribution of the 
free cadmium ion activity decreased from 72 % at a salinity of 0.24 ppt to 6 % at a salin
ity of 10 ppt, and the contribution of the free zinc ion activity decreased from 64 % to 31 % 
over the same salinity range. ln the case of pH the contribution of the free cadmium ion 
activity decreased from 71.6 % at a pH of 5.5 ppt to 0.19 % at a pH of 10, and the contri
bution of the free zinc ion activity decreased from 69.5 % to 0.03 % over the same range. 
Temperature had only a small effect on the free metal ion activity over the tested range. 
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Fig. 3. - Re lative contribution of the free metal ions ( in %) in funct ion of the environmenta l 
factors salin ity, temperature, and pH . 

ln Fig. 4 net uptake as a funct ion of the environmental facto rs is illustrated for cad
mium and z inc. The resul ts o f uptake by larvae acclimated at their culture conditions are 
presented. For a il environmental factors an effect was obs rvecl on net metal uptake within 
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----each acclimation group (BERVOETS et al., 1995, l 996a, l 996b; BERVOETS & 8LUST, 

unpublished). The net uptake of cadmium and zinc decreased with increasing salinity but 
increased with increasing temperature. For pH , net uptake increased with increasing pH 
between 5.5 and 9.0 but decreased between pH 9.0 and 10.0. In most cases, prior accli
mation to different environrnental conditions had a significant effect on the net uptake but 
this effect was not always consistent. 
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Fig. 4. - Uptake of cadmium and û nc (in nm ol. g·') in fu ncti on of the env i.ronmental facto rs, 
fo r larvae acclimated at their cul ture condi tions. 

Noo-linear mode ls were constructed for the poo led data (n= 580 for Cd and n=628 for 
Zn) to determine the relative impo1i ance of the diffe rent env ironrnental factors and com
ponents of tbose facto rs on uptake of cadmi um and zinc . Factors that were considered in 
the mode! were the free metal ion activity, salini ty, temperature, and pH of exposure and 
acc limation, di ffusion rate, and ca lcium ion act ivity. This wa done by starting with a in
g le facto r, tbe metal ion acti vity, and stepwise adding the other terms, eva luating the ir con
tribution to the total var iat ion. Tables l and 2 give the result o f the non-linear regre sion 
analys is. As shown in th is tab le, the free metal ion activity expla ined 6 .2 % and 24 % of 
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the variation in metal uptake for respectively cadmium and z inc (Fig. 5). The mode! that 
explained most of the variation in net cadmium uptake was: 
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Fig. 5. - Predicted versus measured cadmium and zinc uptake by larvae of Chironomus ripar
ius, considering only the free metal ion activities.(a) Cd.,, = C,*(Cd00,') (R' = 0.062**, n = 
579); (b) Zn.,, = C/(Zn"1') (R' = 0.237**, n = 628). 

The mode! tbat explained most of the variation in net zinc uptake was: 

where Cd11" and Zn,001 are the metal ion activities, tcxr' pHcxr' salcxp are the exposure tempera
ture, pH , and salin ity, t"'°1, pHnccl' sal"'1 are the accl imation condi tions, and Cdd;n is the d if
fusional rates of the free metal ion. ln the case of net cadmium uptake, the factors that 
accounted for the effect oftemperature, sa lini ty, and calcium were negative, ind icating that 
cadmium uptake increased with a decrease in these factors. The models explai ned 67 % 
and 56 % of the variation in uptake by midge larvae for respectively cadmium and zinc 
(Fig. 6). 
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TABLES 1 and 2 

Cadmium uptake (top) and zinc uptake (bottom) by Chironomus ripa
rius: non-lihear regression mode/ for the pooled data. 

B: partial regression coefficients ; SE: Standard Error for partial 
regression coefficients ; li, L2 : confidence limits for partial regression 
coefficients. Cadmium uptake in midge larvae in nmollg. ns Not signi
ficant ; * 0.05 ?. p > 0.01; ** 0.01 ?. p > 0.001; ***p :5 0.001 

Variable B SE LI L2 

( 1) Cd.., = C,*(Cd,,')(R' =0.062**, n = 579) 

Coefficient 1.74*** 0.394 1.35 2.13 
k-exponent 0.28 1*** 0.057 0.224 0.338 

(2) Cd""'"' =C,*(Cd""" *t'"" *pHm"" *sa!""" *Cd"0r*Ca"*sai'.,/t',) (R' = 0.67***, n = 579) 

Coefficient 1.62·09 ns 
k-exponent 0.1 32*** 0 .044 0.088 0.176 
1-exponent -3.50*** O. 489 -3.99 -2 .84 
m-exponent 2.84*** 0.723 2. 12 3.56 
n-exponent -0.245*** 0 .026 -0.27 1 -0.2 19 
p-exponent 14.2*** 1.1 8 13.0 15.4 
q-exponent -0.072*** 0.0 11 -0.083 -0.144 
r-exponent 0 .3 16*** 0 .024 0.292 0 .340 

s-exponent 0.376*** 0.055 0 .32 1 0.431 

( 1) Zn.., = c,*(Zna,., ') (R' = o.237**, n = 628) 

Coefficient 0 .263"' 
k-exponent 0 .978*** 0 .093 0 .885 1.07 1 

(2) Zn,,..,.,, =C,*(Zn',... *t',,,,*salm"" *pl-1",,, *Ca,.*salr.) (R' = 0.559**, n = 628) 

Coeffic ient 5.67·" ns 
k-exponent 1.63*** 0 .26 1 1.37 1.89 
1-exponent 1.46*** 0. 11 8 1.34 J.58 
m-exponent 0. 137*** 0.049 0.088 0.1 86 
n-exponent 5.76* 2.44 3.32 8.20 
p-exponent -0.040*** 0 .007 -0.047 -0 .033 
q-exponent 0.116*** 0.0 15 0. 10 1 0.13 1 

, 
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Fig. 6. - Predicted versus measured cadmium and zinc uptake by larvae of Chironomus ripar
ius, for the uptake models.(a) Cdm;,.,=C,*(Cd',"*t'" P*pHm" / sal"0,P*Cd,;i,."*Ca' *sa l',"1*t'") (R' = 
0.67***, n = 579); (b) Znm1,.,=C/(Zn'"'*( ,/sa l"',xp* pH"0,P *Cap*salP00) (R' = 0.559**, n = 
628). 

DISCUSSION 

Field studies 

500 

Using the pooled data of three studies, we related tota l cadmium and zinc levels mea
sured in sediment to metal levels in ch ironom id larvae. For both meta ls on ly a poor rela
tionship was found. Total metal concentrations in sediments bave been proved to be poor 
predictors of metal levels in sediment dwelling invertebrates (e.g. BENDELL-YOUNG & 
HARVEY, 199 1 ; TESSIER et al., 1993). The absence of a clear relationship is mainly due to 
changes in bioavailability of meta ls with changing geochemical characteristics oftbe sed i
ments. When geochemical sediment fractions were considered as we ll as sediment charac
teristics, it was possible to improve the relationship for zinc. For the other meta ls it was 
not possible to increase the exp lained variation in accumulated levels. 

The determination of trace metal avai labil ity from solid phases is often difficult, even in 
laboratory experiments. Besides physical affd chem ica l factors, biological processes will 
affect metal bioavailability, e.g. : both an ima is and plants may alter the metal form prior to 
bioaccumulation ; feeding strategy influences bioaccumulation. The re latively poor predic
tion of metal concentrations in the larvae for most metals may have been caused by the large 
differences in sediment composition. The unexplained variation couJd be due to numerous 
environmental factors that were not taken into account, such as sediment pH and redox 
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potential. Moreover we know little about the relative importance of the different exposure 
routes under field conditions. Chironomids however, are in close contact with both the sedi
ment and the overlying water (BENDELL-Y OUNG & HARVEY, 1991) and metal concentrations 
in pore water will not necessarily~be the same as in the water column (LUOMA, 1989). In one 
of the studies (BERVOETS et al. , 1997) accumulation was compared between chironomids and 
tubifidd worms (Tubificidae). For ail metals, the accumulation models for tubificids 
explained more of the variation than they did for chironomids. This is possibly due to the 
fact that tubificid worrns are Jess exposed to the overlying water than chironomids. The guts 
of the larvae were not purged prior to analysis. This may be an additional reason for the high 
amount of unexplained variation. Trace metals in the gut of aquatic animais can represent a 
high percentage of the total quantity (GOWER & DARLINGTON, 1990; SAÇJER & Pusco, 1991 ; 
BROOKE et al., 1996). 

Although the explained variation did not exceed 70 % in any of the cases, our results 
indicate that knowledge of the geochemistry of river sediments is important for predicting 
metal availability to chironomids. This is supported by other studies where consideration 
of sediment characteristics allowed a better explanation of accumulated metal levels 
(GUNN et al. 1989 ; BABUKUTTY & CHACKO, 1995 ; GONZA LES et al., 1995). 

Laboratory experiments 

Generally, the free metal ion is considered as the available metal species . However, 
relating net metal uptake to the free metal ion activity for the pooled data only explained 
a small part of the variation; 6 % for cadmium uptake and 24 % for zinc uptake . In the case 
of salinity and pH, the environmental factor had a marked effect on the contribution of the 
free ion activity for both metals over the tested ranges. When only salioity was cha11ged, 
free ion activity explained 52 % of net cadmium uptake (BERVOETS et al., 1995) and 59 % 
of zinc uptake (BERVOETS et al. , l 996a). ln the case of temperature, the effect on specia
tion was rather small. Nevertheless temperature of exposure contributed significantly to 
the explained variation in net uptake of both metals. ln the uptake mode l of the pooled 
data, the temperature of exposure contributed significantly to the explained variation. The 
effect of temperature is expected to be the result of the combined effects on the chemical 
behaviour (speciation aod diffusion) and oo the pbysiology of the organism (e .g. COSSINS 
& BOWLER, 1987 ; BLUST et al. , 1994 ; MOLL ER et al. , 1994). Severa! autbors have 
observed ao increase in respiration by larvae of Chironornus sp. with increas iog tempera
ture (e.g. JOHNSON & BRfNKHURST, 1971 ; HAMBU RGER & DALL, 1990). Also sa linity and 
pH of exposure sigoificantly contributed tô the uptake mode!, supplementary to the effect 
of these factors on speciation. For salinity this was probably due to a pbysiological effect 
(e.g. respiration, osmoregulation). For pH, however, net uptake increased with increasiog 
salinity whereas the contribution of the free meta l ion decreased. A hypothes is put forward 
in the literature is that the free metal ions (i. e. Cd2+ and Zn2+) are in competition w ith the 
hydrogen ions at the membrane leve l and therefore restri ct net uptake under acid condi
tions (CAMPBELL, 1995). ln addition, pH also wi ll have a phys iological effect. 

For the calcium ion activity also, an increase resulted in a decreased net uptake for 
both cadmium and zinc. As for the hydrogen ion activ ity, this is probably due to competi -
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tion between calcium and metals for the same uptake sites (SPRY & Wooo, 1989; MARKISH 

& JEFFREE, 1994; HOGSTRAND et al., 1995). In the case of acclimation, only for salinity 
was an important and consistent effect observed on net cadmium uptake, resulting in an 
increased uptake with increasin6alinity of acclimation. 

Although ail experiments took place under controlled conditions (i.e. chemically 
defined water, and controlled environment) the integration of the chemical and biological 
effects of changes in environmental conditions explained, for the pooled data, no more 
than 67 and 59 % of the variation in respectively cadmium and zinc uptake. A possible 
explanation is that not ail effects were considered. The relatively high unexplained varia
tion can also be partially due to the natural variation in metal uptake by midge larvae 
(SEIDMAN et al., 1986; TIMM ERMANS et al., 1992). This is demonstrated when the same 
non-linear uptake models are constructed with the mean uptake values. With those models, 
85 % of the net cadmium uptake and 68 % of the net zinc uptake cou Id be explained 
(Fig. 7). A last possible explanation for the unexplained variation is that some environ
mental factors do not have a consistent effect on metal uptake. This was true for both tem
perature and pH of acclimation. 
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Fig. 7 . - Predicted versus measured cadmium and zinc uptake by larvae of Chironomus ripar
ius, fo r the uptake models, considering the mean uptake va lues. 

(a) Cd,,,;d,,=C,*(Cd'" ,*t',,,*pH"' "'; 'sal"",*Cdd;rr"*Ca0*sal'""*t'") (R' = 0.850***, n = 12 1) ; 
(b) Znm;.i,,=C/ '(Zn' 00,* t'" ,*sal"'"',*pH""' *Ca_*sal1'"') (R2 = 0.67 l **, n = 144). 

From this study it was obvious that both the bioavailability of meta l and the physio
logy of the exposed organisms need to be considered j ointly to explain effects of environ-
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mental factors on net metal uptake and accumulated levels. When we consider ail possi
ble factors contributing to metal bioavailability and when the relative contribution of the 
different exposure routes is known, it will be possible to explain or even predict metal 
aècumulation by midge larvae under naturaÎ exposure conditions. 
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Abstr'act. The impact of zooplankton on waste stabilisation pond (WSP) performance has been 
poorly studied until now. Zooplankton grazing activity is, however, worth considering as it can control 
the bacterioplankton and phytoplankton, which are the comerstone organisms of the WSP treatment 
technology. The aim of the present study was to determine whether the grazing activity of the dominant 
zooplankter, Daphnia magna, can significantly contrai phytoplankton and bacterioplankton in a WSP 
(Differdange, Grand-duchy of Luxembourg). The biomass of phytoplankton (8,,,,,.), bacterioplankton 
(8b,) and Daphnia magna (8[),,,,0 ) were estimated fortnightly from January to July 1998. At four key 
moments during this period, the ingestion rates of phytoplankton (1 R'",,.) and bacterioplankton (IR,,,.) 
by D. magna were determined and compared to Br,,10 and primaiy production (P,,nJ, and to Bbact and 
bacterial production (Pb,.), respeclively. From Janua1y to June, IR,,,,10 varied between 66 and 92 % of 
8 ,,,10day1 and between 2 and 90 % of P,,;,,, ln July, the grazing impact on phytoplankton increased and 
reached 17 1 % of 8 '",.10 .day1 and 3 10 % of P,nm' causing a significant drop in 8 11, , , 0 • The grazing impact 
of D. magna on bacterioplankton varied belween 0.1 and 18 % of 8""1.day1 and belween 0.8 and 226 % 
of P ""''. Even when higher than 100% of P ''"'' the grazing impact did not lead to a significant decrease 
of B""''' because of a significant input of allochtonous bacterial biomass with the influent. 

Key words: Daphnia magna, waste stabilisation ponds, ingestion rate, fluorescently-labelled 
bacteria, fluorescently-labellecl a lgae, gut passage lime 

INTRODUCTION 

Waste stabilisation ponds (WSP) are shallow, man-made basins u ed for the treatment 
of organically polluted waste waters. Bacterioplankton and phytoplankton are traditionally 
pointed out as the cornerstone organisms of this type of water treatment (OSWALD et al., 
1957 ; MARAIS & SHAW, 196 1 ). Bacteria degrade organic matter and provide algae with 
carbon dioxide, wbi le algae provide bacteria with oxygen produced during pbotosynthe
sis. Zooplanktoo often develops in high densities in these hyp rtropbic water bodies, and 
planktonic crustaceans often dominate the zooplankton community in WSP tbat have rela
tively long water residence times (- 20 days) (CANOVAS et al., 1996). 
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There is growing interest in a commercial use for zooplankton living in WSP, for 

example as food for fish in aquaculture or as a source of chitin (SEVRJN-REYSSAC et al. , 
1994; CAUCHIE et al., 1995). From the viewpoint of commercial applications, the available 
quantities of zooplankton (i.e. its biomass) and its renewal rate (i.e. its prodl!ction) have 
to be determined. Surprisingly, the production dynamics in WSP have rarely been studied 
(DABORN et al., 1978; MITCHELL & WILLIAMS, 1982 ; JANA & PAL, 1983). As part of a 
research program dealing with the potential for usihg WSP planktonic crustaceans as a 
commercial source of chitin , the production dynamics of the dominant zooplankter 
Daphnia magna have been studied during three years in an aerated WSP located at 

Differdange (Grand-Duchy of Luxembourg) (CAUCHIE et al., unpubl.data). Daphnia 
magna biomass (B0""""J and daily production (P oapi,,,;,,1 were found to vary seasonally. Jt was 
demonstrated that temperature significantly affected the growth rate and the daily produc
tion of D. magna (CAUCHIE et al. , unpubl.data) . However, it proved difficult to demon
strate the effect of food on the production dynamics of the zooplankter. 

ln the present study, we examined the magnitude of trophic transfers from bacterio
plankton and phytoplankton to D. magna under four different combinations of bacterio

plankton biomass (Bb,J, bacterial production (Pb""), phytoplankton biomass (B""Y'0 ) , and 
primary production (Pr,,,,,), as observed in the WSP of Differdange from January to July 
l 998. These transfers are discussed in terms oftheir relative contributions to the daily pro
duction of D. magna, as well as in terms of the impact of D. magna feedin g activity on the 

bacterioplankton and phytoplankton dynamics. 

MATERIAL AND M ETHODS 

Study site and sampling strategy 

The study site was an aerated WSP located in the Grand-duchy of Luxembourg 
( 49°32 'N-5°55 'E). Tt collects the dom es tic waste water of a sma l 1 town ( 15 ,000 inhabi
tant-equivalents) after primary treatment (screening and coarsin g) . Two mechanical aera
tors continuously oxygenate the pond, which is roughly rectangula.r. lts length is about 400 
metres and its width is 150 metres . lts mean and maximum depths are 2 .3 and 4.0 metres, 
respective ly. The sampling s ite was located a long the long ax is of the pond, at about 1 ûO 
metres from the in let of the pond. At thi s place, the water column reaches 340 cm. 

From January to Jul y 1998, the pond water was sampled tw ice a month ar und noon in 

order to monitor Bbaci ' B,,,,Y10 , B0,P1,,,,11 , water temperal1ire (TEMP) and di sso lved oxygen concen
tration (DO). The ingestion rates of bacteri oplankton (ffib,ci) and phytoplankton (ffipby•o) by D. 
magna were detennined on four occasions (January 29, M ay 03, June 15 and Jul y 09). On these 

dates, we also determined bacterial production (Pb,,.,,) and primary production (P prim). 

Biomass and production of bacterioplankton 

Bacter iop lankton was sampled every 40 cm, fro m the surface to the boltom of th 
pond, w ith a 2 1 R uttner bottle and storéd in 100-ml autoclaved and ac id-washed g lass bot
tles . ln the labora tory, bacteria were sta ined wit h acri d ine orange accorcl ing to H BBIE et 
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al. ( 1977) and filtered onto black membranes (pore size = 0.2 µm) . They were enumerated 
and measured to the nearest 0.5 µm using a Leica DMRB epitluorescence microscope 

equipped with a blôê excitation filter block (Leica 13, BP 450-490). Volumetric B b"" (fg dry 
weight (DW) 1·1) was determined on the basis of the size class specific density ofbacteria, 
N; ( cells.I·') and the mean size class specific cell volume of the bacteria, Y; (µ1113) 

(LOFERER-KRôSSBACHER et al. , 1998): 

n 

Bb"" = I 435.N;-(Y;)° 86 

i= I 

Yi was estimated as (LOFERER-KRôllBACHER et al., 1998): 

where w; and ( are the mean width (µm) and mean length (µm) of the bacteria in the size 

class i. Areal Bb"' was calculated by integrating volumetric Bb"" over depth tbroughout the 
water column. 

Hourly volumetric Pb'"(µg DW.I·' .h-') was determined in situ on the basis of the incorpo
ration rate of (4,5-3H)-l-leucine according to KIRCH MAN et~!. ( 1985). For each sample, tripli
cate aliquots of 5 ml were incubated with the addition of 83 nM of leucine ( 10 % 
(4,5-3H)-l-leucine - 90 % non radioactive leucine). The incorporation rate of leucine was cor
rected for isotopie dilution using the kinetic approach described by KIRCHMAN et al. ( 1986). 
Supplementary triplicate aliquots of 5 ml were taken from one sample and incubated in the 
presence of four concentrations ofadded leucine in the range of 1-75 nM ( 10 % (4,5-3H)-1-
leucine - 90 % non radioactive leucine). The leucine incorporation rates were plotted against 
leuc ine concentration, and the maximum incorporation rate (Y.,.J was determined by fitting 
a hyperbolic fonction to the data. The ratio between V.,.a, and the incorporation rate for 83 
nM of added leucine was used to con·ect the isotopie dilution, which was supposed to be 
similar at ail depths. Two blanks were made for each triplicate by adding ice-cold TCA (5 % 
final concentration) immediately after the beginning of the incubation. Incubations were 
conducted in situ during one hour. Incubations were terminated by the addition of ice-cold 
TCA (5 % final concentration). Samples were then extracted at 85°C during 30 mi11utes 
(SERVAIS, 1995) and filtered onto 0.22 µm pore size acetate cellulose membranes. One ml 
ethylacetate was added to dissolve the filters. After 48 hours of storage, radioactivity a o
ciated with the filter was measured using a Beckman LS 6500 scintillation counter and the 
Beckman Ready Organic scinti llation cocktai l. Quenching was orrected with the extemal 
standard in the Compton edge shift mode (H#). Hourly volurn !Tic P_ (µg DW.t·1.h·1) was 
calculated frorn the leucine incorporation rate, assuming a conv rsion factor of 1,080 
gC. rnole leucine incorporated·1 (SERVA IS & LAVANDIER, 1995) and a carbon-dry weigbt ratio 
of 0.54 (SIMON & AzAM, 1989). AJ·eal daily Pb"'' was calcu lated by integrating volumetric 
hourly P,,," over depth and by mul tiplying the integrated value by the 24 hours of a day. 
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Bi~mass of phytoplankton and primary production 

For the determination of Bphyio' water was sampled every 40 cm with a 2 1 Ruttner bot
tle and stored in 250-ml autoclaved and acid-washed glass bottles. In the laboratory, water 
was filtered onto a black polycarbonate membrane (pore size = 0.2 µm) and the filters 
were observed using a Leica DMRB epitluorescence microscope equipped as noted above. 
Phytoplankton was distinguished from heterotrophic protists on the basis of its red auto

tluorescence, and was enumerated and measured to the nearest 1 µm . Considering a car

bon to dry weight ratio of 0 .524 (OSWALD, 1988), volumetric Bphyio (pg DW.l·') was 
determined on the basis of the s ize class specific densi ty ofphytoplankton, N; (cells.l") and 
the mean size class specific cell volume ofphytoplankton, Y; (µm 3} as (ROCHA & DUNCAN, 
1985): 

Il 

Bphy<o = L 0.2298.N;.(Y;)'05' 
i= I 

Yi was estimated assuming the cells to be ellipsoids : 

where a;, b; and c; are the mean diameter (µm ), the sma llest diameter (µ m) and the grea
test diameter (µm) of the cell in the s ize class i. Areal Bphyio was ca lculated by integrating 
volumetric Bphyio over depth throughout the water column. 

The dominant species in the phytoplankton were determined during the a lgal bloom 
observed in June and July. Phytoplankton samples were taken at a depth of60 cm and pre
served in lugol. Detenninations were made using a Le itz Laborlux microscope. 

Yo lumetric PP""' was determined by the <<0xygen light-dark bottle » techniq ue 

(VOLLENWEIDER, 1969). Phytoplankton samples for PP""' were taken every 20 cm witb a 2 
l Rutt ner bottle. Two light and two dark, acid-washed Winkler bottles (volume= 250 m l) 

were incubated in situ for 4 hours around noon. Dissolved oxygen concentration was 

detennined in eacb bottle before and after the incubation, using a WTW Oxi539 oxymeter 
equipped w ith a Trioximatic300 oxygen probe and a magnetic tirrer. The gross pboto
synthetic rate (mg 0 2.l" .h") was estimated by summ ing the oxygen production rate mea
sured in the light bottles and the oxygen respiration rate mea ured in the dark bottles. The 
gross photosyntbetic rate was converted into hourly volumetric PP""' (mg C. l" .h"), as um
ing that l .55 g of molecular oxygen are re leased in the water w hen J g of algal cell mate
rial is synthesised (OSWALD, 1988). Areal daily PP""'( mg DW.m2.day ') was determined by 
integrating the volumetric hourly PP""' over depth and by multiplying the integrated valu 
by the ratio between the total solar irradiance during tbe day and the solar irradiance dur
ing tbe incubation, both ~xpressed in E in teio uni ts pcr quarc metre (M -FFERT & 
OvERB - K, 1985). Solar irrad iance data were obtained from the n arby meteorological ta

tion of Belvaux (49°3 1' N - 5°56 ' E). 
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Biomass and production of D. magna 

Zooplankton samples were taken every 60 cm with a 5 1 Van Dom bottle. They were 
concentrated using a Nylonyet (mesh size = 80 µm) and preserved in 4 % sugar formalin 
solution (PREPAS, 1978). IÎ1 the laboratory, D. magna specimens were enumerated, mea
sured to the nearest 50 µm using a Leica dissecting microscope equipped with a microm
eter, and sorted in 250 µm-wide size classes. Volumetric B00" ,,,,;,, (mg DW.I·') was estimated 
as (RIGLER & DOWNING, 1984): 

where N; is the density of D. magna in the size class i, expressed in individuals.l·' and w; 
is the mean weight of the animais in the size class i deduced from the length-weight 
regressions established by CAUCHIE et al. (unpubl.data). The daily net production of 

D. magna (PD""'"''J was calculated as (RIGLER & DOWNING, 1984): 

11 

p Doplmia = L gi.B i 
i= I 

where g; is the growth rate of the animais in the size class i, expressed in day' and B; is 
the biomass of animais in the size class i, expressed in mg DW.I"'. 

Feeding experiments 

Feeding experiments were conducted in the laboratory using fluorescentl y-labelled 
bacteria (FLB) and algae (FLA). FLB and FLA were prepared the day before the experi
ment using 5-(4,6-dichlorotriazin-2-yl) amino-fluorescein (DTAF) accord ing to SH ERR et 
al. ( 1987) and Î ELES H et al. ( 1995), respective ly. Bacteria used for labe lli ng were iso lated 
from pond water by filtration. The alga used for labe lling was the ch lorophycean 
Dictyosphaerium ehrenbergianum NA EG ., cultured in the laboratory. After Pb"" and P",;"' 
had been determ ined in situ, daphni.ds were collected every 80 cm with a 5 1 Van Dom bot
tle and brought back to the laboratory in carboys that were kept in iocubators at in situ tem

peratures. ln the laboratory, Bb'" and Bphyio were determined and pond water wa filtered 
over a polycarbonate membrane (pore si ze = 0.2 µ111) in order to obtaiJ1 steril e pond water. 
Feedi ng medium was constituted by add ing FLB and FLA to 50 ml offiltered pond water 
to obatin Bb"' and Bphyio concentrations s imilar to those in situ. Eacb feeding experiment 
was conductecl in an incubator at in situ temperature and photoperiod, in tr ipli cate glass 
bottles contain ing 50 ml offeeding med ium. 

In orcler to avo id loss of FLB or FLA through defecation , the incubation time u ed fo r 
the feeding experimeots was set lower than gut passage tirne (GPT). GPT experiments 
were, therefore, conducted prior to each feeding experiment. G PT was determ ined by 
direct observation of the labell ecl food in the gut The an imais were incubated for an 
increasing incubation time in the feeding med ium. At the end ofeach incubation, the dap h-
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nids were narcotised with carbonated water, killed with formalin and rinsed with sterile 
water. The animais were then individually observed under a Leica DMRB epifluorescence 
microscope equipped with a blue excitation filter block (Leica 13, BP 450-490). The full
ness of the gut of each animal was noted, using the following scores: (1) there were no 
FLB nor FLA in the gut of the animal; (2) there were FLB or FLA in the first half of the 

_ gut; (3) there were FLB or FLA in the second part of the gut but not up to the distal part 
of the gut; (4) there were FLB or FLA up to the distal part of the gut. GPT was reached 
when the animal began to defecate fluorescent food. 

When gut passage time had been determined, daphnids were incubated in the feeding 
medium during a time that was approximately 20 % shorter than the gut passage time. The 
feeding experiments were always conducted around 19 :OO on the day of sampling. The incu
bation was ended by adding carbonated water to narcotise the animais. The animais were 
killed with formalin and rinsed with sterile water, then grouped according to size and trans
ferred into microvials. One ml of sterile water was added to each microvial which was then 
shaken vigorously and sonicated until the bodies of the daplrnids were destroyed. The sus
pension was then filtered onto a black membrane, and FLB and FLA were enumerated under 
a Leica DMRB epifluorescence microscope equipped witb a blue excitation filter block 
(Leica 13, BP 450-490). The hourly IRb,c1 and IRphy•o (ng DW.ind·1.h·1) were calculated as: 

N FLJl/FLA. 60. w FLB/FLA 
Hourly IR = -------boct1phy10 N . . I T 

Ollp lmw 

where NFLBIFLA is the number ofFLB or FLA in the microvial (number ofFLB or FLA); wFLBIFLA 
is the mean weight of FLB or FLA used in the experiment (ng DW.(FLB or FLA} 1) ; N°''"'"';,' 
is the number of D. magna individuals grouped in the microvial (ind.) and TT is the incuba
tion time (min). Equations describing the relationship betweenD. magna body size and inges
tion rates were obtained by fitting a power equation to the data. Daily ~" and IRphy•o by the 
wholeD. magna population (mg DW. (g DW Daphnia)·1.1·1.d·1) were calculated as : 

Dail IR = L '"'"P '~ ' 
n (] R1 •• 1 ')" N .24) 

Y b:tct/phy10 i=== I W i 

where IR boctiphy•o.c;> is the mean hourly IRb'" or IRphy•o of the individuals in the size class i (ng 
DW.ind·1N) ; Ni is the density of D. magna individuals in the s.ize-class i ( ind. l-1); w; is 
the mean weight of the D. magna individuals in size class i ütg) determined according to 
CAUCHIE et al. (unpubl.data). The areal da ily LRb,c1 and IR phyio were obtained by integrating 
the volumetric dail y !Rb'"and IRphy•o over the water column. 

To check whether the ingestion rates mea ured at 19 :OO were repres ntative of the 
da il y mean 1 Rphy•o' hourly lRphyio was measured every 3 bours du ri ng 24 hours under the con
di tions prevailing on Jul y 09. Feeding experiments were conducted as de crib d abo e, 
us ing a feeding medium composed of 1.2 ~Lm fil tered pond water (i.e. pond water con-
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taining the natural bacterial commu;J.ity) supplemented with FLA at a biomass similar to 
the in situ Bphy•o observed on Jul y 09. 

RESULTS 

The dynamics of area l values of B00,,,,,,;,, , Bb'" and B,,h,,10 are shown in Fig. 1. Low to 
moderate B 0 ,,,,,,,,;0 values(< 2.5 g DW.nr' ) were observed fro m January to May. B00,,,,,,;0 began 
to increase steep ly in June and reached very high va lues in early July (60.4 g DW.m-2) , 

before decreasing to about 5 g DW.1n-2 in late July. T he dynamics of areal B,hy•o showed a 
firs t peak in February-March (maximum val ue= 1.1 g DW.nr2) and a second one in June
July (maximum va lue = 8.8 g DW.1n-2). 
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Fig. 1. - Variati on of Daphnia magna biomass (B,,.,,,.,.,), bacterioplauktoo bio
mass (B"",) , phytop lankton bioma s (B""~.), water temperatt1Je (Temp) and dis
solved oxygen concentration (DO) in the waste stabi li ation po1Jd of 
Differdaii ge from Jan uary to Ju ly 1998. M idd le panel: black circles = Bboct; 
open circles = B,h,10 • Lower panel: black c i.rc les = Ternp; open circlcs = DO. 
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The second, main peak of phytoplankton was dominated by the unicellular green alga 
Planktosphaeria gelatinosa SMITH . B bm decreased from about 10 g DW.m·2 in January to 
3 g DW.m·2 at the beginning of May. lt then increased to 7 .8 g DW.nr2 at the beginning of 
July. Water temperature gradually increased from 3.5°C in January to l 9°C in July. 
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Dissolved oxygen concentration decreased from 9.1 mg 0 2.1·1 in January to 2.5 mg 0 2.1·1 in 
June. It increased to 6.5 mg OJ 1 in July. Pearson Moment Product correlations between 
the variables presented in Fig. J are shown in Table l. Significant positive correlations 

were found between BD""'"''" and Br"Y'• and between Bbaci and dissolved oxygen concentra
tion. Negative correlations were found between B"•" and water temperature, and between 
water temperature and dissolved oxygen concentration. 

TABLE 1 

Correlation matrix (Pearson Product Moment Coi-relation) for variables 
measured bimonthly in the WSP of Differdange from Janumy to July I 998 

ns = not signijicant (P>0.05), * P<0.05, ** P<0.01, *** P<0.001 

B/Japhnia B""' B p1iy10 
Temp. 

Bbncc - 0.08 NS 

B phy10 0.88 *** 0.06 NS 

Temp. 0.56 * - 0.70 ** 0.55 NS 

DO - 0.20 NS 0.89 *** 0.01 NS - 0.74 ** 

Bbaci and Br"Y'• values showed weak vertical variation dur ing the day, except in June when 
outlier values of Brh)'I• were observed at the surface and at a depth of 120 cm (Fig. 2). By con
trast, Pbaci and Pr""' generally varied significantly with depth. P11""' displayed typical profiles, 
with maximum values observed between 20 and 60 cm deep. Daytime BD""'"''" vertical distri
bution (Fig. 3) appeared quite patchy in May and June, whereas it was homogenous in 
January and July. Water temperature and dissolved oxygen concentration did not vary sub
stantially over the water column (Fig. 3). In the absence ofsignificant variation in vertical dis
tribution of food and physico-chemistry, in situ per capita IR"'" and IRrhY•• were assumed to be 
constant throughout the water column, and only one set of feeding experiments was per

formed per date, using mean volumetric values of BD""'"''"' B"'"' and Brhy•o· The feeding experi
ments were perfonned under low (January 29), intermediate (May 03), bigh (June 15) and 
very high (July 09) BD""'"''" values (Table 2). Moreover, the ratio of B""" on Brhy1o var·ied widely 
among these dates, decreasing from 390 in January to 29 in May, 2.5 in June and 0.9 in July. 

TABLE 2 

A real values of bacterioplankton biomass (Bbaci) and produc;tion (P 1,,,, ) phytoplankton bio

mass (B,,,,Y10) , prima1y production (P,,,,,,,) and Daphnia magna biomass (80 ,,,,1,,,,,,) and produc
tion (P,,,,,,,.,,) in the aerated waste stabilisa! ion pond of Differdange on the dates of the f eeding 
experimenls. TEMP = water tempera/ure, DW = d1y weight. 

Date TEMP Bbact Bp1,,,10 B Ü<lphlii:1 P,, .. ., p 
p n.lpht11.1 /V•f"I oc g DW.nr'· gDW. m '.day ' 

January 29 3.5 10.152 0.026 0.43 1 l.536 1.390 0.047 
May 03 12.4 2.9 10 0.102 1.947 0.792 0.314 0.344 
June 15 18.0 4.234 l.701 3 l.96 1 0.624 l.644 18.5 18 
Ju ly 09 17.5 7.801 8.837 60.386 0.600 4.889 54.601 
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Fig. 3. - Vertica l profiles of Daphnia magna biomass (8 /)ophn1) and production (P 0uphn1.), 

water temperature (Temp) and dissolved oxygen concentration (DO) in the waste ta
bi l isation pond of Differdange on the date of the feed ing experiment . 

The results of the GPT experiments are shown in Fig. 4. In the January experiment , 
the proportion of non-feeding individua ls, i. e. individuals wh ich had not inge ted fluores
cent food, decreased from J OO to 35 % within the first 15 minutes of incubation. lt then 
stayed around 35 % for incubatfon times up to 60 minutes. Indiv idua ls which had begun 
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to defecate fluorescent food were only observed in experiments lasting 60 minutes. In the 
three other GPT experiments, animais defecating fluorescent food were observed within 5 
to 9 minutes from the beginning of the incubation. In May, June and July experiments, the 
proportion of the non-feeding individuals remained as high as 10-1 5 % for incubations 
longer than 15 minutes. On the basis of the results presented in Fig. 4, the incubation dura
tion was set at 30 minutes for January experiments and 4 minutes for the three other sets 
of experiments. 
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Fig. 4. - Evolution of the proportion of the individuals having no fluorescently labelled 
algae (FLA) in the gut (black circles), FLA in the füst ha lf part of the gut (open c ir
cles), FLA in the second part of the gut but not up to tbe d istal part (black triangles) or 
FLA up to tbe distal part o'f the gut (open triangles) as a fonction of increasing incu
bation time in Daphnia magna kept under constant condi tions in the laboratory and 
provided with in situ concentrations of FLA. Water temperature ind icated in brackets. 

The re lationships between D. magna body length and IRb"" and IRphy•o (F ig. 5) could be 
adequate ly described by a power function (Table 3). The exponent b ranged from 1 to 2, 
except for January IRb"' where it was 3. 12 and for May IRphylo when it was 0.87. Areal dai ly 
IRb'" and lRphy•o increased exponentia lly from January to July (Table 4). The proportion of 
Bb"" and Bphy•o ingested per day by D. magna varied from 0 . .1 to 17.6 % and from 65.7 to 
17 l . l %, respectively. D. magna ingested daily a srnall percentage of P 00" in January (0.8 
%) and May (0.9 %), and a large percentage of P,,," in June ( 119. 7 %) and July (226.0 %). 
T he percentage of P"""' ingested daily by D. magna increased from 1.7 % in Ja.nuary to 
3 19.2 % in Ju ly. 
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Fig. 5. - Size specific ingestion rate (upper panels) and filtration rates (lower panels) of bacterio
plankton (left panels) and phytoplankton (right panels) by Daphnia magna on four different dates. 
Open circles = January 29; black circles = May 03; open triangles= June 15; black triangles= July 09. 

TABLE 3 

Cell concentrations of bacterioplankton and phytoplankton used in thefeeding experiments and 
powerfimctions describing the dependence of the ingestion rate (IR) and the.filtering rate (FR) 
on the Daphnia magna body length (L). Equation: IR or FR =a. Lb; For unils, see Fig. 5 

Concentration IR FR r 
(cells. mf-') 

Bacterioplankton 
Januaiy 29 3.3 10' 0.0017 L '·" 1. 70 L '·" 0.997 
May03 1.0 10' 0.0024 L 1.57 2,35 L 1.57 0.984 

June 15 1.4 1 O' 0.0068 L 136 6.78 L 13' 0.963 

Ju ly 09 2.6 107 0.0030 L 158 2.95 L i.58 0.972 

Phytoplankton 
January 29 650 28.96 L 1.oi 3.78 L' 0' 0.944 

May 03 2,500 28.2 1 L0·8' 0.94 L08' 0.972 

June 15 4 1,700 2 1 .43 L 112 0.04 L '" 0.979 

Ju ly 09 220,000 73.42 L 1.s> 0.03 L '" 0.983 
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TABLE 4 

Ingestion rates and jiltering rates of the Daphnia magna population 
on bacterioplankton and phytoplankton in the aerated waste stabilisation pond of Differdange 

January 29 May03 June 15 July 09 

Bacterioplankton 

FR..,, (l.m".day') 4.0 8.2 599.9 591.00 
JR. .. (g DW m" day') 0.012 0.007 0.747 1.356 
[R,,,.,, (% of B""' day') 0.1 0.2 17.6 17.4 
[R,,,.,, (%of daily P "".) 0.8 0.9 19.7 226.0 

Phytoplankton 

FR~.,,, (l.m'.day') 3137.3 2233.3 2970.2 5816.5 
[R,,.,.., (g DW m' day-1) 0.024 0.067 1.486 15.117 
rR,,.,,, (% ofB,,., .. , day') 92.3 65.7 87.4 171.1 
rR,,.,.., (% of daily P pri..) 1.7 21.3 90.4 309.2 

The die! pattern of variation in IRr"Y'0 is shown in Fig. 6. The die! pattern was uni modal 
for 1.0 mm long D. magna and bimodal for 2.~ mm long ones. For 1 mm long animais, the 
mode was located at 13 :OO. For 2.5 mm long animais, the modes were observed between 
7 :OO and 10 :OO, and at 19 :OO. The relative amplitude ofhourly IRphy•o' ô, (i.e. the ratio between 
the highest and the lowest IR,,hy•o values observed over the nycthemeron) reached 2.09 and 2.46 
for 1 mm long daphnids (juveniles) and 2.5 mm long daphnids (adults), respectively (Table 
5). The ratios between the IR.phy•o calculated from ail hourly measures made during the nyc
themeral monitoring and the !Rr"Y'' measured at 19 :OO (i. e. wheo the ingestion experiments 
were performed on January 29, May 03 , June 15 and July 09) were quite close to l . 

TABLE 5 

Die/ relative amplitudes of hourly IR,,.,.,, over the 24 hours cycle (o) and compari on of the 
daily IR",,,.'" calculatedji·om ail the hourly IR,,,,,.,0 values measured eve1y 3 hours and the daily 
IR,,,,,.,, extrapolatedfrom the hourly IR,,,,,.,, measured al 19 OO. d is the daily maximwn hourly 
IR,,,,,.,. divided by the daily minimum hourly IR,,.,.,, 

D. magna 
Daily IR,,.,,., 

Ca!culatcd on 
body length 

(pg DW. ind-1 d-1) 
Extrapolated 

(mm) Ca/culated Extrapulated ratio 

1.0 2.09 5.88 6.08 0.97 
2.5 2.46 6.32 5.85 1.08 
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Fig. 6. - Diel variations of the houri y IR,h, .. (mean ± stan
dard deviation) of 1.0 and 2.5 111111 long D. magna under the 
feeding conditions observed on July 09. 

DTSCUSS lON 

On the basis of the dynamics presented in Fig. 1 and the correlations shown in Table 1, 
the variation in BDap,,,,fr, in the pond of Differdange appeared tightly linked to the availabi
lity of algal food and, to a lesser extent, to water temperature. The importance of phyto
plankton in the daily ration of Daphnia magna will be discussed below on the basis of the 
results of the feed ing experiments. The correlation between BD""""'" and water temperature 
reflected the strong dependence of the growth rate of D. magna on water temperature 
(BOTTRELL et al. , l 976). An increase of water temperature frçim l 0 to 20°C shortens the 
generation time from more than 20 days to less than 5 days (CAUCHIE et al., unpubl.data) . 

B""" apparently varied independently of BD"P'"''"' but was correlated with dissolved oxy
gen concentration and water temperature. The decrease in disso lved oxygen concentration 
from January to June resulted from a graduai decrease in the input ofwell-oxygenated rain 
water in the sewage, as rainfall decreases from winter to spring. As a con equence, anae
robic bacteria most probably became dominant over aerobic ones. The slower metabolic 
rate of anaerobes compared to aerobes (DROSTE, 1997), coupled with an increase in the 
density of bacterivorous protozoans generally observed in spring in WSP (C NOVA et al., 
1996), most probably caused the continuous decrease of Bba" observed from January to 
May. The release of organic material by phytoplankton is a major source of carbon for bac
terioplankton. This may ex plain why the increase of B phy•o observed in June and Ju ly wa 
fo llowed by a significant increase of 8 0,CI . 
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The homogeneity of the vertical profile of Bbae1 and Bphy•o throughout the water column 
probably resulted from ~cient mixing of the water column by the mechanical aerators. 
The vertical distribution of800""";,, appeared patchy during May and June. Because the aera
tors induced an efficient mixing of the water, hydrodynamic factors did not cause this 
p?tchiness. On the other band, the swarming of D. magna was not an adaptation to the 
presence of predators since neither fish nor other common daphnid consumers were pre
sent in the pond. ln the presence of homogeneously distributed food, the vertical distribu
tion of daphnids might also be expected to be homogeneous (PuANOWSKA & DAWIDOWI CZ, 
1987). It is therefore not known why D. magna tended to aggregate near the bottom in 
May and in June. 

GPT experiments revealed that feeding activity was neither synchronised nor continu
ous in the D. magna population. Such high variability in GPT bas been observed in other 
Daphnia species (ZANKAI, 1983; MURTAUGH, 1985 ; GERRJTS EN et al., 1987). This variabi
lity could have a purely experimental origin. When transferred from one medium to another 
with different characteristics (food concentration, water temperature, etc.), animais can be 
stressed and may need from 15 to 30 minutes to recover constant physiological rates 
(BURNS, 1968; PORTER et al., 1982). We transferred animais carefully during the feeding 
experiments and the animais did not present any signs of stress (rejection of food from the 
filtering appendages with the postabdomen, prostration or increase in swimming speed) 
during or after transfer. However, the animais were transferred from a medium containing 
unfiltered pond water to a feeding medium containing filtered pond water to which bacte
ria and algae were added, but which did not contain detritus and protozoans, both abundant 
in the pond (H.M. CAUCHIE, pers. obs.). Daphnids are indeed known to feed not only on 
bacteria and algae but also on detritus and protozoa (e.g. PETERSON et al., 1978 ; PORTER et 
al., 1983; JüRGENS, 1994). Total food availability was therefore certainly lower in the feed
ing medium than in the pond and cou Id have caused a variation in the feeding behaviour of 
the animais. Nevertheless, the persistence of a significant proportion of non-feeding ani
mais during long experiments (> 15-30 minutes) suggests that, besides methodological 
biases, an actual inter-individual variation exists in the feeding activity of D. magna. 

In Daphnia, the di stance between the setules of the filter combs increases with body 
length (KORIN EK et al., 1986 ; LAM PERT & BRENDELBERG , 1996). As a consequence, small 
indi viduals can retain small particles such as bacteria more efficiently than large indivi
duals, whereas large animais can handle large particles more eas ily than small an imais. 
High values of the expooent b are therefore observed for Daphnia when large green algae 
and cyanobacteria are offered as food (HOLM et al., 1983 ; BRENDELBER:GER, J 985; 
STUCHLIK, 1991 ). By contrast, low b va lues are observed when bacteria are offered as food 
(PETERSON et al., 1978 ; PORTER et al., 1983). Except on January 29 for IRbae1' intermediate 
to low b values were observed as a consequence of the small s ize of the FLB (1 ngth = 
1 µm ; width = 0.5 ~un) and FLA (diameter = 5 ~tm). The high va lue of b observed for 
lRbact in January probably refl ects an adaptation oftbe filter ing apparatus to low food dur
ing winter. Daphnids are indeed able to increase their fi ltralion area and to reduce the open 
di stance between the setules of the end ites of the ir tbird and fo urth thoracic li mbs 
(KOR INEK et al., 1986) . As a consequence, an increase of the va lue of b i observed under 
conditions of low food avai lab ility (LAM PERT & BR EN DELB ERGER, 1996). 
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Even when Bb'" was significantly higher than Br,,,.1.,, D. magna predominantly fed on 
algae. This is in good agreement with the bulk of evidence presented earlier (PETERSON et 
al., 1978; GELLER & MüLLER, 1981) and reflects the low ability of this species to capture 
bacteria compared to algae (BRENDELBERGER, 1985). This difference in capture efficiency 
resulted in a lower impact of,,.B. magna on the bacterial community than on the algal com
munity. From January to June, Bphyio was maintained at a low level because the D. magna 
population consumed a high proportion ofBr1tyio· Despite this high grazing pressure, the green 
alga Planktonsphaeria gelatinosa was able to develop a high biomass. ln early July, BD""'"';,' 
reached an uncommonly high value resulting in an overgrazing of the phytoplankton and a 
collapse of Brhyio· The high grazing pressure of D. magna is certainly a major cause of the 
weak phytoplankton developrnent generally observed in waste stabilisation ponds 
(NAMÉCHE, 1998). Significant grazing pressure on bacterioplankton was only observed when 
BD"""";,' reached high values. ln June, the D. magna population ingested one fifth ofBboci daily 
and more than 1 OO% of the Pb,,1 daily. However, Bbact did not decrease because of the input 
of allochtonous Bb"i with sewage. The grazing pressure on P boci was maximum in early July, 
resulting in a decrease in Bbaci· Because, however, such high BD<'"'"';,, are only transient in waste 
stabilisation ponds, the grazing pressure of the D. magna population Ofl the bacterioplankton 
dynamics must be considered, on the whole, as marginal. 

The gross production efficiency (GPE) of D. magna on the combined biomass ofbac
terioplankton and phytoplankton (P &'"'"';,' I (fRbaci + lRr1t,.1J) reached 130, 465, 830 and 331 % 
in January, May, June and July, respectively. Such obviously too high va lues ofGPE indi
cate, as far as PD""'"''" was correctly estimated, that the total quantity of food ingested by 
D. magna was underestimated. This may indicate that the detritic particulate matter con
stitutes a significant part of the D. magna ration in waste stabilisation ponds. The next 
stage of our trophodynamic study of waste stabilisation poncjs will therefore invol ve the 
labelling of detritus and the estimation of its ingestion rate by D. magna. 

The extrapolation of daily ingestion rates from a few short-tenn experiments is ques
tionable. The monitoring of die! variation of !Rp,,yio revealed, however, that a single mea
sure of 1 Rphyio made at 19 ;OO correctly reflected the mean IRrhyio over 24 hours. Di el patterns 
of lRphyio in adults were similar to those observed in other Daphnia spec ies 
(STARKWEATHER, 1975, 1983; HANEY & HALL, 1975), with the highest ingestion rates 
being generally observed during the night or at light-to-darkness or darkness-to-light tran
sition. By contrast, the daytime maximum ofIRp,,yio observed in juveniles was qui te uncom
mon. Visual predation by fish is often pointed out as a major cause of the occurrence of 
maximum feed ing rates at night (STARKW EATHER, 1983). In the WSP of Differdange, tbis 
type of predation was non-ex istent and there was th us no disadvantage of feeding during 
the day. Under these conditions, the temporal separation of the max imum feed ing activity 
of juveniles from that of adults can be hypothesised to be a niche shift leading to a reduc
tion of intra-specific competition for food . 
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Abstract. Axolotls swim throughout post-hatching ontogeny. This co incides with aD approx i
mate ly twentyfold range in total body lengtb (L), which may imply unfavourable differences in 
encountered tlow regime (v iscous versus inertial) quring ontogeny. Using high-speed video 
(500 fields s·'), we analysed the kinematics, mechanical efficiency, sw imming speeds and flow 
regime ofswimming hatchlings (approximately 0.01 m L, «stage 1 »), 2 week old an imais (approx
imate ly 0.02 m L, «stage 2») and 20 week old anima is (approximately 0.08 m L, «stage 3 »), and 
compared the data with simil ar data from adults (0. 135-0.238 m L, «stage 4 ») . 

Ali stages swim by pass iDg waves of lateral curvature clown the body. The kinematics, described 
by the characteristics ofthis wave (speed, frequ ency, length, amplitude) are largely comparable in ail 
four stages : w ithin each stage, sw imming speed is increased by iDcreasing the wave freq uency onl y. 
Mechan ical swimmin g efüc iency, est imated by means ofLighthill 's elongated-body theory, is about 
5 % lower in batchlings tban in adul ts. 

The most striking resu lt is that the observed, voluntary absolu te sw imming speeds from stage 1 
to stage 4 are much more similar tban would be ex pected given the twenty-fold L range. Poss ible 
ex planations are ecological and/or hydrodynamica l. FiJStly, predator escape success increases as the 
swimming speed increases. Second ly, by adopting high speeds, axo lotls increase Reynolds nurnbers, 
and thus avoid having to sw im in the unfavo urabl e viscous flow regirne. 

Key words : Ambystoma mexicanum, axo lotl , sw imming, ontogeny, fl ow regime. 

JNTRODU CTfON 

Axolotls, be ing neotenic salamand·ers, maintain a larval hab itus thro ughout ontogeny 
(BRUNST, 1955). Total body length (L), however, ranges from about 0.01 m (post-hatch
ing) to 0.25 m or more for adults. This paper deais witb the effect of body size on loco
motion and , more specifica ll y, w ith the mechan ical consequence of swimming at the full 
range of post-batch ing body lengths. 

(') Present address : Laboratory fo r Funct ional Morphology, Departmcnt o f Biology, Un iversity 
o f Antwerp (U. 1 A ) Uni versiteitsple iD \ , B-26 10 Antwerpen (Wilrijk), Belgium 
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~ 

The thrust and drag (which are quantitatively equal in the case of steady swimming) 
during swimming arise from two different forces acting on the animal's body and in the 
water close to the body (WEBB, 1975) : inertial forces and viscous forces. Their ratio (iner
tial/viscous forces) is the Reynolds number (Re) . Re indicates the governing flow regime 
and is of crucial importance to an understanding of the dynamic environment in which the 
animal moves. It is calculated as follows: 

R L.U 
e= ~t/p 

(1) 

with L being a relevant length (mostly, and in this paper, total body length), U the swimming 
speed, Jt the viscosity and p the density of the medium. The ratio ~1/p is tl}e kinematic viscos
ity and equals 1.002 10·6 m' s·' for fresh water at 20°C (calculated from ~Land p data in WEAST, 
1974). Changes in the kinematic viscosity result from changes in water salinity (e.g. typically 
3.5 % lower in sea water than in fresh water) and more importantly, from changes in temper
atLtre (FULMAN & BATIY, 1997). However, for most biological studies, Reis estimated from L 
and U only, keeping kinematic viscosity constant. At low Re(< 1), viscous forces dominate 
and inertial forces can be neglected (this is the case for small and slow animais, e.g. swirn
ming bacteria, spenn ce Ils). At high Re ( e.g. swimming fish , Re typically around 10' -10'), 
inertial forces dominate, and viscous forces are only quantitatively impo1tant in the animal's 
boundary layer (WEBB, 1975). Brietly, low Re indicates a« viscous » tlow regime, high Re an 
« inertial » tlow regime, with the threshold around a Reynolds nurnber of 200 (WErHS, 1980 ; 
WEBB & WErns, 1986). Theoretical (WEIH S, 1980) and experimental (VYMEN, 1974) studies 
indicate that swimming in the two tlow regimes is accom panied not only by considerable dif
ferences in swimrning style, but also in body morphology (e.g., see MüLLER & YIDELER, 
1996), because constructional demands also change with the tlow regime (cfr. ÜSSE, 1990, 
and references therein). Therefore, if larvae cou Id swim in an inertial tlow regime, they would 
be subject to similar physical constraints as the adults (WEBB & WE11-1s, 1986), and design 
changes (which likely requjre a lot of energy) would be unnecessaiy. 

Th.roughout their ontogeny, axolotls are like ly to encounter a wide range of Reynolds 
numbers, because their L vai·ies approx imate ly 20-fold. D'AOÛT & AERTS ( 1997) found 
that adult axolotls voluntarily swim at approx imate ly 1 Lis . lf this remains true for lai·vae . 
of0.01-0.015 m, Re would range from 80 to 200, and axolot ls wou ld have to switch frorn 
viscous to inertial swimming very soon after hatching, when energy allocation is crucial 

and predation pressure high. 

Many fis h larvae hatch in the viscous flow regirne and reach the inertial tlow regime 

arou nd first feed ing (MÜLLER & YIDELER, 1996). M üLLER & Y IDELER (1996) founcl that 
larvae from ail analysed species do not, however, aclapt to their flow reg ime, but grow dis
proportionally in length to escape from the viscous reg ime into the « safe harbour » (SH INE, 
1978) of inertial swirnm ing as fast as possible. 

Apart from increas ing body length , there is another way to reach the inerti al flow 
reg ime: i.ncreasing swimm ing speed. D'AOÛT & AERTS ( 1997) found that, w itbin the limi
ted observed s ize range of adults (0. 135-0.238 111), sma ll indiv iduals swirn re lative ly faster 
than big indi viduals. If thi s trend ho Ids true fo r larvae, they may indeed escape from the 
viscous tlow regime by sw imrnirig fa ste r. Thi s would , apart from tbe hydrodynamic 
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advantages, also have an ecological advantage, which is absent in the case of increased 
length growth: the higher the animal's speed, the higher its escape success will be 
(GARLAND, 1994). High relative locomotor speed (in body lengths per second) would fur
ther enhance escape probability of larvae in a stage where it is especially prone to preda
tion (V AN DAMME & V AN DOOREN, 1999). 

This paper focuses on swimming kinematics and speeds, and investigates the following 
points: (1) does the swimming style of larval and adult axolotls differ, (2) do larvae swim 

·relatively faster than adults and (3) do they succeed in escaping the viscous flow regime? 

MATERIALS AND METHODS 

Experimental animais 

Prior to experiments, Mexican axolotls, Ambystoma mexicanum Shaw, 1789 (Amphibia: 
Caudata: Ambystomatidae ), were kept in an aerated freshwater tank at room temperature. A:fter 
spawning of one individual, eggs were transferred to another tank and regularly checked. Dead 
or fungus-infected eggs were immediately removed. About 80% of the eggs hatched. 

First-day hatchlings, defined here as« stage 1 » individuals, were randomly selected and 
used for video recordings. After 2 and 20 weeks, a random selection of individuals was made 
(defined bere as «stage 2 » and «stage 3 » individuals, respectively) and these were again 
used for video recordings (see also Table !). «Stage 4 »animais are adults from 0.135-0.238 
m total body length, previously analysed by D'AOÛT & AERTS ( 1997). ln this way, early post
hatching stages (stages 1 and 2, see aims in the Introduction) can be compared with adults 
(stage 4) and with specimens of smaller body size, but with an adult habitus (stage 3). 

Recording of the swimming sequences 

During recording sessions, animais were placed in an appropriate set-up consisting of a 
petri dish ( diameter 0.19 m, depth 0.03 m ; stages 1 and 2) or of two open aquari a, inter
connected by a closed glass tunne l (height = 0.1 m ; width = 0.15 m ; length = 1 m ; stages 
3 and 4). Bath set-ups included reference grids. Animais were video-taped in dorsal view 
at 500 fields s-1 using a NAC-1000 high-speed video system equipped with a Fuji non 12.5-
75 mm zoom lens. ln the cases of the stage 1 or 2 animais, B&H (Schneider-Kneuznach) 
close-up diopters were fitted to the Jens to increase magnificati on. Animais were some
times stimulated to swirn by gently touch ing them with a fine probe, but they were free to 
se lect their swimming speed (« preferred » or« voluntary » speed) as they were not chased, 
or made to swim against an externally induced fl ow. 

Water temperature was 20 ± 2 °C duri ng both the acc limatisation and the experiments. 
Kinemati c viscos ity di ffere nces in thi s range are about ± 5 % and are neglected ; fo r Re 
calculations the kinemati c viscos ity value of 1.002 10-6 m2s-' was used (see Introduction). 

Analysis of the high-speed video seq uences 

For analys is, only rectili near swimm ing trials consisting of at least three complete cycles 
were used_ Three representative swimming bouts from each stage were thus selected for a 
complete analys is and compared with 28 «stage 4 » sequences (D'AOÛT & AERTS, 1997). 
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Air animais swam at the bottom in ail analysed sequences, representing the normal 
behaviour in aquaria (pers. obs.) and most likely also in nature, where axolotls live at the 
bottom of lakes (SMITH & SMITH, 197 l). For each frame, the dorsal midline was digitised 
using a NAC-1000 XY coordinator connected to a PC. For details about further data pro
cessing, we refer to D'AOÛT & A ERTS (1997). The dorsal midlines of the animais are 
described by 20 segments of 0.05 L , delimited by 21 points (the «body points», BP), 
point 1 being the snout tip and point 21 being the tail tip. 

We studied the following parameters: (l) swimming speed U (m/s), the forward speed of 
the animal calculated as the displacement of the snout tip divided by the co1Tesponding time 
period ; (2) wave speed V (m/s), the speed of the wave of propulsion, reJative to the animal's 
body (thus, not to the external frame of reference) ; (3) wave frequency f (Hz), tbe reciprocal 
value of the wave period, i. e. the duration of one complete cycle; ( 4) stride length , the dis
tance travelled in one complete cycle (i.e. with one tailbeat ; YIDELER, 1993), (5) wave length 
À, the length of the propulsive wave on the body, and (6) the amplitudes A (m) of the 21 body 
points (BP). The maximal amplitude A(= maximal lateral detlection from the mid-position) 
was determined for every body point ; the graph representing these amplitudes as a function 
of position along the body is further referred to as the amplitude profile. To allow comparison 
of U, A and À different-si zed animais, these parameters were scaled to the total body length 
yielding specific speed U,", specific amplitude A," and specific wave length À,r· 

Because of the range of animal sizes (L) and swimming speeds, tluid dynamical 
reg imes may differ drastically. To account for differences in tlow regime, Reynolds num
bers (Re) were calculated (see Jntroduction). ln addition , climensionless frequency was 
calulated as follows: 

- f L2 J> µ/p 
(2) 

ln this way, dimensionless frequency (f.11) times dimens ionl ess stride length (the di stance 

travelled with exactly one com plete cycle, normal ised for L) y ields Re. 

Based on the kinematical data, the (hydro)mecbanical effic iency of swimming was 
calculated , i. e. the ratio of propul sive power to the mechanical power prnduced by the 
swimming animal. L1GHTHILL 's (1960) elongated body theory is widely u ed and has, for 
tadpoles of Reina catesbeiana, proven to g ive accurate estimations in quanti tat ive tenus 
(e.g ., Liu et al. , 1996). The e longated-body theory has a number of i11herent limitations 
(fo r deta il s, see D'AOÛT & AERTS, 1997) but, s ince the body shape of larval and ad ult 
axo lotls does not change drast ica ll y, thi s theo ry can be used to compare mechani ca l swim
ming effi c iencies. A lso propeller effi c iency (or s lip factor) , de fined as U/V, was calculated. 
S ince V is a lways greater than U during steady swimrn ing, the propell er efficien cy can 
range from zero to values c lose to the theoretica l maximum of one . 

ln order to have a w icler range ofswimming speeds and frequenc ies for stage 1 larvae, 
30 rect ilinear, steady sequ nces of 3-9 cyc les were randomly selected (in addition to the 
three analy ed in detai l, see above) , and mean U and mean f were calcu la ted . These addi
tiona l data ex tendcd the data set on Reyno lds numbers of hatchli ng axo lotls . 



TABLE 1 

Overvie1v of the kinemaiic variables and calculated efficiencies for three sequences of stages 1-3. Data can be compared with literature data on stage 
.J (D'AoCT & AERTS. 1997). For details. we ref er ta the Material and Methods section. L. wtal body length (111); U, swimming speed (mis): U,11 specific 
swi111111ing peed (Lis) : V, wave speed (mis) : f, swimmingfi'equency (Hz) : wave length À (m); A,11 specific tail tip amplitude (L); UIV(dimensionless), 
propeller effic iency (slip f actor: dimensionless) : EBT efficiency using LtGHTHILL's (1960) elongated-body theo1y (dimensionless); strl, stride length 
(mJ: strl,,,. pecific stride length (bodylengths) : ?..,,,. specific wave length (body lengths) . 

[./) 

:§ 
seq ·stage l u u V f À A UIV EBT strl strl À s: 

•p •P JJI ,,, s: 
d54 0.010 0.106 10.2 0.190 18.7 0.010 0.368 0.563 0.782 0.006 0.549 0.976 z 

Cl 
d58 0.0 10 0.104 10.0 0.2 11 19.3 0.011 0.289 0.500 0.750 0.005 0.520 1.038 0 

cl53 0.0 11 0.115 10.8 0.242 23.1 0.0 10 0.199 0.494 0.747 0.005 0.470 0.937 
..,, 
r 

mean 0.010 0. 108 10.3 0.214 20.37 0.0 10 0.285 0.519 0.760 0.006 0.513 0.984 > 
;i:i 

s.e. 0.0006 0.0059 0.416 0.026 2.39 0.0006 0.085 0.038 0.019 0.00058 0.040 0.0509 ~ 
d- - 2 0.01 8 0.078 4.29 0. 156 9. 13 0.017 0.276 0.504 0.752 0.009 

r 
0.470 0.956 > 

d -6 0.018 0.097 5.39 0.217 13.0 0.0 16 0.156 0.451 0.726 0.007 0.4 14 0.874 >< 
0 

d57 2 0.022 0.097 4.33 0.198 10.9 0.019 0.183 0.499 0.750 0.009 0.399 0.855 
r 
0 

0.0193 0.091 4.67 0.190 11.0 0.017 0.205 0.485 0.743 0.008 0.428 0.895 
-i 

mean r 
[./) 

s.e. 0.0023 0.01 1 0.62 0.03 1 1.94 0.00 15 0.063 0.029 0.014 0.001 0.037 0.054 
d50 3 0.066 0.27 1 4. 10 0.553 11.7 0.049 0.186 0.492 0.746 0.023 0.349 0.748 
d52 3 0.085 0. 15 1 1.78 0.306 5.75 0.047 0.082 0.496 0.748 0.026 0.309 0.548 
d51 3 0.088 0.1 32 1.50 0.248 4.50 0.068 0.105 0.534 0.767 0.029 0.333 0.767 

mean 0.080 0. 185 2.46 0.369 7.32 0.055 0.124 0.507 0.754 0.026 0.330 0.688 
s.e. 0.0 12 0.075 1.43 0.162 3.85 0.0 12 0.055 0.023 0.012 0.003 0.020 0. 12 1 
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RESULTS 

According to BREDER's ( 1926) definition, axolotls of ail stages have an anguilliform 
swimming mode, characterised by a wave of curvature travelling down the body faster 
than the animal's swimming speed (F ig. l ). 

Fig. 1. - Dorsal-view video images illustrating approximately one swimming cycle of a stage 
1 individual of Ambystoma mexicanum. The time interva l between successive frames is 4 ms, 
the scale bar is 0.01 m. The swimming style of this hatchling animal is qualitatively similar 
to adu lts (see fig. 2 in D'AoûT & AERTS, 1997). 

The amplitude of the wave of propulsion is not constant, but changes as a function of the 
location along the body: the head region oscillates least, although still considerably (e.g. 
approx imately 10 % L in stage 1 ), and the amplitude increases to reach a maximum at the tail 
tip (Fig. 2). Maximal specific tail tip amplitudes decrease during ontogeny and are approxi
mately 0.285 L for stage 1, 0.205 L for stage 2, 0.124 L for stage 3 (Table 1) and 0.097 L for 

0 
(snout 

tip) 

10 20 30 40 50 60 70 80 90 100 

Percent of body length (l ) 
(tail 
tip) 

Fig. 2. - Specitïc am pli tude as a fu nction of position a long the body, for a repre entative 
sequence of a stage 1 indiviclua l. Ampli tude is smalle l (but not zero) in the head region and 
increascs towa rcls the ta il , wherc ampli tuéle is maximal. 
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stage 4 (D'AOÛT & AERTS, 1997). Specific stride length is clearly higher in stages l and 2 
(0.5 13 and 0.428, respectively), than in stages 3 and 4 (0.330 and 0.345, respectively). 

ln stages l to 3, the frequency of the propulsive wave (t) increases linearly with U,r 
(Fig. 3), as it does in the size range represented by stage 4 ( D'AOÛT & A ERTS, 1997). It is, 
however, important to focus on dynamically similar conditions when kinematic variables 
between different-sized animais at different speeds are compared. Therefore, we plotted 
the dimensionless frequency as a fonction of Reynolds number, for ail available data of the 
four stages (after log-log transformation, see Fig. 4). Clearly, fd, relates directly to Re, and 
the previously observed linear relationship between frequency and speed remains valid 
when the fluid dynamical regime is taken into account. Note that early stages have a low 
Re, but high U,r (compare Figs 2 and 3). 
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Fig. 3. - Swimming frequency as a function of specific swimming speed for 3 sequences each 
of stage 1-3 axolotls. L (cm) is indicated at the data point. Note that smaller individuals have 
higher specific swimming speeds. As in adult axolotls (stage 4), specific swimming speed is 
directly related to frequeacy. 
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Absolute voluntary swimming speed increases from stage 1 to stage 4 (Fig. 5 and 
Table!), but it should be noted that the ontogenetic variation in swimming speeds is much 
smaller than the differences in body length between the four stages. Fig. 6 and Table 1 
show that U,r (which accounts for L differences) reaches much higher values for small lar
vae (stages 1, 2) than for large larvae and adults (stages 3 and 4, respectively). 
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Fig. 5. - Observed swimming speeds (U) for stage 1-4 axolotls. Larval axolotls clearly swim 

more slowly than adults, but the difference is less than the 20-fold difference in L. 
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Fig. 7 depi cts the observed log-transferred Reynolcl numbers fo r the different stages . 
Rey nolds numbers range from 2.48 102 to l. 98 l 03 fo r stage l (N = 36), and from 1.59 104 

to 8.63 1 o• for adul ts (N = 28) . Stages 2 and 3 have intermediate Reynolds numbers (N = 

3, for both stages). 
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Fig. 7. - Observed Reynolds numbers (Re) for stage 1-4 axolotls. Note that, even for the slow
est observed sequences of stage 1 animais, Re is higher than 200. As a consequence, axolotls 
swim in the inertial flow regime throughout ontogeny. 

Mechanical swimming efficiencies, estimated by LIGHTHILL's ( 1960) elongated-body 
theory, differ little between stages 1 to 3, and are, with mean values of 0.743 to 0.760, 
sligbtly (respectively, 4.5 % to 6.7 %) lower than the mean efficiency of stage 4 animais. 

DISCUSSION 

ln this paper, we compared the swimrning style, efficiency, speeds and flow regime of 
larval versus adult axolotls. Qualitative cornparison (Figure 1) and analysis of several 
kinematic variables show that the swimming style of axolotls remains remarkably simjlar 
throughout ontogeny and can be compared with literature data of other anguilliform swim
mers (e.g. adult axolotls, D'AOÛT & AERTS , 1997 ; Siren intermedia , GILLIS, 1997 ; 
Anguilla rostrata, GILLIS, 1998). Axolotls of ail post-hatching ontogenetic stages have a 
largely comparable swimming style, characterised by the presence of a body wave, tra
velling from head to tail with increasing amplitude. The specific swimrning speed corre
lates linearly with wave frequency, as in most fishes (VIDELER, 1993). A striking 
difference, however, is the amplitude of this wave, which is larger for larvae than for 
adults (see Table 1 ). This causes an important head yaw due to angular recoil forces 
(BATTY, 1981 ), also found in anuran tadpoles (WASSERSUG, 1989). 

Using L1GHTHILL's ( 1960) elongated-body theory, we have sbown tbat larval stages (l-
3) swim slightly less efficient (by approx imately 5 %) than do adults, and about 10 % less 
efficient than do anuran tadpoles (WASSERSUQ & HOFF, 1985). A puzzling findin g, how
ever, is that relative stride length is clearly longer for larvae than for adults (see Table l ). 
Wb il e adults need about three cycles to trave l their own body length (specific stri de length 
0.345 , D'AOÛT & A ERTS, 1997), stage 1 larvae need only about two (specific stride length 
0.513 , Table 1). S ince the s lip factor (or propeller effici ency), and elongated-body effi
ciency of ail stages are similar, thi s findin g has to be the res ult of differences in specific 
wave length \r· fad eed , the specific wavelength decreases fro m about 0.98 at stage l (th is 
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paper) to 0.60 at stage 4 (D'AOÛT & AERTS) . Thus, Jess waves are present on the larval 
body (approximately 1) than on the adult body (approximately 1. 7) at any instant of the 
swimming cycle. Evidently, since the slip remains the same, a wave that travels down the 
full length of the body within one. eycle, propels the animal further than a similar wave 
that travels over only 0.6 of the body length (Table 1 ). 

Apart from similarities in swimming style, small axolotls were observed to swim at 
much higher specific swimming speeds (up to 11.4 Lis) than adults (up to 3.3 Lis). Since, 
at ail stages, a linear relationship was observed between preferred specific swimming 
speed and frequency, frequencies of larvae are much higher, accordingly. This is in con
trast to fish larvae, the swimming speeds of which increase linearly with size (BLAXTER, 
1986), so that specific swimming speed remains approximately constant. 

The relatively high swimming speed of larvae has important consequences in relation to 
the flow regime the animal encounters, since Reynolds number increases linearly with swim
ming speed (Equation 1 ). Like fish larvae, axolotl larvae can, at first glance, be assumed to 
swim in the viscous flow regime (Re < 200), which is most likely not beneficial (see 
Introduction). W EBB & WELHS ( 1986) argued that most biological fonctions in fish larvae occur 
at higher Re (> 200), because then, constraints towards hydrodynamical activities (feeding, 
breathing, swimming) would remain similar throughout ontogeny. Fis!; larvae acquire rela
tively high Re by increased length growth (MULLER & YIDELER, 1996 ; see also W EBB & 
WEU-IS, 1986 ; FUTMAN, 1983; ÜSSE, 1990), or by kick-and-glide swimming (WEIHS, 1980). 
Axolotl larvae acquire Re > 200 from the moment ofbatching because oftheir high swimrning 
speed. Thus, both fish and axolotl larvae succeed in escaping from the viscous flow regime, but 
by different means. Axolotls swim in the inertial flow regime from the instant of hatchiJ1g, so 
tbey do not have to switch from viscous to inertial swimming during ontogeny. Hence, physi
cal constraints towards the swimming mode would remain similar, and simila.r forms would 

correlate with similar (swimming) behaviour (WEBB & WEIHS, 1986). 

Escaping the viscous flow regirne by speed increase has an advantage, of an ecolog i
cal nature, that length increase does not offer: increased escape success. Larvae are highly 
predated, and mortalities are high (e.g. see P EPIN, 1991 , for fi sh larvae). Obviously, a 
hi gher abso lute speed will increase the chance of escape from a predator (GARLAND, 
1994 ). S in ce axo lotl larvae are ab le to swim at least as fast as the preferred speed of adults 
(F ig. 5, and D'AOÛT & Arn.Ts, 1997), they would li ke ly have good escape chances. Recent 
ev idence (V AN D AM MEN & V AN DOOREN, 1999) argues that spec ifi c speed is an even bet
ter pred ictor of escape success than absolute speed . ln this case, escape succes of axo lotl 
larvae would increase even more, s ince specific speeds are very high (F ig. 6). 

To conc lude, the re lati ve ly high swimrning speed acquired by axolotl larvae is both 
hydrodynamically and eco log ica lly benefic ial , i.e. to escape the viscous flow regime, and 

to increase the chances of successfu l escape from predators. 
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Abstract. Damselflies are sui table subjects fo r examination of a variety of biological questions, 
but most research has been carried out in the field. Severa) questions are hard to test because of the 
uncontrolled conditions inherent in field studies. This can be circumvented by studying populations 
in semi-natural outdoor insectaries. We assessed the suitability of such insectaries by cornparing the 
survival and adult behaviour of lschnura e!egans (Vander Linden) in insectaries and in the field. Our 
results showed that damselflies behaved differently under experimental condi tions. Nevertheless, 
outdoor insectaries can be regarded as a valuable tool to elucidate questions concerning li fe history 
traits since they offer the possibility to eleminate predation, emi- and immigration and hidden li fe. 

Key words· : Odonata, damselflies, insectaries, experimental setup. 

INTRODUCTION 

ln the last two decades, it has become clear that damselflies are suitable mode! orga
nisms to study a diversity of behavioural and ecological topics (e.g . F1NCKE et al., 1997). 
One oftheir advantages over vertebrates is their variety in reproductive strategies and the 
possibility they provide for the collection of lifetime data over a short timespan. Housing 
larva l damselflies has been succesfully conducted 'by several researchers (see JOHNSON, 
199 1 ). ln contrast most research on imagines has been performed in the fie ld. 

Severa! problems and limitations apply to conventional. field studies. First, in the field 
up to half of a study population may disappear after marking and releasing (e.g. FrNCKE, 
l 988 ; CoRDERO, 1997). As a resul t, conclusions may not be ba ed on a random sample of 
the population. A second problem is the occurrence of unknown uccessful di per al to 
other ponds (MICHIELS & DHONDT, 199 1 a). Thi rd, examining several populations simulta
neously is difficult because of habitat complexity ; and problem (e.g. duc to weather con
ditions) may arise when life history is studied in different peri d or year (e.a. BA KS & 
THOMPSON, 1985). Fourth, observed freq uencies of copulation and o ipo ition in the field 
are often an underestimation of the reality (VAN NOORDWIJK, 1978 ; RD ERO et-<JI ., 1997). 
Fina lly, it is extremely difficult to contrai and vary the variables sex ratio, age distribution 
and density (but see S1vA-JOTHY, 1995) which are important for testing bypotheses (e.g. 
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MrcHIELS & DHONDT, 199la; FrNCKE, 1994). Some ofthese problems have been avoided 
by observing populations in large outdoor cages (MICHIELS & DHONDT, 199 la; DUNHAM , 
1994). However, testing more than two populations at the same time remains difficult. 

He_re, we pr~sent an _inexpensi_;'.Ymethod for housing da1~selfli~s in small outdoor insec
tanes, enablmg the s1multaneous study ofseveral populations w1th chosen population eco
logical parameters. 

A m~jor possible criticism of this type of experiment is the possibility that unnatural 
behaviour may occur. Therefore we examined the differences between small insectaries 
and the field. We observed Jschnura elegans (Vander Linden) in insectaries and, simulta
neously in the field, and compared our findings with literature data. The insectary experi
ments described herein are part of a broader study on sexual strategies in that species. 

MATERIAL AND METHODS 

Four dining shelters (Partytent, marketed by Bricomarkt B.Y.B.A. ; s·ize: 3x3x2.5 m), 
were covered with bee-netting (mesh size: 2x8 mm, marketed by B.Y.B.A. Ranschaert) 
(Fig. 1 ). [n contrast with former studies (FrNCKE, 1987 ; fORB ES & LEUNG, 1995) the net
ting allowed passage of small insects and avoids the need to supply food. To allow enough 
light, we replaced triangular parts of the plastic roofwith the bee-netting. Insectaries were 
secured against heavy wind by stretching tent-ropes and by digging in the unders ides of 
the bee-netting. The total price of an insectary was approximately 2000 BEF (65 USD) at 
the time of the study. 

Fig. 1. - lnsectary. 

Each insectary contained two sma ll pools (p lastic shells, Boubsy N .Y.) with a perime
ter of approximate ly fo ur meter each, to serve as ov iposit ion s ites and supp l y of water on 
hot days . Around the poo ls we plan ted Juncus efjùsus as roosting s ides (GEUSKES & VAN 
TOL , 1983) The rema ini ng vegetation consisted mostly of Arrhenaterum elatius, Arlemia 

' 
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vulgaris, Cirsium arvense, Dipsaccus fi1llonum, Plantago major and Urtica dioica with 

heights between 20 and 80 cm. 

The insectaries were placed j.9-a field called «De Biotuin », property of the University 
of Antwerp. Experiments were performed during the summer of 1998. To avoid predation, 
the insectaries were cleared of spider webs and frogs. The animais used for the experi
ments were collected approximately 10 km away from our study site («De Walenhoek », 
Niel). Captured animais were transported in cages (size: 30x30x30 cm). Ali animais were 
marked with an individual number in black ink on the left forewing (Staedtler Pancolor, 
0.3 mm pen). Observations were made with binoculars from outside the insectaries 
(Opticron, 10 x 42). 

fn a first experiment we examined whether the food availability in the insectaries was 
sufficient to exlude mortality due to starvation and cannibalism (ROLFF & KRôGER, 

1997). We released 63 freshly emerged tenerals (34 males and 29 females) to one insec
tary and counted the number of survivors after maturation (five days). Survival of adults 
was analysed on a new group of animais in the second experiment. Tire combination of 
both experiments should produce an idea of the adequacy of the food available during the 
study. 

ln the second experiment we examined survival and adult behaviour including daily 
activity pattern and timing, duration and frequency of copulation and oviposition of adult 
males and females in four insectaries. We performed field studies on 1. efegans during the 
summers of 1996 and 1997 (unpublished results), and compared both findings. We daily 
recorded interactions (tandem formation , copulation, oviposition) (from 8h00 until 
l 8h00). lndividuals in one insectary were observed during 15 min , whereafter we focused 
on the next insectary. Observations on insectaries were made in a daily random sequence. 
On three sunny days we observed damselfly activity between 7h00 and 8h00 at dawn. 
Hours are given in Mid European Summer Time. 

Because of sma ll sample sizes, we compared the daily activiy pattern between insec
taries and the fi e ld by grouping frequencies of copulations and ovipositions per two hour . 
The analysis was performed using a Fisher Exact test. We analysed the effect of insectary 
and sex on the survival of adult 1. efegans with a Cox proportional Haza rd mode! (KLEIN 

& M oESCI-IBUERGER , 1997) usi ng proc PHREG in SAS 6.1 2. Ties were hand lecl with the 
EXACT proced ure. Means are reported with one standard deviation. 

RESULTS 

Survival 

Jn the first ex periment we found that mortality of teneral s was low, and similar for 
males and fema les (respective ly three and four damselfli es di ed ; Fisher Exact test, df = 1, 
p = 0.69). We have no comparati ve fi e ld data. Survival of adu lt an imal d id not di ffer 
between insecta ries and sexes (log lilœ lihood test, (x2= 3.24, df = 4, p = 0.52 ; F ig. 2). 
Average aclult li fes pan was l7.67 ± 7.45 days . ln the fi eld study we observecl an averag 
li fespa n of onl y 3.2 ± 0.5 days (unpub lisbed results), without a difference in survival 
belween males and fe males . We did not observe canniba li sm in insectaries or fi eld . 
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Fig. 2. - Survivorship curves of adult lschnura elegans in outdoor insectaries. 

Adult behaviour 

At night animais roosted on the vegetation of the insectary. During the day, sunshine 
resulted in males making long flights, inspecting vegetation looking for fema les. 
Unwilling fema les prevented males from mating by spread ing their wings and curl ing their 
abdomen. At the end of a copulation, pairs perched in tandem for periods ranging from 
1 min up to an l10ur. Long post-copula tandems were mostly observed close to oviposition 
sites. After post-copula tandem, animais separated and sometimes continued to perch 
alone at the same spot. Females oviposited without male mate guarding. They were 
aggressive towards intruding males or females, attacking, and sometimes even clashing 
with them, thereby temporari ly reserving an oviposition site for their exclusive use. Field 
observations were similar, except that at night, damselflies were found roosting only on 
emergent aquatic or littora l vegetation. 

Daily activity pattern 

On sunny mornings, the first ind ividuals began to tlutter and to tly to the tops of the 
vegetation at 7h l 5 whi le the insectaries were shadowed and temperatures just above 15° C. 
Males grasped perching fema les and formed tandem linkages when sunshine entered the 
insectary. These tandems usually lasted a few minutes on a sunny morning but up to two 
hours when it was c loudy and/or ra iny. The füst copulations were observed at 8h05 ana 
became numerous by 1 OhOO. Most copu lations were initiated before 11 hOO, except on 
cloudy days. Wben weather was bad, most activities were retarded by one to two hours 
except oviposition which, in contrast, occurred up to two hours earlier. Only in extremely 
bad conditions (harsh rain and strong wind) was no acti vity observed. Most oviposition 
took place from 16h00 onwards. Exceptionally, oviposition was observed earlier in the 
afternoon and only twice before 9h00. Under fi eld conditions we observed a similar daily 
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distribution of ovipositions (Fisher Exact test, df= 4, p = l.O) (fig. 3). We found, however, 
a shift in the daily distribution for copulations (Fisher Exact test, df = 4, p = 0.034) whereby 
copulations in insectaries were initiated and terminated earlier (Fig. 3). 
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Duration and frequencies of copulation and oviposition 

Observed lifetime copulation frequency in the insectaries ranged from zero to twenty 
/ 

in males, and from zero to thirteen in females. Mean copulation time was 292 ± 19 min 
(N = 11 ). The maximum number of ovipositions observed per female was fifteen, while 
mean oviposition time was 38 ± 24 min (N = 17). Numbers of copulations and oviposi
tions were much lower in the field during summer of 1996 and 1997. Here, maximum 
number of matings was two for both males and females . In total, the field studies took 
more than a month and resulted in the observation of only three ovipositing females. 

DISCUSSION 

Both teneral and adult 1. elegans foraged successfully on available prey. Mortality 
rates for tenerals were low and animais had enough energy to mate, while females were 
seen ovipositing regularly. Ovipositing in particular is very energy demanding due to the 
continuing development of eggs (e.g. ANHOLT et al. , 1991 ). Moreover, the survival of adult 
damselflies is generally higher in insectaries (LORD, 1961 ; VAN NooRDWIJK, 1978 ; 
H1NNEKINT, 1987 ; CORDERO et al. , 1997). Therefore, our results suggest that stress due to 
food limitation was improbable in tenerals and adults. The use of bee-netting offers the 
advantage that we did not have to add insects (see FrNCKE, 1987; LANGENBACH, 1993; 
FORBES & LEUNG, 1995) or supply rotting fruit to the insectaries (see · FINCKE, 1987). In 
contrast with most studies on teneral survival (e.g. THOMPSON, 1989), predation pressure 
could be kept close to zero. Only occasionally a damseltly was trapped in a spiderweb. 

The daily activity pattern of 1. elegans was similar in insectaries and in the field 
(MILLER, 1987 ; HILFERT & RürPELL, 1997 ; see results and Fig. 3). The differences 
observed in the distribution of copulations can probably be attributed to varying weather 
conditions between the periods of examination. Copulation duration observed in this study 
was comparable with those reported for matings of 1. elegans in the field (KRI EGER & 
KRJ EG ER-LOIBL, 1958: up to 340 min ; MILLER, 1987: 324 ± 90 min). On the other hand, 
copulation frequencies in the insectaries were clearly higher than in the field. Low mating 
frequencies in the field are a general phenomenon in damseltlies. C RDERO et al. ( 1997) 
found a maximum of three copulations per lifetime for a male and seven for a femal e, and 
PARR & PALMER (1971) found even lower numbers. The same can be said for oviposition 
frequency. The most likely explanation for this difference between insectary and fi eld is 
the difference in detection probability due to the complex ity of natural hab itats compared 
to our insectaries, where we restri cted the vegetation to a minimum. lndeed many copula
tions and ovipositions, even in insectaries , were hardly visible. Another aspect of lower 
observed copulation freq uencies in the fi eld is that many copulations occur away from the 
water (VAN NOORDWIJI<, 1978 ; CO RD ERO et al. , 1997). Finall y, the higher observed copu
lation frequencies may also be a conseq uence of the hi gher encoun ter rates betw en the 
sexes in encaged condi tions (e.g. MICHI ELS & DHONDT, 199 lb). 

The hi gber observed mating and ovipos ition frequency offers a great advantage. 1t 
increases the poss ibility to find di fferences between indi viduals or groups of indi viduals. 
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Moreover, the observation of ail copulations and ovipositions is required if one wants to 
study a fitness component like lifetime reproductive success. 

An additional advantage of working with insectaries is the possibility to eliminate or 
introduce mortality due to predation. In the field , predation often strongly reduces the vari 
ance in phenotypic characters, which makes it difficult to detect any sexual selection upon 
them (WADE & KAusz, 1989). Wh ile one solution to circumvent this is to artificially 
increase the variance in the population for a character upon which both survival and sex
ual selection might act (e.g. Anholt 1991), another is to retain the variance in the popula
tion and differ the predation pressure. The latter can be achieved in insectaries where the 
researcber can examine a range of predator frequencies in different insectaries. Moreover, 
in the described small insectaries, several populations can be monitored simultaneously 
while controlling factors sucb as sex ratio and population density to test specific hypothe
ses regarding their effects on fitness. Therefore, we conclude that outdoor insectaries are 
a powerful tool to study questions concerning life time characteristics of damselflies. 
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