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Winter microhabitat distribution of coots (Fulica atra
L.1758) on gravel-pit wetlands in the Garonne river
floodplain, Southwest France

Frédéric Santoul and Sylvain Mastrorillo
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F-31062 Toulouse Cedex 04, France

Corresponding author : Frédéric Santoul, e-mail : santoul@cict.fr

ABSTRACT. Human population growth, urbanisation and conversion of land to agriculture have led to loss of nat-
ural wetlands throughout the World, making artificial wetlands such as gravel pits, dam lakes or rice fields impor-
tant for waterbirds. In south-west France, the increasing abundance of gravel pits has allowed several bird species
to colonize the region. These “new” wetlands have become substitutes for the natural habitats of waterbirds. Coots
(Fulica atra L. 1758) colonised the Midi-Pyrénées area when gravel pits were created in the 1970’s. Coot popula-
tions were censused weekly from October 1996 to February 1997 and from October 1997 to February 1998 on three
gravel pits near Toulouse, SW France. Each winter, the number of coots was recorded on each gravel pit, and the
microhabitat used by coots identified according to environmental variables (water depth, bank slope, bank vegeta-
tion, vegetation between watermarks, macrophytes, human disturbance, zones of open water or near the bank).
Open water, which constitutes a secure habitat for this species during the wintering period, abundance of macro-
phytes (Characea) and presence of lawn on the bank appear as the most important factors influencing coot distribu-

tion. This information will be useful for site acquisition for nature conservation and management purposes.

KEY WORDS : Coots, Fulica atra, gravel pits, Garonne basin, habitat requirement, winter.

INTRODUCTION

Human activities destroy natural wetlands, but also cre-
ate artificial wetlands such as rice fields, gravel pits, and
dam lakes. These “new” wetlands have become substi-
tutes for wildlife habitat (BELL et al., 1997; FasoLa &
Ruiz, 1997; Mori, 2001). The biological value of gravel
pits, particularly for waterbirds, is increasingly recog-
nised. Several studies and actions have been undertaken
to protect and manage these artificial ecosystems (KEy-
wooD & MELLUISH, 1953; OLNEY, 1964; MILNE, 1974,
ANDREWS, 1991; PHiLIPS, 1992). However, few reports
have been published on the ecology of waterbirds in
French gravel pits (FROCHOT & GODREAU, 1995; SAN-
TOUL & TOURENQ, 2002). Gravel extractions on the flood-
plains in France have increased over the last 25 years.
Today, 45 gravel pits are active in the Garonne basin near
Toulouse, southwest France, representing a water area of
2000 ha. Populations of waterbirds have increased signif-
icantly in the region over the last few years, especially
during winter. Creation and development of gravel pits
have attracted numerous species of birds, of which the
coot (Fulica atra L., 1758) is the most abundant (SAN-
TOUL & TOURENQ, 2002). In the Garonne floodplain, the
number of coots has increased from about ten birds in the
1980s to more than one thousand at the end of the 90s
(JoacHM et al., 1997).

We investigated habitat preferences of wintering coots
censused weekly during two winters at three gravel pits
located in the Garonne floodplain at Saint Caprais. We
attempted to relate habitat characteristic with abundance

of coots within gravel pits. Such information will be use-
ful for site acquisition for conservation and management
purposes.

MATERIAL AND METHODS

The gravel pits of Saint Caprais are located 25 km to
the north-west of Toulouse in the Garonne floodplain
(43° 46’ N and 0° 58’ E) (SANTOUL & TOURENQ, 2002).

The total area of the three gravel pits is about 66 ha
with a mean depth of 3m (maximum depth : 4m). Mixed-
farming of corn and sunflower surrounds the gravel pits.
These gravel pits are unmanaged. Waterfowl hunting and
fishing are forbidden.

Weekly morning censuses of coots were carried out
from October 1996 to February 1997 and from October
1997 to February 1998. The small surface area and open
characteristic of the gravel pits studied permitted a total
census of the populations (TAMISIER, 1972), using a tele-
scope (20x60) and binoculars (8x30). Coot numbers were
recorded on each gravel pit and their position was noted
on a map (SANTOUL & TOURENQ, 2002).

To determine habitat used by coot, several parameters
were recorded during wintering periods : bank slope :
<5% (1), 5-10% (2), > 10% (3); bank vegetation : absent
(1), lawn (2), herbs (3), shrubs (4), trees (5); vegetation
between watermarks : absent (1), low (2), high (3);
human disturbance : absence of path (0), presence of path
(1); macrophytes : absent (0), some (1), abundant (2);
water depth : < 1m (1), 1-3m (2), 3-4m (3); zones of open
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water or near the bank. The small amounts of vegetation
present between watermarks only permitted us to estab-
lish classes of density (BOURNAUD et al., 1982). Macro-
phytes were sampled each year at the end of the spring
period (May-June) at several points of each gravel pit.
The species-habitat associations were tested with x 2. tests
(CHESSEL & DOLEDEC, 1993). The microhabitat profiles
were calculated according to MASTRORILLO et al. (1996)
as the difference between the frequency of coots in sam-
ples representing a particular environmental variable and
the frequency of that species in all samples. For signifi-
cant species-habitat associations (). test, p<0.05), nega-
tive values indicated avoidance and positive values indi-
cate preference.

RESULTS

The number of coots reached a maximum during Octo-
ber and November when more than 500 were present. At

the end of the wintering period only a hundred birds were
counted; an important decrease was noted in December.

Microhabitat profiles enabled us to highlight the eco-
logical requirements of coots during the wintering period
in relation to environmental availability. The three gravel
pits studied were heterogeneous in terms of the type of
vegetation covering the banks. Coots preferred areas with
lawn over those with herbs, shrubs or trees. They occu-
pied deep areas (3-4 m) with macrophytes and preferred
areas of open water. However, the vegetation between
watermarks and the presence of roads did not influence
the distribution of coots during wintering periods. They
avoided bank slope more than 10 % (Fig. 1). Six species
of submerged macrophytes were present in the gravel
pits : Myriophyllum spicatum, Najas major, Nitella sp.,
Potamogeton natans, Ranunculus trichophyllus and
Veronica anagallis. However only the charophyte Nitella
sp. was abundant.
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Fig. 1. — Habitat of coot during winter. Each histogram represents the difference between the frequency of coots in a group of samples
having that category of environmental variable, and the frequency of that species in all samples. Significant deviations from expected
between species and variables are indicated with a black histogram (32X test, p<0.05).

DISCUSSION

With a population of coots reaching 600 individuals,
the three gravel pits of Saint Caprais constitute an impor-
tant wintering site in Midi Pyrénées. JOACHIM et al.
(1997) have estimated the wintering populations of coots
in that region to be between 2500 and 3000 birds.

Our results suggest a strong association between the
availability of food and lawn zones with the presence of

coots in winter. Among the factors influencing the winter-
ing distribution of coot, the trophic factor is preponderant.
Food resources are more critical in winter than in summer
(DuBowy, 1988). Coots are herbivorous, feeding mainly
on macrophytes such as Characeae, etc (BOROWIEC, 1975;
DRAULANS & VANHERCK, 1987; IRWIN & O’HALLORAN,
1997). BREDIN & SKINNER (1983) emphasise the impor-
tance of aquatic plants near the surface and over large
areas to attract coots. Coots remain in these foraging
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zones until the complete degeneration of macrophytes
(SAUER, 1982). When resources are exhausted, they move
towards the lawn zones. The population decrease in
December - January is due to the phenology of the species
(departure of winter migrants), but is certainly accentu-
ated by the strong depletion of trophic resources. The rare
lawn areas constitute the last feeding zones used.

As did BOROWIEC & JAKUBCZYK (1975), we also noted
an occupation of the central zone of the water reservoir/
pond by coots. These zones, easily accessible (depth : 3-
4 m) for coots (CRAMP & SIMMONS, 1977), are rich in
aquatic plants. They also constitute a safe habitat (from
terrestrial predators) where birds can rest and carry out
their comfort activities (e.g. preening) (BOROWIEC &
JAKUBCZYK, 1975). By providing opportunities for coots
to congregate far from the bank, gravel pits with large
open water areas and a deep-water zone in their centre
provide suitable foraging areas while reducing the risks of
predation (BELL et al., 1997). Coots are not very inclined
to escape by flight (CRAMP & SIMMONS, 1977) and this
also explains why, whenever possible, they avoid banks
covered with shrubs and trees where predators can perch
and hide. The results of the study confirm those in other
areas (BOROWIEC, 1975 ; BREDIN & SKINNER, 1983).

Population size of coots wintering in Midi Pyrénées
remains small on an international scale (about 2500 coots
at the mid-winter waterbird census). However, gravel pits
are the major wintering habitat in this region, and those of
Saint Caprais have a high carrying capacity (SANTOUL,
2000). The geographical location of the gravel pits near
the Pyrenees mountains also makes the Midi-Pyrénées
region important as a stop-over for coots (HOYER, 1994).
The new extension of gravel pits in the Garonne River
basin is of economic and environmental importance. Res-
toration is generally carried out to transform gravel pits to
recreational areas or fishing lakes, and only rarely into
habitats primarily designed for waterbird conservation.

Once considered as a simple transition between two
breeding periods, the wintering period has been proven to
be an essential component of the biological cycle of
waterbirds (JORDE et al. 1983; ZoRrN et al., 1995; TAwmis-
IER & DEHORTER, 1999). Preservation of wintering habitat
quality for migratory species is thus necessary. Because
of the increasing number of artificial wetlands (reservoirs,
rice plantations, gravel pits) compared to the decreasing
number of natural wetlands in Europe and worldwide,
artificial wetlands have to be taken into account in conser-
vation and management schemes for waterbird communi-
ties at both regional and international levels.
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ABSTRACT. Lepidocephalichthys guntea frequently darts and burrows in mud or sand, and spends most of the
time buried in the soft bottom of water bodies. The epidermis covering its outer surface (OE) and the epithelium lin-
ing the inner surface of the operculum (EISO) differ noticeably in their surface architecture seen under SEM, and in
their glycoprotein secretions analysed histochemically in whole mounts. This indicates their important physiologi-
cal activity as mediators for extrinsic factors to which these are exposed. Micro-ridges arranged compactly may
impart firm consistency to the free surfaces of the epithelial cells in the OE as an adaptation to mechanical stress
during burrowing. In the EISO, which is not prone to abrasion during burrowing, in contrast, widely spaced micro-
ridges suggest less rigid surfaces. Mucous cells are of two types, A and B, in the OE, and only one, type C, in the
EISO. Most mucous cells in the OE are type A, and elaborate mainly sulphated glycoprotein, which is associated
with an increase in the viscosity of mucus providing protection against possible mechanical damage during burrow-
ing and against pathogens. In contrast, glycoproteins with oxidisable vicinal diols and with carboxyl groups elabo-
rated by type C mucous cells in the EISO are considered to lower viscosity of the mucus. Mucus with lower viscos-
ity is washed away more easily by water currents, preventing accumulation on the surface that may obstruct or
disturb the smooth flow of respiratory current across the branchial chamber. Presence of prominent taste buds in the
OE is considered as an adaptation to locate food with increased efficiency. Presence of a large number of taste buds
in the EISO, is regarded as an adaptation to detect other chemicals that could enter the buccal cavity during respira-

tion. Possible functional significance of glycoprotein secretions in the taste buds are discussed.

KEY WORDS : L. guntea, opercular surfaces, SEM, whole mount, glycoprotein histochemistry.

INTRODUCTION

The operculum in teleosts is an important structure
covering the branchial chamber, primarily providing pro-
tection for the gills and preventing water entering the gill
cavity during inspiration. The epithelium lining the inner
surface of the operculum (EISO) in fishes is only in con-
tact with the water entering the gill cavity, whereas the
epidermis covering the outer surface of the operculum
(OE) contacts all kinds of media, including the substrates
into which fish burrow. This difference could impart mod-
ifications in the organisational patterns of the surfaces of
the OE and the EISO.

A review of the literature reveals that comparative
studies on aspects of the organisational patterns of the OE
and the EISO have not drawn the attention of many
researchers. GARG et al. (1995), using scanning electron
microscopy, reported significant differences in the surface
organisation of the OE and the EISO of an air breathing
catfish Clarias batrachus Linnaeus, 1758.

The objective of this study was to compare the surface
architecture of the OE and the EISO of Lepidocephalich-
thys guntea Hamilton, 1822 (Common names : Peppered
loach, Guntea loach or Torential loach), using scanning

electron microscopy, and to visualise glycoproteins, using
histochemical methods, in whole mount preparations in
light microscopy. Such a comparison may enable determi-
nation of whether or not the dichotomy in these tissues
reflects differences in their functional organisation, and
may promote better understanding of their roles in rela-
tion to the habit and habitat of the fish.

Loaches, in general, inhabit flowing or even stagnant
waters, preferably parts that are not too deep and have a
soft bottom. The fish has a habit of suddenly burrowing
into the mud or sand on the bottom and in this way pro-
tects itself from predators. Food consists chiefly of worms
and insect larvae, obtained by very sagacious hunting
(GUNTHER, 1989). L. guntea spends most of the time bur-
ied in the sandy bottom, but often comes to the surface
with swift movements to gulp atmospheric air (MISHRA &
AHMAD, 1986).

MATERIAL AND METHODS

Live specimens of L. guntea (mean length 70 £ 5 mm,
n=10) were collected from the river Ganges at Varanasi,
India and were kept in a laboratory aquarium, with a layer
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of sand at the bottom, at 25 = 2 °C for up to 24 - 48h. The
fish were cold anaesthetised, following MITTAL & WHITEAR
(1978), to excise the opercular pieces for this study.

Scanning electron microscopy

Opercular pieces were treated and prepared for scan-
ning electron microscopy following PINKY et al. (2002).
Critical point dried opercular pieces, attached to stubs
with the OE or EISO facing upwards, were coated with
gold and examined under a Scanning Electron Micro-
scope (Leo, 435 VP, England).

Whole mount study

Opercular pieces were rinsed in physiological saline,
fixed in Carnoy’s fluid or alcoholic Bouin’s fluid, washed
and stored in 70% ethyl alcohol. Intact sheets of OE and
EISO were dissected from the opercular pieces, using fine
forceps and needles, under a Nikon stereoscopic micro-
scope (model SMZ - 1B) following MITTAL & GARG

(1988). The sheets were hydrated in a descending ethanol
series and stained with the histochemical methods along
with their controls for glycoproteins summarised in
Table 1. The stained sheets were dehydrated in graded
ethanol in ascending concentrations, cleared in xylene,
and mounted in Harleco synthetic resin (HSR) or in Kirk-
patrick and Lendrum’s distrene dibutylphthalate xylene
(DPX). Observations were made on a Leitz microscope
(model Laborlux S). Photomicrographs were taken with a
Leitz camera system for automatic microphotography
(model Vario Orthomat 2).

Densities of mucous cells and taste buds in the OE and
the EISO were calculated using a stage micrometer
(1 division = 0.01lmm) and an eyepiece graticule with a
square grid (5 x 5 = 25 squares) (Carl Zeiss, Jena). Ten
randomly selected sites of each sample were analysed.
Data thus obtained for each, the OE or the EISO, from
five fishes were pooled separately and results were
expressed as mean value + SD throughout.

TABLE 1

Summary of the histochemical methods for visualisation of glycoproteins in different types of mucous cells and the taste buds in the OE and the EISO

of L. guntea (Carnoy’s fluid fixed tissues).

saponification AB2.5
o(T) GPs with O-sulfate esters

cogen, GPs with O-sulfate esters

q q M
Histochemical Reactions Interpretation of reactions References teous cells Types Taste
methods A B C buds
1. WO/S M Free aldehydes _ _ _ _
2. PAS M GPs with oxidisable vicinal diols and/or gly- ~ McManus, 1948 1-2M  3-4M  3-4M 2M
cogen
3. Acetylation/PAS oM) Same as ‘2’ LILLIE & FULLMER, 1976 _ _ _ _
4. o-amylase/PAS M GPs with oxidisable vicinal diols SPICER et al., 1967 1-2M  3-4M  3-4M 2M
oM) Glycogen
5. AB25 T GPs with carboxyl groups and/or with O- sul-  MowRry, 1956 3-4T # 3-4T 2T
fate esters
6. Active methylation 0 GPs with carboxyl groups and/or with O- sul- ~ SPICER et al., 1967 - - - -
AB2.5 fate esters
7. Active methylation/ T GPs with carboxyl groups SPICER et al., 1967 1-2T # 2-3T 1T

8. AB1.0 T GPs with O-sulfate esters LEv & SPICER, 1964 2-3T # 1-2T 1T
9. Active methylation 0 GPs with O-sulfate esters SPICER et al., 1967 - - - -
ABI1.0
10. AB2.5/PAS M GPs with oxidisable vicinal diols and/or gly- ~ MowRry, 1963 3-4TP 2-3M  3-4P 2P
cogen
T GPs with carboxyl groups and/or with O-sul-
fate esters
P GPs with oxidisable vicinal diols and/or gly-
cogen, GPs with carboxyl groups and/or with
O-sulfate esters
11. AB1.0/PAS M GPs with oxidisable vicinal diols and/or glycogen =~ SPICER et al., 1967 2-3TP  2-3M  3-4MP 2MP
T GPs with O-sulfate esters
P GPs with oxidisable vicinal diols and/or gly-

Methods : WO/S, without oxidation Schiff’s; PAS, periodic acid/Schiff; AB2.5, alcian blue at pH2.5; AB1.0, alcian blue at pH1.0.
Reactions : #, could not be distinguished; M, magenta; MP, magenta with purple tinge; P, purple; T, turquoise; TP, turquoise with purple tinge; -, no

reaction; 1 to 4, feeble to very strong reactions.

RESULTS

Scanning electron microscopy

The surfaces of the opercular epidermis (OE) and the
epithelium lining the inner surface of the operculum

(EISO) in L. guntea were a mosaic of irregularly polygo-
nal epithelial cells of varied dimensions (Fig. 1 a, b). The
free surfaces of the epithelial cells were differentiated
into micro-ridges forming characteristic patterns. In the
OE, the microridges were compactly arranged, sinuous
with jagged surface, short and branched with abrupt ends
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Fig. 1 (a-d). Scanning electron photomicrographs showing surface architecture of (a) OE and (b-d) EISO of L.
guntea. (a) OE showing mosaic of epithelial cells with prominent boundaries. Microridges, often with fine micro-
bridges (arrows) on the surface of the epithelial cells are compact and irregularly interwoven to form complex
patterns. Note the presence of mucous cell apertures (winged arrows) laden with blobs of oozed mucus. (Scale
bar = 5 pm). (b) EISO. Compare with OE (a). The microridges are without microbridges and are widely spaced
to form simplified patterns on the surface of the epithelial cells. The mucous cell apertures are smaller (arrows).
(Scale bar = 5um). (¢) The surface of the EISO is irregularly folded with high density of taste buds (arrows).
(Scale bar = 40um). (d) EISO showing conical epidermal elevation with a taste bud. Note microvilli, represent-
ing taste hairs, projected at the summit. (Scale bar = Sum).

Fig. 1 (e-f). Photomicrographs of whole mount preparations of (¢) OE and (f) EISO of L. guntea. (e¢) Showing a
large number of type A mucous cells (arrows) (turquoise with purple tinge in original). Type B mucous cells are
relatively few (winged arrows) (magenta in original). A few taste buds (arrowheads) (purple in original) are also
discernible. (AB 2.5/PAS). (Scale bar=40um). (f) Showing type C mucous cells (arrows) (deep purple in origi-
nal) and a large number of taste buds (arrowheads) (purple in original). (AB2.5/PAS). (Scale bar = 40um ).
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or irregularly interwoven to form intricate mesh-like pat-
terns (Fig. la). The microridges were often intercon-
nected with fine transverse connections —microbridges
(Fig. 1a). Boundaries between adjacent epithelial cells
were demarcated by double rows of intimately associated
microridges that often gave a braided appearance
(Fig. 1a).

The surface of the EISO, in contrast, was irregularly
folded (Fig. 1c). The microridges on the surfaces of the
epithelial cells appeared smooth, elongated, extensive or
sometimes fragmented, and often oriented regularly
almost parallel to each other with wide spaces between
them to form simplified patterns (Fig. 1b). Microbridges
were absent. Furthermore, the double row of microridges
at boundaries between adjacent epithelial cells appeared
smooth and extensive (Fig. 1b).

Interspersed between the epithelial cells, mucous cell
apertures and prominent taste buds were distinguished on
the surfaces of both the OE and the EISO. The mucous
cell apertures, generally, were rounded and occurred at
the border of three or four epithelial cells (Fig. la, b).
These apertures in the OE, as compared to those in the
EISO, appeared wide, often laden with blobs of oozed
mucus (Fig. 1a). Each taste bud was situated on a charac-
teristic epidermal elevation (Fig. lc), which in general,
appeared conical and jutted out at the surface (Fig. 1d). At
the summit of each elevation, closely packed microvilli
representing taste hairs projected through a rounded taste
pore (Fig. 1d).

‘Whole mount study

In the whole mount preparations of OE and EISO, the
mucous cells, in general, appeared rounded (Fig. le, 1),
each opening to the surface through a narrow secretory
pore. Histochemical methods employed to demonstrate
glycoproteins differentiated three categories of mucous
cells: for convenience designated as type A, B and C
mucous cells (Table 1). In the OE, type A and type B
mucous cells were distinguished (Fig. le), most belong-
ing to type A, while type B mucous cells were sporadic.
In the EISO, in contrast, only type C mucous cells were
visualised (Fig. 1f). The density of mucous cells in the
EISO was high, compared to that in the OE (Table 2).

TABLE 2

Density of mucous cells and the taste buds in the OE and the
EISO of L. guntea

Density (number/mm?)
Region Mucous cells Taste buds
Type A Type B Type C
OE 1392.00 108.80 - 35.20
+155.83 +95.64 +32.67
EISO - - 2443.64 252.80
+333.56 +73.34

Values = mean £ SD; N =5 fish; —, absent

Analysis of reactions with the combination of histo-
chemical methods and their controls (Table 1) indicate
that type A mucous cells contain high amounts of glyco-

proteins with O-sulphate esters, together with relatively
small amounts of glycoproteins with carboxyl groups and
glycoproteins with oxidisable vicinal diols. Type B
mucous cells contain high amounts of glycoproteins with
oxidisable vicinal diols. Type C mucous cells contain
high amounts of glycoproteins with oxidisable vicinal
diols, and glycoproteins with carboxyl groups, together
with low amounts of glycoproteins with O-sulphate
esters.

Taste buds were conspicuous in the whole-mounts of
OE and EISO. The epithelial cells around each taste bud
were characteristically arranged in concentric whorls
(Fig. 1f). The cluster of sensory cells and the tuft of taste
hairs of each taste bud were stained positively for glyco-
proteins (Fig. le, f). Analysis of these reactions (Table 1)
shows that the taste buds contain moderate amounts of
glycoproteins with oxidisable vicinal diols together with
glycoproteins with carboxyl groups, and low moieties of
glycoproteins with O-sulphate esters. Density of taste
buds was much higher in the EISO than in the OE (Fig. 1
e, f) (Table 2).

DISCUSSION

Noticeable differences exhibited in the patterns of
microridges on the epithelial cells, composition of glyco-
proteins elaborated by mucous cells and distribution of
taste buds on the surfaces of the OE and the EISO of L.
guntea may be considered as modifications relating to
possible difference in the functional requirements at the
two locations.

Microridges have been reported to vary considerably in
configuration and disposition, constituting varied patterns
at different locations in different fish species, and have
been implicated to play variable roles. These include to
retain mucous secretions to the cell surface, to increase
the surface area for excretion and absorption through the
skin, to facilitate the spread of mucus away from goblet
cells, to aid in producing laminar flow, to provide reserve
surface area for stretching, and so on (see review of
WHITEAR, 1990). In the OE of L. guntea, compactly
arranged microridges forming intricate mesh-like pat-
terns, may in addition impart firm consistency or rigidity
to the free surfaces of the epithelial cells. This could be
considered as an adaptation to withstand mechanical
stress and protect the surface of the fish, which has the
characteristic habit of frequently darting and burrowing in
sand or mud. Furthermore, these microridges may gain a
firm base and support from a dense network of fine fila-
ments - the terminal web, which, as shown by ScHLIWA
(1975), MitTaL et al. (1980) and WHITEAR (1986), is dif-
ferentiated characteristically at the apical regions of the
surface epithelial cells. The microbridges interconnecting
the microridges may further reinforce renitency of the
surfaces of epithelial cells in the OE of L. guntea. Micro-
bridges, variously named as cross connections (WHITEAR,
1990) or interconnections (REUTTER et al., 1974) in fish
epidermis, and as microbridges (KARLSSON, 1983) or
crossbridges (AVELLA & EHRENFELD, 1997) in gill epithe-
lia, have also been reported previously. In the EISO, in
contrast, widely spaced microridges forming simplified
patterns and the absence of microbridges between them
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suggest less rigid surfaces of the epithelial cells. This is
interesting since the EISO, unlike the OE is not prone to
abrasion during burrowing.

The characteristically folded surface of the EISO in L.
guntea may further be considered to impart stretchability
to the epithelium, required for expansion of the branchial
chamber during respiratory movements of the operculum.
Furthermore, it may account for increased surface area as
well for respiration in the fish.

Acid glycoproteins have been shown to coincide with
increased viscosity of mucus in the alimentary tract of
fish Arrhamphus sclerolepis krefftii Steindachner, 1866
(TIBBETTS, 1997), in airway epithelia of mammals (JONES
et al.,, 1973; IRAVANI & MELVILLE, 1974) and in corals
(MIEKLE et al., 1988). The elaboration of mainly sul-
phated glycoproteins by type A mucous cells, the most
common type in the OE in L. guntea, could thus be
related to increased viscosity of the mucus and lubrication
of the surface of the fish. This could play a vital role in
providing protection to the body against mechanical dam-
age to which these fishes are highly vulnerable during
burrowing in mud or sand. MITTAL et al. (1994 a, b) also
correlated the release of large amounts of epidermal glyc-
oproteins with O-sulphate esters to provide heavy lubrica-
tion to protect the body against mechanical damage in
Monopterus cuchia Hamilton, 1822 and Mastacembelus
pancalus Hamilton, 1822 during their peculiar wriggling
movements on moist grass and during burrowing in mud.
Elaboration of sulphated glycoproteins by superficial
layer epithelial cells and most mucous cells in the epider-
mis of semi-amphibious Blenny sanguinolentus Pallas,
1811 (ZACCONE, 1983) and Blennius pholis Linnaeus,
1758 (WHITEAR & MITTAL, 1984) both with the habit of
creeping about with the aid of paired fins, further supports
this view.

Furthermore, sulphation of complex carbohydrates has
also been shown to result in increased resistance to their
enzymatic breakdown by bacterial glycosidases (MiaN et
al., 1979; Tsal et al., 1992), to play a role in defence
against pathogens (SoLANKI & BENJAMIN, 1982) and to
prevent the proliferation of pathogenic microorganisms
(TsukiSE & YAMADA, 1981; SUPRASERT et al., 1986,
1987). Thus high proportions of sulphated glycoproteins
in the mucous cell secretions on the surface of the OE in
L. guntea may also confer high resistance against patho-
gens and protect the fish.

SIBBING & URIBE (1985) reported that sialomucins are
less viscous than sulphomucins produced by mucous cells
in the pharynx of Cyprinus carpio Linnaeus, 1758. Fur-
ther, TIBBETTS (1997) has shown that neutral glycopro-
teins are less viscous than the acid glycoproteins pro-
duced by mucous cells in the alimentary tract of A.
sclerolepis krefftii. Elaboration of glycoproteins with oxi-
disable vicinal diols (neutral glycoproteins) and glycopro-
teins with carboxyl groups (sialomucins) in high concen-
trations by the type C mucous cells in the EISO of L.
guntea, would thus lower the viscosity of the mucus in
this region. Mucus with lower viscosity is considered to
be fairly easily washed away with the respiratory water
current. This prevents the accumulation of mucus on the
surface of the EISO that could otherwise obstruct or dis-

turb the smooth flow of respiratory current across the
branchial chamber. Generally, visibility is poor at the
muddy bottoms inhabited by L. guntea, owing to depth
and increased turbidity, caused by the disturbance of the
bottom mud due to the characteristic habit of the fish. The
presence of prominent taste buds in the OE might be con-
sidered to increase the probability of accurately detecting
and locating prey concealed by darkness or turbidity, and
may also permit the accurate location of small food parti-
cles, which would be missed otherwise. Presence of a
large number of conspicuous taste buds on the interior
face of the operculum i.e. the EISO as well, could play a
role in detecting other chemicals that could enter the buc-
cal and gill cavity during respiration and that could poten-
tially be noxious to gills. GARG & MITTAL (1990), how-
ever, reported the absence of taste buds in the EISO of C.
batrachus. BARRINGTON (1957) reported that taste buds
are often present even in fish oesophagus and postulated
that it is an indication of the probable importance of this
region in the selection and rejection of food.

Characteristic concentric whorls of epidermal cells
encircling the taste buds in L. guntea are interesting. Such
arrangements of epithelial cells have also been reported in
C. batrachus (GARG et al., 1995) and in cod (HARVEY &
BATTY, 1998). HARVEY & BATTY (1998) stated that the
characteristic ring of epithelial cells may make it possible
to locate and count taste buds even when their apex was
damaged or missing.

Presence of glycoproteins indicates a secretory func-
tion of the taste buds of L. guntfea. GROVER-JOHNSON &
FARBMAN (1976) and REUTTER (1971), using transmission
electron microscopy, reported two types of gustatory cells
- light and dark - in the taste buds of Ictalurus punctatus
Rafinesque, 1818 and Ameiurus nebulosus LeSuer, 1819.
GROVER-JOHNSON & FARBMAN, (1976) postulated that the
dark cells were secretory in function. WITT & REUTTER
(1990) have shown, using lectin histochemistry for the
detection of carbohydrates, that the dark sensory cells in
the taste buds in European catfish Silurus glanis Lin-
naeus, 1758 are secretory. Glycoproteins with sialic acids
have also been demonstrated in the taste buds in rabbit
tongue (WITT & MILLER, 1992). The secretions in the
taste buds have been postulated to play different roles e.g.
to maintain and regulate the chemical microenvironment
(GROVER-JOHNSON & FARBMAN, 1976), to protect mucus
or other glycoproteins in the taste bud cells and inside the
taste pore from premature enzymatic degradation and to
have a hormone-like paraneuronal function (WITT &
MILLER, 1992), and to play a role in recognition phenom-
ena on the plasmalemmata of the taste bud sensory cells
and recognition processes directed to bacteria or viruses
(WITT & REUTTER 1990). Funta (1994) and ZACCONE et
al. (1999) also suggested a paraneuronal role of the gusta-
tory cells in taste buds.
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ABSTRACT. The sandy beach macrofauna of the Bay of Valdivia (Ecuador) was sampled in August-September
1999 along six replicate transects between the high and low water line. The sediment consisted of well-sorted, fine
to medium sand. Taking into account the dimensionless fall velocity (€2) and the relative tidal range, the beach was
characterized as an exposed, low tide terrace - rip beach. The distribution of the macrofauna was mainly determined
by the elevation on the beach. Thirty-one taxa were found throughout the study, varying between 10 and 22 taxa per
transect. Molluscs were the most dominant taxon (overall average : 285 ind/m?, max. : 2135 ind/m?), followed by
crustaceans. The gastropod Olivella semistriata (overall average : 243 ind/m?, max. : 2131 ind/m?) was the most
abundant species. The crustaceans were the most diverse taxon (10 spp.); Haustorius sp., Excirolana braziliensis
and Emerita rathbunae were the most abundant species. Densities of polychaetes were low in comparison with the
previous two taxa mentioned (overall average : 13 ind/m?). The total average density over the entire bay was 370
ind/m?. Three zones of macrofaunal distribution along the tidal gradient could be distinguished : an upper beach, a
middle beach and a lower beach assemblage. The upper beach assemblage consisted mainly of Excirolana bra-
ziliensis and ghost crabs. The middle beach assemblage had highest macrofaunal densities and was dominated by
Olivella semistriata and Haustorius sp. The most diverse assemblage was found on the low beach, with representa-
tives of different taxa, but with lower densities. These results are in conformity with other studies along the Pacific
coast of South America and fit into the zonation scheme of DAHL (1952). Given that many other studies from South
America were done at temperate latitudes, we conclude that, although differences in species composition were

found, the general pattern of macrobenthos zonation on sandy beaches is similar in tropical regions.

KEY WORDS : Macrobenthos, sandy beach, Ecuador.

INTRODUCTION

Macrofaunal zonation on sandy beaches is a distinctive
and well-described phenomenon of intertidal zones
(McLACHLAN & JARAMILLO, 1995). The existence of
species zonation on exposed sandy beaches is thought to
be mainly caused by species-specific responses to swash
climate and sedimentology, with a less critical role of
biological interactions (MCLACHLAN, 1983a; McCLACH-
LAN et al., 1993 ; MCLACHLAN & JARAMILLO, 1995).

Different generalizing zonation schemes for sandy
beach macrofauna have been proposed (DAVENPORT,
1903; MORTENSEN, 1921; ScHurz, 1937) with the
schemes of DAHL (1952) and SALVAT (1964 and 1967)
being the most commonly used. DAHL (1952) suggested a
distinction between three zones, defined in terms of a
typical crustacean fauna inhabiting each zone, while
SALVAT proposed a four zone system based on physical
conditions.

In all of the studies describing intertidal zonation
within different South American Atlantic and Pacific
regions, three zones have been recognized (MCLACHLAN
& JARAMILLO, 1995 and references herein), supporting

Dahl’s scheme. Several studies (CLARKE & PENA, 1988;
DEFEO et al., 1992; DEXTER, 1974, MCLACHLAN & JARA-
MILLO, 1995) showed that crustaceans are the most
diverse taxon on South American sandy beaches. The
upper parts of tropical and subtropical beaches are
characterized by ocypodid crabs, while hippid crabs,
bivalves and amphipods dominate the lower beach.
Cirolanid isopods (Excirolana spp.) are abundant on the
midshore, together with opheliid and spionid
polychaetes; the bivalves Mesodesma spp. and Donax
spp. are other characteristic organisms. To our
knowledge, no information is available about sandy beach
macrofauna in Ecuador. The studies of sandy beach
macrofauna nearest to Ecuador were conducted to the
south in Peru (8° S) by BOCANEGRA et al. (1985) and to
the north in Colombia (1° 48’ N) by Riascos & RALLON
(2001), locations with different environmental conditions.
Because the Ecuadorian coastal waters are divided by two
opposite currents, the warm El Nifio-current coming from
the north, and the cold Humboldt-current coming from
the south, and because of the tropical location of Ecuador,
a different macrobenthic community structure might be
expected.
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In this study the intertidal zonation and assemblage
structure of the macrofauna of the Bay of Valdivia
(Ecuador; 1-2° S) were investigated. This bay was chosen
because of the importance of the beach for harvesting
shrimp larvae, which are used in one of Ecuador’s largest
economies.

This paper presents the distribution patterns of the
macrofauna in order to set up a larger project on the influ-
ence of ENSO on macrobenthic communities of sandy
beaches in Ecuador.

MATERIAL AND METHODS

Study site

The study area is located in the Bay of Valdivia, Ecua-
dor (1°54°00” - 1°58°20” S and 80°46°00” - 80°45°30”
W), approximately 50 km west of Guayaquil (Fig. 1).
This 10 km long bay consists of 8 km of exposed sandy
beaches with rock formations on either side.

The beaches have a semi-diurnal, mesotidal regime
(DAvVIES, 1964) with a tidal range of 2.5-3 m (average :
2.6 m). The modal breaker height (H,) is 0.49 m. The
modal wave period (T) is 14 s (unpublished pers. comm.
S. GUARTATANGA).

The Ecuadorian coastal climate is characterised by two
seasons : a dry-cool season (May-December) and a wet-
warm season (January-April) and is influenced by cur-
rents in the Pacific Ocean. From July until October the
area is subjected to the relatively cold (<22°C) Hum-
boldt-current, heading North, while during the months
January until April the warm (>25°C) El Nifio-current,
heading South, dominates.

Additional to the normal seasonality, with a periodicity
of three to seven years the climatologic and oceano-
graphic phenomenon ENSO dramatically alters the condi-
tions along the Ecuadorian coast, with higher tempera-
tures and precipitation levels during El Nifio and lower
temperatures during the subsequent La Nifia.

Sampling and laboratory work

Sampling took place between 31 August and 5 Septem-
ber 1999. To cover habitat variability over the bay, six
transects, distributed over the whole bay and perpendicu-
lar to the waterline, were sampled (Fig. 1 : A-F). Each
transect was sampled at six stations : five stations were
situated in the intertidal zone, while a sixth one was
located on the dry beach. Sampling of the intertidal zone
always started at high tide, following the receding water
down the beach. To distribute the stations evenly across
the intertidal gradient, the transect was sampled in the
swash zone every 90 minutes (Fig. 2). At each station
three replicate samples were collected by excavating a
metal frame (sampling surface area: 0.1026 m?) to a
depth of 15 cm. The samples were sieved alive over a 1
mm mesh-sized sieve. The organisms retained were
stored in 8 % formaldehyde-seawater solution.

At each station, one sediment sample was collected for
grain size analysis using a core with diameter 3.6 cm. In
addition, the relative elevations of the different stations
were measured using an altimeter. Distances between all
sample sites were measured.
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Fig. 1. — Geographical situation of the six sample transects (A-
F) from the Bay of Valdivia, Ecuador (modified from

BooTHROYD et al., 1994).

Laboratory treatment

Macrobenthic organisms were counted and identified
to species level, where possible.

The sediment grain size distribution between 2 and 850
um was determined with a laser COULTER LS and clas-
sified according to the Wentworth scale (BUCHANAN,
1984). The median grain size of the sand was largely
biased by the mixture with shell fragments present in all
samples, while the modal grain size remained unaffected.
Hence, the modal grain size was preferred over median
grain size as a good representation of the sediment’s main
characteristic.

Mathematical analyses

Combining the relative elevation of the lowest station
of each transect with the data from the tide table for La
Libertad (INOCAR) allowed estimation of their absolute
elevation (relative to the mean low water level at spring
tide, MLWS), from which the absolute elevation of all
higher stations was calculated and beach profiles were
obtained. By means of these beach profiles, the mean
slope between low and high water of every transect was
calculated. In this study, beach width is defined as the dis-
tance between the low water line and the lowest edge of
the terrestrial vegetation.

The morphodynamic state of each transect was
assessed by calculating the dimensionless fall velocity
(Q=H, / w.T) (DEAN, 1973) and the relative tide range
(RTR = MSR/H,)) (MASSELINK & SHORT, 1993). Sediment
fall velocity (w,) was obtained from sediment particle
size after GIBBS et al. (1971). Mean spring tidal range
(MSR) was obtained from the tide table (INOCAR).

For each sample the species richness (N)) (HiLL, 1973)
and diversity (Shannon-Wiener diversity index, H’) were
determined (SHANNON & WEAVER, 1949). Community
analysis was done by means of Cluster-analysis (CLIF-
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FORD & STEPHENSON, 1975), Canonical Correspondence
Analysis (CCA) (TEr Braak, 1988) and Indicator Spe-
cies Analysis (DUFRENE & LEGENDRE, 1997). Correlations
between environmental variables were analysed by means
of the non-parametric Spearman rank correlation coeffi-
cient (CONOVER, 1971).

To visualize zonation patterns of density and the
number of species (N,)), polynomial functions were fit to
the data according to the distance-weighted least squares

RESULTS

Environment

The beach width ranged from 70 to 172 m, while the
width of the intertidal zone ranged from 42 to 109 m. The
beach slope varied between 1:25 and 1:54. Q was found
between 1.172 and 1.541; RTR had a value of 5.306.

smoothing  procedure, using STATISTICA 5.1 Although all transects were situated on the same beach,
(STATSOFT, 1996). some variation in beach profile was observed (Fig. 2).
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Fig. 2. — Beach profiles at the six transects (*: additional measuring points; the most right

point is the vegetation line).

Furthermore, an alternation of ridges and runnels was
present at transect F, while all other transects showed a
quite featureless beach profile. Transects C and D showed
a break in their slope. The upper part of transect C was
steeper than the lower part (1:14 versus 1:39). The middle
part of transect D had a gentle slope compared to the
lower and upper part.

Fine to medium sands (125-500 pwm) dominated the
sediment. The stations’ modal grain size ranged between
171 pm and 262 pum, except for the lowest stations of the
two northern-most transects (modal grain size: 325 um).
The fraction of silt and clay (<63 um) was low (0-3.2 %)
and was negatively correlated with the -elevation
(r=-0.707; p<0.0001) as was the fraction of coarse sand
(>500 pm) (r=-0.428; p<0.0001).

Macrofauna

A total of 31 macrofaunal taxa (ten taxa of crustaceans,
ten of molluscs, eight of polychaetes and five others) were
collected (Table 1 : species list), ranging from ten to 22
taxa per transect and varying between nil and ten taxa per
station. H’ diversity index ranged from 0 to 2.87. Overall
average macrobenthic density was 370 ind/m?. Molluscs

dominated the fauna (average : 285 ind/m?, max. : 2135
ind/m?), followed by crustaceans (average : 66 ind/m?,
max. : 413 ind/m?). The gastropod Olivella semistriata
was the most dominant species of the whole beach
(average : 243 ind/m?, max. : 2131 ind/m?). Other abun-
dant species were the gastropods Mazatlania hesperia,
Mazatlania sp., the polychaetes Nephtys sp., Hemipodus
sp. and Lumbrineris sp., the haustoriid amphipod Hausto-
rius sp., the cirolanid isopod Excirolana braziliensis, the
anomuran crabs Emerita rathbunae and Lepidopa
deamae and spat of bivalves.

Along the whole beach, highest species richness (N,)
was situated at the lower beach (Fig. 3) : species richness
generally decreased towards the upper beach. Highest
densities (up to 2400 ind/m?) were found between 1.6 and
2.2 m above MLWS. The stations on the dry zone of the
beach (>2.4 m) had the lowest densities (maximum : 100
ind/m?). Below 1.6 m, densities remained more or less
equal (generally : 80-600 ind/m?): no obvious density
increase towards MLWS was observed.

Multivariate techniques, CCA, Cluster analysis and
species indicator analysis consistently distinguished
between three station groups (Fig. 4). Station elevation
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Fig. 3. — Total density and N, diversity set against elevation.

was the most determining variable as far as upper and
middle beach zones were concerned, % mud and % very
fine sand (<125 um) distinguished the lower beach fauna.
The most important indicator species were Excirolana
braziliensis, Olivella semistriata, Haustorius sp.,
Bivalvia spat and Nemertea sp.

The first group of 47 replicates was found between 0.3
and 1.3 m above MLWS, the lower beach zone (Fig. 4 and
table 2). The fine sand fraction (49 %) dominated the
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TABLE 1
Species list (* not sampled and not counted in analyses)
Family Species
Annelida Polychaeta ~ Maldanidae Maldanidae sp.
Lumbrineridae ~ Lumbrineris sp. (Blainville, 1828)
Magelonidae Magelona cf. mirabilis (Johnston, 1865)
Pisionidae Pisione sp. (Grube, 1857)
Glyceridae Hemipodus sp. (Quatrefages, 1865)
Nephtyidae Nephtys sp. (Cuvier, 1817)
Spionidae Scolelepis sp. 1 (Blainville, 1828)
Scolelepis sp. 2 (Blainville, 1828)
Crustacea Decapoda Albuneidae Lepidopa daemae (Benedict, 1903)
Hippidae Emerita rathbunae (Schmidt, 1935)
Paguridae Pagurus sp. (Fabricius, 1775)
Ocypodidae * Ocypode occidentalis (Stimpson, 1860)
Portunidae Arenaeus mexicanus (Gerstaecker, 1856)
Amphipoda Haustoriidae Haustorius sp. (Miiller, 1775)
Bathyporeia sp. (Lindstrom, 1855)
Isopoda Cirolanidae Excirolana braziliensis (Richardson, 1912)
Sphaeromatidae  Paracerceis sp. (Hansen, 1905)
Mysidacea  Mysidae Bowmaniella sp. (Bacescu, 1968)
Metamysidopsis sp. (Tattersall, 1951)
Echinodermata Echinoidea  Mellitidae Mellita longifissa (Michelin, 1858)
Stelleroidae Ophiurae sp.
Mollusca Bivalvia Donacidae Donax mancorensis (Olssen, 1961)
Donax sp. (Linnaeus, 1758)
Tellinidae Strigilla chroma (Salisbury, 1934)
Gastropoda  Collumbellidae  Mazatlania hesperia (Pilsbry & Lowe, 1932)
Mazatlania sp. (Dall, 1900)
Olividae Olivella semistriata (Gray, 1839)
Terebridae Hastula luctuosa (Hinds, 1844)
Vitrinellidae Anticlimax willetti (Hertlein & Strong, 1951)
Hexapoda Insecta Insecta sp.
Nemertea Nemertea sp.
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division is based on the outcome of all three applied multivari-
ate techniques (eigenvalue axis 1: 0.500; axis 2: 0.183); a: ele-
vation, b: % silt and clay (<63 pm), c: % very fine sand (63 —
125 um); 1: Insecta sp., 2: Excirolana braziliensis, 3: Hausto-
rius sp., 4: Olivella semistriata, 5: Nephtys sp., 6: Emerita rath-
bunae, 7: Nemertea sp., 8: Mazatlania sp., 9: M. hesperia;
o: lower beach (47 stations), X: middle beach (33 stations),
«+: upper beach (19 stations).

sediment. Relatively high percentages of mud (average :
1 %) and coarse sand (average : 9 %) were present. In
total, 27 taxa were found, evenly divided over the mol-
luscs, polychaetes and crustaceans (Fig. 5). Macrofaunal
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TABLE 2
Characteristics of the three distinguished zones
Lower beach zone Middle beach zone Upper beach zone
Elevation (m above MLWS) 0.3-1.3 1.0-2.1 1.8-3.2
Sediment % silt and clay (<63um) 1.3 0.4 0.1
% very fine sand (63-125um) 8.1 3.9 3.1
% fine sand (125-250pm) 48.5 50.5 57.0
% medium sand (250-500um) 31.3 37.9 37.0
% coarse sand (500-800pm) 9.0 6.3 2.0
Average N, 5.38 3.47 1.42
Number of species All taxa 27 15 7
Mollusca 8 3 2
Polychaeta 7 4 1
Crustacea 9 7 3
Average density (ind/m?) All taxa 268.0 662.0 154.0
Mollusca 221.0 577.0 2.6
Polychaeta 18.8 11.2 0.5
Crustacea 14.5 111.0 148.0
Percentage of all taxa within zone (%) Mollusca 82.5 82.5 1.7
Polychaeta 7.0 1.6 0.3
Crustacea 5.4 15.9 96.0
Dominant taxa (>2%) Olivella semistriata Olivella semistriata  Excirolana braziliensis
Bivalvia spat Haustorius sp. Insecta sp.
Mazatlania hesperia
Mazatlania sp.
Emerita rathbunae
Nephtys sp.
Nemertea sp.

density (average : 268 ind/m?) was dominated by mol-
luscs (83 %), mainly Olivella semistriata (48 %). Other
abundant macrofauna comprised spat of bivalves (28 %),
Mazatlania sp. (4 %), Emerita rathbunae (3 %), nemerte-
ans (3%), Nephtys sp. (2 %), and Mazatlania hesperia
(2 %).

The second group (33 replicates) was situated between
1.0 and 2.1 m above MLWS, the middle beach zone. Sed-
iment was mainly composed of fine sand (50.5 %), with
0.4 % of mud and 6.0 % of coarse sand on average. Fif-
teen taxa, of which seven were crustaceans, were present.
This zone was characterized by a high density (average :
662 ind/m?). Molluscs, especially the gastropod Olivella
semistriata (82 %), dominated the macrofauna (Fig. 5).
The amphipod Haustorius sp. was the second most abun-
dant species (13 %).

The third group (19 replicates) was found between 1.8
and 3.2 m above MLWS (upper beach zone), including
the upper intertidal and supralittoral zone (high tide mark
at 2.4 m above MLWS). Sediment was dominated by fine
sand (average : 57.0 %) with low mud and coarse sand
contents (average : 0.1 and 2.0 %, respectively). Seven
taxa were found, with an average macrofaunal density of
154 ind/m?. This zone was dominated by crustaceans (96
%), mainly Excirolana braziliensis (Fig. 5). Next to crus-
taceans, several insect species were present. Excirolana
braziliensis was found both on the dry beach and at the
highest intertidal station. The insects were only present on
the dry beach, together with high numbers of ocypodid
crabs.

The mole crabs Emerita rathbunae and Lepidopa
deamae were found across the entire intertidal gradient.

DISCUSSION

This study was initiated as a pilot study for macrofauna
research on Ecuadorian sandy beaches. Because only one
beach was sampled, generalization of the results to all
Ecuadorian beaches cannot be made. Further, since the
beach was only sampled in one short period, no inference
about seasonal trends can be made. It has to be emphasized
that the macrobenthic community structure and zonation
pattern, which are obtained by data collected in a short
period of time, do not necessarily represent the distribution
during the rest of the year (HAYNES & QUINN, 1995;
BRAZEIRO & DEFEO, 1996). In this study, the macrofaunal
zonation during the dry, cool season is documented.

Sampling took place during a very strong La Nifia
phase of the ENSO cycle, and the preceding year was one
of the strongest El Nifio years ever recorded (CHAVEZ et
al., in press). There is some evidence that ENSO, and
more specifically a strong El Nifio, has a substantial influ-
ence on macrobenthic communities of sandy beaches
(TARAZONA et al., 1988; TARAZONA & PAREDES, 1992). It
is thus very likely that the situation encountered in this
study was altered by the abnormal climatologic condi-
tions of the two preceding years. Regardless of these
shortcomings, if interpreted with caution, the present
study provides a first overview on the community struc-
ture and zonation of Ecuadorian sandy beach macrofauna.

Environment

According to the morphodynamic classification
scheme of MASSELINK & SHORT (1993), all investigated
transects can be classified as low tide terrace-rip beaches
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[ rest (n=125)
Fig. 5. — Taxon distribution for the three distinguished assem-
blages.

(Q: 0-2; RTR : 3-7). Although differences between the
different transects exist, the six transects were regarded as
replicates of the same beach, rather than transects along
six different beaches. Therefore, the zonation patterns
might be less clear, but can be considered as representa-
tive for the whole bay (DEGRAER et al., 1999). The differ-
ences in beach profile for the six sampled transects of the
same beach (Fig. 2) show that it could be dangerous to
only sample one transect when investigating the macro-
fauna of a sandy beach.

Macrofauna : General

Molluscs, crustaceans and polychaetes have been
reported to be the three most abundant macrofaunal taxa

on sandy beaches worldwide (SOURIEA, 1957; PICHON,
1967; DEXTER, 1969; McCLACHLAN, 1983b). Crustaceans
tend to dominate exposed beaches, polychaetes sheltered
beaches, while molluscs reach maximum densities in
intermediate situations (DEXTER, 1983). The investigated
beach had a high richness of crustaceans (ten taxa) but
was, in terms of density, dominated by molluscs. Espe-
cially the gastropod Olivella semistriata proved to be
very abundant in this study (66 % of the overall macro-
fauna). So far, this genus has only been found in low
numbers on sandy beaches in Peru (SUAREZ CALVANAPON,
1981), Columbia (Riascos & RALLON, 2001) and the
Pacific coast of Mexico (CUPUL-MAGANA & TELLEZ-
DUARTE, 1997). The high numbers found might be an
overestimation of the actual density of this species, since
this gastropod is thought to appear in high density patches
(Rrascos & RALLON, 2001). Still, preliminary research on
other sandy beaches in Ecuador supports the statement
that O. semistriata is a very dominant species (VANAGT,
unpublished). It thus seems that this species is more abun-
dant towards the Equator.

The bivalve Donax sp. only appeared in low numbers
in Valdivia Bay, but has been reported to be very abun-
dant at other sandy beaches from the same geographical
area (DEXTER, 1974; PEREZ NIETO, 1980; RiAscos, 2002).
There might be a negative correlation between Donax and
Olivella semistriata-populations. Another possibility is
that Donax was negatively influenced or O. semistriata
positively influenced by the strong El Niflo one year
before sampling or by the strong La Nifa during the sam-
pling campaign. This hypothesis is supported by the fact
that another common bivalve of South American Pacific
beaches, Mesodesma spp., was absent on the Ecuadorian
beach. TARAZONA & PAREDES (1992) reported that in Peru
Mesodesma donacium might disappear almost entirely
after a strong El Nifo.

This study shows, in agreement with different other
studies (e.g. CLARKE & PENA, 1988; DEFEO et al., 1992;
DEXTER, 1974, MCLACHLAN & JARAMILLO, 1995), that
crustaceans are the most diverse taxon on South Ameri-
can beaches along the Pacific coast. Cirolanid isopods,
especially Excirolana braziliensis, were abundant in Val-
divia Bay. This species is widely spread along the coasts
of Central and South America, but shows a high spatial
variability in density, attributed to variable beach temper-
atures (ZUNIGA et al., 1985). Next to E. braziliensis,
Haustorius sp. (average : 27 ind/m?) and Emerita rathbu-
nae (average : 6 ind/m?) were abundant crustaceans as
well. These latter two crustaceans groups were also found
on many other South American beaches (e.g. Peru : Sua-
REZ CALVANAPON, 1981; Chile : JARAMILLO et al., 1993
and Uruguay : GIMENEZ & YANNICELLI, 1997). Ghost
crabs (Ocypode occidentalis) appeared in high numbers
above the drift line on the investigated beaches, as was
the case in Valdivia Bay. They were not sampled because
of the applied sampling technique.

Polychaete species of the genera Hemipodus, Lumbri-
neris and Nephtys, which were the most abundant poly-
chaete taxa in this study, have been reported from Peru
(SuAREZ CALVANAPON, 1981), Chile (CLARKE & PENA,
1988) and Columbia (DEXTER, 1974). Spionid poly-
chaetes were only found in very small numbers. Opheliid
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polychaetes (e.g. Euzonus furciferus), which were found
on several other South American beaches (CLARKE &
PENA, 1988; Gianuca, 1983; ESCOFET et al., 1979) were
not registered in the present study.

In general, taxon composition in Valdivia Bay was
similar to other South American sandy beaches. Some
differences, mainly in molluscs, were found, possibly due
to the location near the Equator with its tropical conditions.

Macrofauna : Zonation

In the Bay of Valdivia, three beach zones were
distinguished : upper, middle and lower zone. The
presence of three zones has already been demonstrated
for several sandy beaches around the world (MCLACHLAN
& JARAMILLO, 1995 and references herein).

Generally, the upper beach zone of South American
sandy beaches is dominated by a low number of species.
Cirolanid isopods (e.g. Excirolana braziliensis) are often
encountered (DEXTER, 1974; BOCANEGRA et al., 1985),
together with large numbers of air-breathing ghost crabs
(Ocypode occidentalis). This is typical for the transition
zone between the marine and the terrestrial environment
(JARAMILLO, 1987).

Compared with the upper beach zone, a higher diver-
sity of very abundant macrofaunal species is found at the
middle beach. Again, crustaceans tend to be characteristic
for this zone along many South American beaches
(MCLACHLAN & JARAMILLO, 1995). In the present study,
however, the most abundant species within the middle
beach zone was the gastropod Olivella semistriata.
Although polychaetes are rarely abundantly present in the
middle beach zone of South American beaches, some
individual species might be (e.g. opheliids, spionids and
nephtyids) (MCLACHLAN & JARAMILLO, 1995). In Valdi-
via Bay, few polychaetes were found in the middle beach
zone.

The lower beach zone of all exposed South American
beaches is characterized by a large number of abundant
species (MCLACHLAN & JARAMILLO, 1995), as was the
case in the intermediate beach in our study. The lower
beach zone is often regarded as an intertidal extension of
the subtidal habitat. The higher diversity of the lower
beach zone could be a reflection of the high subtidal
diversity (DEGRAER et al., 1999). Also, the short period of
exposure to the air allows more species to inhabit the
lower beach zone.

It has to be emphasized that no sharp boundaries
between the different zones were found, partly because of
the morphodynamic differences between the replicate
transects. Moreover, zonation on sandy beaches has to be
seen as an artificial division of a continuum, with an over-
lap between adjoining zones (DEGRAER et al., 1999).

In general, the zonation pattern of the macrobenthic
assemblages on the investigated tropical beach was simi-
lar to other beaches at different latitudes in South Amer-
ica and the rest of world.
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ABSTRACT. A microscopic investigation was conducted on the paraphysis of the turtle Trachemys dorbigni. The
paraphysis is a highly vascular neuroepithelial structure lined by a simple cuboidal epithelium. The prominent
ultrastructural features observed were many dense bodies, mitochondria and lipid droplets. The cells of the paraph-
ysis exhibit extensive microvillar borders, large intercellular spaces, many mitochondria, dense bodies and lipid
droplets. Few PAS (periodic acid of Schiff) positive granules were found in the cytoplasm of the epithelial cells.
Large intercellular spaces were seen when samples were fixed by perfusion. Scanning electron microscopy revealed
that surface epithelial cells have microvilli and cilia distributed in tufts in the center of the cell. Macrophagic cells
were frequently seen on the surface of the epithelial cells. The connective tissue of the paraphysis presented many
sinusoid vessels, mast cells, fibroblasts, and collagen fibers. Intra-arterial administration of Evans blue showed the
absence of the blood-brain barrier. This is probably related to the presence of a fenestrated endothelium, which
characterizes this structure as a circumventricular organ (CVO). The presence of vesicles in the cytoplasm of epi-
thelial cells, fenestrations, and macropinocytosis vesicles in the vascular endothelium suggest absorption and secre-

tion functions.

KEY WORDS : paraphysis, turtle, morphology, electron microscopy.

INTRODUCTION

The paraphysis is a branchial and tubular sacciform
structure of the posterior telencephalic roof. It is consid-
ered a circumventricular organ similar to the choroid
plexus (OKSCHE, 1973). With few exceptions, this special-
ized neuroepithelial structure is common to all verte-
brates, including humans, in an embryonic stage
(SHUANGSHOTI &  NETSKY, 1966; EBBESSON &
SCHROEDER, 1975; KONDZIOLKA & BILBAO, 1989).

In reptiles as well as in amphibians, the paraphysis is
well developed and occupies a great subdural area located
between the posterior borders of the cerebral hemispheres
(KELLY, 1964; EBBESSON & SCHROEDER, 1975). Studying
green sea turtles, OWENS & RALPH (1978) demonstrated
that the paraphysis was a continuation of the choroid
plexus of the third ventricle, slightly to the enlarged distal
end of the pineal gland. A fluid-filled cavity was formed
inferior to the large pineal-paraphyseal complex.

Studies on the ultrastructural features of the paraphysis
in different species (Lampreta sp.: TSUNEKI, 1986;
Chondpricthyes : SHUANGSHOTI & NETSKY, 1966; Bufo
bufo L. 1758 larvae : FARNESI et al., 1994 ; Necturus sp. :
KELLY, 1964, EBBESSON & SCHROEDER, 1975; Hyla
versicolor Le Conte, 1825 : KEMNITZ et al., 1990 : Natrix
maura Laurenti, 1768 : FERNANDEZ-LLEBREZ et al., 1982)
showed that it consists of a single or pseudostratified epi-
thelium surrounded by highly vascular connective tissue.

The most important functions related to this structure
are the production of the cerebral spinal fluid (CSF) in
cooperation with the choroid plexus, and the exchange of
substances between the blood and the CSF (KELLY, 1964;
OWENS & RALPH, 1978; FERNANDEZ-LLEBREZ et al.,
1982 ; KEMNITZ et al., 1990; HINTON et al., 1990 ; FARNESI
et al.,, 1994). Paraphysectomy in Rana species also
showed that a substance discharged by the paraphysis, by
the choroid plexus or by both structures seems to be
involved in calcium regulation. It resulted in hypocal-
cemia, motor neuron degeneration, abnormal increased
weight, and a tendency to form cysts in the parathyroid
gland (UENO et al., 1984; NELSON et al., 1985).

The aim of this work was to investigate the morpholo-
gical features of the paraphysis of the turtle 7rachemys
(scripta) dorbigni (Duméril & Bibron, 1835) using scan-
ning electron microscopy (SEM), transmission electron
microscopy (TEM) and light microscopy.

MATERIAL AND METHODS

Twenty-four adult turtles Trachemys dorbigni (twenty-
one females and three males) weighing between 950g and
2,500g were captured over the year and used in this study
with the permission of IBAMA (Registration numbers
047/97; 026/98; 004/99). The animals were fed with
ground meat ad libitum.
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Light Microscopy (LM)

Six animals (one male and five females) were anesthe-
tized with 35% chloral hydrate and perfused with a saline
solution followed by 4% paraformaldehyde in sodium
phosphate buffer (pH. 7.4). Sections were stained with
haematoxylin/eosin (HE). Evans Blue at 0.01% was
added to the saline solution (adapted from Eberhardt,
1971) in two animals (females) to demonstrate the vascu-
lar permeability of the paraphysis.

Gomori’s Acid Phosphatase (six females)

Cryostat sections were incubated in a solution of 0.1M
trismaleate buffer (pH 5) and 1.25 % sodium B-glycero-
phosphate. Lead nitrate (0.2%) was added to this solution
under constant stirring, followed by heating at 37° C for 5
minutes and subsequent filtration. Sections were incu-
bated for 30 minutes at 37° C, rinsed in distilled water
(three times), developed in a solution of 5% ammonium
sulfide for 5 min, rinsed in distilled water and mounted in
Kaiser’s medium. As a control, a few sections were incu-
bated in a medium with 1% sodium fluoride (NaF)
(PEARSE, 1968).

PAS (one male and four females)

After fixation in Bouin’s solution, the paraphysis was
dehydrated, embedded in paraffin and cut into 8 pum-thick
sections, which were then deparaffinized, hydrated and
subjected to 0.5% periodic acid for 15 min. After distilled
water rinsing, sections were immersed in Schiff’s reagent
for 30 min, rinsed again in distilled water, submitted to
three sulfurous baths, rinsed again in distilled water, and
subsequently stained with Mayer’s hematoxylin, dehy-
drated, and mounted with Entellan®. For control of the
specificity of reaction we used sections incubated in 0.5%
o-amylase at 37 °C for 3 hours (PEARSE, 1968).

Electron Microscopy

The paraphyses of three females and one male were
fixed by immersion and perfusion with 3% glutaralde-
hyde, 1.5% paraformaldehyde in 0.1M phosphate buffer
(pH 7.4). For post-fixation 2% OsO, was used in the same
buffer. Ultrathin sections were collected on copper grids,
contrasted with uranyl acetate and lead citrate (Reynolds,
1963), and examined in a JEOL 1200 EX II electron
microscope at 80 KV.

The paraphyses of four females were dehydrated in
acetone and dried by the critical point technique using
carbon dioxide (Balzer CPD 030), sputter-coated with
carbon and gold (Balzer SCD 050), and examined under a
scanning electron microscope (JEOL 5800 and Cam-
bridge Stereoscan).

RESULTS

The paraphysis of the turtle Trachemys dorbigni is a
well-developed, often tubular organ. It is located in the
interhemispheric fissure (Fig. 1). At the superior and pos-
terior faces (Fig. 2) it is bordered by the proximal and dis-
tal portions of the pineal gland, laterally by the cerebral
hemispheres, and by the third ventricle at the inferior

side. However, below the pineal-paraphysis complex
there is a CSF-filled cavity connected to the third ventri-
cle by an orifice (Fig. 3).

Histochemical study showed a few PAS-positive gran-
ules throughout the cytoplasm (Fig. 4). The basal mem-
branes of the endothelium and epithelium of the paraphy-
sis became stained after treatment with Schiff’s reagent.
Pre-treatment with o-amylase reduced the number of
PAS-positive granules in the epithelium, indicating the
presence of glycogen. The presence of lysosomes was
demonstrated through Gomori’s acid phosphatase tech-
nique (Fig. 5).

The paraphysis is lined with a simple, cuboidal epithe-
lium, the cells of which have a round, central nucleus (5.3
to 7.5 wm in diameter) occupying a large part of the cyto-
plasm. The (usually singular) nucleolus is very prominent
and spherical (0.08-0.12um in diameter) (Fig. 7). The
cytoplasm of paraphyseal cells contained several mito-
chondria with transversal crests and dense bodies (0.8-
1 um in diameter) (Fig. 6).

In the tubules of the paraphysis (Fig. 8), epithelial cells
presented an apex with numerous microvilli (3.5 um long
and 0.2 um in diameter). Cilia (6.5-9 um long and 0.18-
0.23 um in diameter) were usually detected at the central
surface of the cell (Fig. 9). The numbers of cilia varied
from four to 11 per cell. Cells with a morphology resem-
bling macrophage cells were detected on the ventricular
surface of these cells.

Mast cells were found in the connective tissue located
under the epithelium (Fig. 6). Collagen fibers and fibrob-
lasts processes were also detected (Fig. 10).

The paraphysis presents a large number of blood ves-
sels in the connective tissue. By injecting Evans Blue
intra-arterially, we observed that the paraphysis allowed
the passage of this dye to its interior, showing that this
structure has no blood-brain barrier (Fig. 1). The vascular
endothelium presents many fenestrations from 50 to
75 nm in diameter, covered by a thin diaphragm (Fig. 11).
Cytoplasmic projections of the endothelium were
observed in both apical and basal portions. On the lumi-
nal face, these projections formed macropinocytosis vesi-
cles with diaphragms. The presence of these vesicles was
clearly seen in the cytoplasm (Fig. 12). The basal layer of
these capillaries could be traced along large extensions,
even if in a few points it was discontinuous.

DISCUSSION

Analysis of the serial sections of the paraphysis (sagit-
tal, coronal, and horizontal) showed that this structure of
the turtle Trachemys dorbigni is formed by a tubular cav-
ity which is enlarged in the proximity of the pineal gland
and is covered by epithelial cells and meninges. This cav-
ity decreases its diameters through the communication
with the third ventricle. A similar cavity was reported by
OWENS & RALPH (1978) in marine turtles. Due to the
close relationship between this cavity, the pineal gland
and the paraphysis, OWENS & RALPH called it pineal-para-
physeal cavity. In the snake Natrix maura, this cavity was
also observed and was named central ventricular cavity
(FERNANDEZ-LLEBREZ et al., 1982).
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According to several authors (KAPPERS, 1956;
SHUANGSHOTI & NETSKY, 1966 ; EBBESSON & SCHROEDER,
1975; KEMNITZ et al., 1990; FARNESI et al., 1994), the lin-
ing epithelium is continuous between the paraphysis and
the choroid plexus. In our study we confirmed this finding
and also observed a communication between the lumen of
the paraphysis and the third ventricle. This communica-
tion, which occurs through a small orifice, had also been
described in other animals, such as the salamander
Amblystoma mexicanum Shaw, 1789 (KAPPERS 1950), the
frog Hyla versicolor (KEMNITZ et al., 1990) and larvae of
the toad Bufo bufo (FARNESI et al. 1994). These findings
demonstrate that the paraphysis is not an isolated organ
but is connected to the CSF of the other ventricular cavi-
ties.

In the cytoplasm we observed an accumulation of mito-
chondria, dense bodies (probably secondary lysosomes),
and lipid droplets, particularly in the apical pole of epithe-
lial cells. These lipid droplets were also found in the basal
portion of the cell in the salamander Necturus sp. (KELLY,
1964; SHUANGSHOTI & NETSKY, 1966; EBBESSON &
SCHROEDER, 1975).

Few histochemical assays have been done on the para-
physis. The most common studies are those investigating
the presence of glycogen, especially those describing the
paraphysis in amphibians and reptiles. Histochemical and
biochemical studies demonstrated that the quantity of gly-
cogen in the cells of the paraphysis and in other cells of
the CNS is related to environmental conditions and to the
different seasons of the year. From spring through winter
there is a gradual increase in the total amount of glycogen
in the cells of the CNS as well as in the paraphysis (FERN-
ANDEZ-LLEBREZ et al., 1982; PARTATA & MARQUES,
1994). With TEM we observed few glycogen granules in
the paraphysis of Trachemys dorbigni. There were no var-
iations in the amount of glycogen in animals prepared in
spring as compared to autumn. Our results are in disa-
greement with the findings of KAppErs (1956), who
described the epithelium of the paraphysis of salamanders
as being rich in glycogen. The presence of glycogen in the
paraphysis was also described in fishes, amphibians, and
other reptiles (WOLFF, 1962; SHUANGSHOTI & NETSKY,
1966; McNULTY, 1976), but in Natrix maura it was not
detected (FERNANDEZ-LLEBREZ et al., 1982).

Through Gomori’s acid phosphatase method we
observed the presence of positive granules in the paraphy-
seal epithelium, mainly in areas close to the cell apex.
They appear to be lysosomes and dense bodies. The ele-
ments that reacted with acid phosphatase are likely to be
the same ones that had reacted with PAS, and this is in
agreement with KOENING & BARROW (1962), who demon-
strated that Schiff’s reagent also reacts with lysosomes.
EBBESSON & SCHROEDER (1975), in a study involving the
paraphysis of Necturus sp., reported the presence of gran-
ules similar to lysosomes in the apical regions of cells of
the paraphyseal epithelium.

The examination of the surface of the paraphyseal epi-
thelium of Trachemys dorbigni by SEM showed that this
surface is covered by numerous short microvilli and cilia
distributed in tufts. Besides these structures, we also
found macrophagic cells similar to the epiplexus cells
reported by LING et al. (1998) in rats. These authors pro-

posed that a typical cell of the epiplexus has from three to
five cytoplasmic processes emanating from the cell body.
In our study the cells observed on the ventricular surface
of the paraphysis usually had three processes.

In the literature there are no SEM data of the paraphy-
sis. From our observations we highlight the presence of
dilations at the end of both microvilli and cilia. We sus-
pect that such dilations are artifacts of the preparations,
since they were not detected in the TEM examination.

Elements of the conjunctive tissue that are notable in
the formation of the tubules of the paraphysis can vary
between different species of amphibians and reptiles. The
most prominent structures found in the turtle Trachemys
dorbigni are mast cells, collagen fibers, and fibroblast
processes. Mast cells were numerous in the dorsal region
of the paraphysis lying closer to the pineal gland. No
macrophages were found, nor were any nerve fibers.

The paraphysis is a highly vascular structure presenting
many fenestrated sinusoid capillaries, indicating possible
absence of the blood-brain barrier. This absence was dem-
onstrated through its permeability to Evans Blue. The
sinusoidal vascularization was described in the amphibi-
ans Ambystoma sp. (ROOFE, 1936; KAPPERS, 1950, 1956;
EBBESSON & SCHROEDER, 1975), Necturus sp. (KELLY,
1964), Rana catesbiana Schreber, 1782 and R. pipiens
(HINTON ef al., 1990), the turtle Chrysemys picta margin-
ata Agassis, 1857 (WARREN, 1911), and the snake Natrix
maura (FERNANDEZ-LLEBREZ et al., 1982). The presence
of fenestrations in the endothelium, which confirm the
blood-brain barrier absence, was described in Necturus
sp. (KELLY, 1964), R. catesbiana and R. pipiens (HINTON
et al., 1990), larvae of Bufo bufo (FARNESI et al., 1994),
and in Natrix maura (FERNANDEZ-LLEBREZ et al., 1982).

Circumventricular organs (CVOs) of the brain are
characterised as highly vascular structures, with no blood-
brain barrier, and in contact with one of the cerebral ven-
tricles (WEINDL et al., 1972; Low, 1982, PETERS et al.,
1991). Based on these criteria, we consider the paraphysis
of the turtle Trachemys dorbigni to be a CVO. A number
of authors (FERNANDEZ-LLEBREZ et al., 1982; TSUNEKI,
1986 ; KEMNITZ et al., 1990) also described the paraphysis
as a CVO, due to its pronounced vascularization and its
contact with the cerebral ventricular system.

The connection with the ventricle and some morpho-
logical features suggest possible functions of the para-
physe. The presence of vesicles in the cytoplasm of the
epithelial cells, the fenestrations and the macropinocyto-
sis vesicles in the vascular endothelium are indications of
substance exchange activities, may be also secretion. In
this way, the paraphysis may be able to release substances
into the cerebro-spinal fluid of the ventricular system. At
present there are few data in the literature about the func-
tions of the paraphysis. When its physiological role has
been determined by further studies, it may become possi-
ble to explain the atrophy of this structure in humans
(KonDpzIoLKA & BILBAO, 1989).
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Fig. 1-7. — 1. Micrograph of the Trachemys dorbigni’s brain (dorsal view) intra-arterially injected with Evans Blue, showing that the
paraphysis (PA) presents no blood-brain barrier : cerebral hemisphere (Ch), optical lobe (OL), dura mater (D); bar: 0.16 mm. —
2. Photomicrograph of a sagittal section showing the location of paraphysis and the structures to which it is anatomically related. Pineal
(Pi) and paraphys—is (PA). LM section, material included in paraffin and stained with HE; bar : 50 um. — 3. Coronal section of brain
showing the relation between the paraphysis, lateral ventricles, and the third ventricle. Orifice (arrow) that links the paraphyseal cavity
(Pc) with the third ventricle, cerebral hemisphere (Ch), pineal (Pi), paraphysis (arrowheads) and lateral ventricle (Lv). LM section,
stained with HE; bar : 250 um. — 4. Paraphysis sections processed for PAS technique; PAS-positive granules (arrows) are very scantily
found in the paraphyseal epithelium. LM; bar : 30um. — 5. Photomicrograph showing lysosome staining through the technique of
Gomori’s acid phosphatase ; Lysosomes (arrows), nucleus (N). LM; bar : 10 um. — 6. Electron micrograph of a section of the paraphy-
seal epithelium showing cytoplasmic structures : dense bodies (Db) and intercellular spaces (*). Desmosome (arrow), microvilli (mv).
TEM; bar : 500nm. — 7. Electron micrograph showing the nucleus (N) and the nucleolus (Nu) of an epithelial cell of paraphysis. In the
apical portion of the cell are microvilli (mv). Underlying the epithelium is the layer of connective tissue (Ct). TEM; bar : 1um.



Microscopic studies of the paraphysis of the turtle Trachemys (scripta) dorbigni 29

g
\!"'/:,‘

L —11h R L 2

Figs 8-12. — 8. Para-sagittal section of paraphysis (SEM) : anterior (A) and posterior (P) part of paraphysis
(PA); in the top see the location of the pineal gland (*). Dura-mater (D), superior sagittal sinus (SSS), cartilage
(ca), tubules of paraphysis (arrows). SEM; bar : 200 pm — 9. Surface of paraphysis observed under SEM :
macrophagic cell (*), cilia (arrowheads), microvilli (MV). SEM; bar : 5 um. — 10. Mast cells in the cytoplasm
of paraphyseal cells. Granules (G), nucleus (N), fibroblasts processes (arrowheads), cluster of collagen fibrils
(circle). TEM; bar : 500 nm. — 11. Vascular endothelium. Note diaphragms (arrows) in the fenestrations along
the endothelium of epithelial cells of paraphysis. Nucleus (N). TEM; bar : 200 nm. — 12. Vascular endothe-
lium showing the nucleus (N). On the luminal surface note the presence of macropinocytosis vesicles (v) and
diaphragms (arrows). Also, note the presence of macropinocytosis vesicles close to the nucleus (arrowhead).
TEM; bar : 500 nm.
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ABSTRACT. The distribution of chironomid species in small lowland rivers and brooks in the crenal zone of the
Zwalm river basin (Flanders, Belgium) was studied. We examined whether a more refined identification of Chironomi-
dae would result in an added value to the biological assessment of the Zwalm river basin, currently based on the Bel-
gian Biotic Index. At the 18 sampling sites, a total of 31 different taxa of chironomids were identified. Identification
was at species, aggregate, group, subgenus or genus level. The diversity of chironomid communities and their indica-
tor role for assessment of particular river types and water quality were examined by means of multivariate analysis.
Direct ordination of the identified chironomid taxa resulted into three groups of indicators related to the assessment of
the water quality of a brook : (1) indicators of a good water quality, (2) indicators of waters enriched with nutrients and
organic matter compounds and (3) taxa that were indifferent to water quality. The more refined identification levels
provided useful information on the ecology of these organisms and their role as indicator organisms of specific water
quality states. Because of the more labour-intensive procedure, however, chironomid identification at these levels will

be more difficult to apply within a rapid bio-assessment protocol of running waters.

KEY WORDS : Chironomidae, macroinvertebrates, bio-indicators, brooks, rivers, biomonitoring.

INTRODUCTION

Numerous human activities have an impact on the qual-
ity of surface waters and consequently on the organisms
living in these habitats. This aquatic fauna, therefore, can
serve as convenient biological indicators of the various
environmental stresses on these ecosystems (DE PAuw &
HAWKES, 1993). Unlike physical-chemical measurements,
biological assemblages reflect long-term exposure to vary-
ing water quality conditions, and benthic macroinverte-
brates in particular are well suited for use within rapid bio-
assessments (ROSENBERG & REsH, 1993). Among freshwa-
ter macroinvertebrates, chironomid larvae are considered
as promising indicators of water quality because of their
ubiquity, high abundance and high diversity in aquatic eco-
systems (SAETHER, 1979; LINDEGAARD, 1997). Moreover,
the effects of pollution on chironomid communities have
been extensively covered in literature and chironomid taxa
have been shown to differ in their tolerance of specific pol-
lution sources (FITTER & MANUEL, 1986). Nutrient over-
load, for example, may serve as an extra food source but at
the same time it will result in an oxygen depletion stress in
slow running waters because of algal blooms (LENAT,
1983). As a consequence of their large differences in toler-
ance of eutrophication and organic enrichment, chirono-
mids, in common with oligochaetes, will have indicative
representatives in polluted and unpolluted waters (KING &
BaL, 1964; LADLE & BIRD, 1980; LENAT, 1983; RoD-

RIGUEZ & ARMAS, 1983). Furthermore, the potential of chi-
ronomids as biological indicators of heavy-metal contami-
nation has been assessed by several studies based on
detected morphological mouthpart deformities (MEREGALLI
et al., 2000; MARTINEZ et al., 2002) and metal adaptation
studies (GROENENDIK et al., 2002). Finally, besides these
water quality aspects, preference of chironomids for certain
habitat characteristics (BUSKENS & MOLLER PILLOT, 1992)
can also provide information on the quality of particular
hydro-morphological characteristics of a watercourse.

Ecological studies revealing preferences of organisms for
certain environmental conditions are often carried out at the
species level because of the detailed information contained
at this level. Also for chironomid communities in rivers,
various studies stress the response at the species level to nat-
ural- or human-caused disturbances in rivers (BAZzANTI &
BAMBACIGNO, 1987 ; VERDONSCHOT et al., 1992 ; REINHOLD-
Dupok vAN HEEL & DEN BESTEN, 1999; OReNDT, 2000).

Some biotic indices do indeed integrate the information
of chironomid communities at the species level (SAETHER,
1979; BARZERQUE et al., 1989; EuLIN et al.,, 1993;
EVRARD, 1996). In Flanders, Belgium, the response of
chironomid species to environmental perturbation is,
however, not well documented. The biological quality of
waters is mainly assessed by means of the Belgian Biotic
Index (BBI) (DE PAuw & VANHOOREN, 1983). This biotic
index is based on the taxonomic diversity and the pres-
ence/absence of particular indicator taxa. For calculation
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of the BBI, macroinvertebrates are identified up to family,
genus or group level. The family Chironomidae is split
into two groups based on the presence or absence of
thummi (the thummi-plumosus and the non thummi-plu-
mosus group) in correspondence with their clearly differ-
ent responses to the stress of oxygen depletion.

In the present study we examined whether a more refined
identification of chironomids would result in an added value
to the biological assessment of running waters in Flanders,
Belgium. For this reason, the diversity of chironomid com-
munities and their indicator role in assessment of particular
river types were examined by means of multivariate analy-
sis. The sampling sites were clustered based on their chi-
ronomid populations, and the principal environmental vari-
ables structuring these different chironomid communities
were identified. Potential bio-indicators were identified, and
the added value of the more refined identification in river
assessment and ecological research discussed.

MATERIAL AND METHODS

Study area

The study was performed in the Zwalm river basin, which
is part of the Upper-Scheldt basin (Flanders, Belgium), and
consists mainly of numerous small brooks (Fig. 1). The
Zwalm river basin has a total surface of 11650 ha. The
Zwalm river itself has a length of 22 km. The southern part
of the Zwalm river basin consists of small brooks situated in
the crenal zone, where groundwater flows in the brooks at
the source. These brooks are expected to be unpolluted.
Because of the specific geomorphology in this area, they
have a unique fauna (GOETHALS & DE PAuw, 2001). The
northern part is influenced by punctual and diffuse domestic
pollution as well as diffuse pollution originating from agri-
cultural activities. Habitat degradation of the watercourses in
this region is mainly caused by erosion effects. Sampling
sites in the Zwalm river basin are shown in Fig. 1.

Fig. 1. — Location of (left) and sampling sites in (right) the Zwalm river basin in Flanders, Belgium.

Environmental variables

The measured physical-chemical variables and habitat
characteristics are given in Table 1.

TABLE 1

Environmental variables, habitat characteristics and measuring units

hollow banks
pools / riffles

Variables Measuring units
temperature °C
pH - log [H+]
conductivity puS/em
suspended solids mg/l
dissolved oxygen mg O,/1
chemical oxygen demand mg O,/1
total nitrogen mg N/1
nitrate mg NO;™-N/I
ammonium mg NH,"-N/1
total phosphorus mg P/1
phosphate mg PO,-P/I
meandering 6 categories (1 (well developed) to 6 (absent))

6 categories (1 (well developed) to 6 (absent))
6 categories (1 (well developed) to 6 (absent))

Biological water quality assessment

The biological water quality of the sampling sites was
assessed using the Belgian Biotic Index (BBI) in which
the macroinvertebrates were identified up to the genus,
family or group level (DE PAUW & VANHOOREN, 1983;
IBN, 1984). The BBI is based on taxa diversity as well as
the sensitivity of particular groups in relation to pollution
(DE PAUW & VANNEVEL, 1993).

The BBI index values are divided into five water qual-
ity classes, ranging from very good (BBI value 9-10),
good (BBI value 7-8), moderate (BBI value 5-6) to bad
(BBI value 3-4) and very bad (BBI value 0-2) quality.
These classes can be visually represented by a colour
code (respectively blue, green, yellow, orange, red).

Chironomid taxa

Chironomids were identified up to species, aggregate,
group, subgenus or genus level, depending on the external
morphology of the instar stage of the chironomid. Sam-
pling of the chironomids was done together with the other
macroinvertebrate taxa by means of a handnet (mesh size
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= 350um) (DE PAUW & VANHOOREN, 1983) and samples
were sieved the day after sampling. The following identi-
fication keys were used : PAINE (1956), KLEIN (1967),
MASON (1968), MoLLER PiLLot (1978), KLINk (1981),
CRANSTON (1982), KLiNk (1983), WIEDERHOLM (1983)
and MOLLER PILLOT (1984). Availability of suitable iden-
tification keys for the larval stages (instars) and the pres-
ence of larvae not reaching the 4™ larval stage, were often
the limiting factors. Chironomids that could not be identi-

fied up to species level were identified up to the lowest
practical level attainable (i.e. aggregate, group, subgenus
or genus level).

Data analysis

Data were processed based on the methodology
described in Fig. 2.

Abundances of
chironomid taxa

ags

Environmental variables
of the sampling sites

ags

log (x+1)
transformation of the data set

ags

ags

Clustering “#

DCA indirect
ordination

IE#P DCCA direct

ordination

1

- Clustering of sampling sites based on the chironomid communities

- Characterization of the principal environmental variables of the chironomid
communities, based on the sampling sites — environmental biplot

- Assignment of bio-indicators based on the species-environmental biplot

Fig. 2. — Treatment and methodology of multivariate analyses of the biological and environmental data.

Biological and environmental data were log(x+1)
transformed, except for the categorical variables (mean-
dering, pool/riffle, and hollow bed development) and the
pH. The transformed data were processed by means of
several multivariate analyses, more specifically a cluster-
ing by making use of FLEXCLUS (VAN TONGEREN, 1986)
as well as an indirect (Detrended Correspondence Analy-
sis (DCA)) and a direct ordination (Detrended Canonical
Correspondence Analysis (DCCA)) based on CANOCO
(TER BRAAK, 1986; TER BRAAK & SMILAUER, 1998).

Clustering with the programme FLEXCLUS (VAN
TONGEREN, 1986) is based on the Serensen similarity ratio
(SoRENSEN, 1984) where the most similar samples of the
biological data are placed next to each other based on the
biological data. The Serensen similarity ratio (SR) used
for the clustering is as follows :

SRij = 2 Yy | Z Vi Yo=Y Vb
k k k
where y,, = the abundance of the k'™ species at site i and Vi
= the abundance of the k™ species at site j. The initial,
non-hierarchical clustering is a means for handling noise
and redundancy by combining several samples into
groups following the algorithm of SORENSEN (1984).
Samples are fused into clusters when their similarity is
higher than the given threshold value. Refinement of the
initial clustering by reallocation leads to a final clustering,
which is a combination of fusion and division of clusters

based on the distance of a sample to the cluster centroid.
The ordering of clusters is obtained by reciprocal averag-
ing (HiLL, 1973 ; VAN TONGEREN, 1986).

DCA was used for indirect ordination analysis and
detrending was done by segments. Because species abun-
dance or probability of occurrence is often a unimodal
function of the environmental variables, for direct analy-
sis we opted for the unimodal DCCA ordination method
(TER BRAAK & VERDONSCHOT, 1995) when the gradient
length of the first DCA axis > 2. DCCA was used for
direct unimodal analysis, and detrending was done by
polynomials. In this analysis, habitat characteristics such
as meandering-, pool/riffle- and hollow beds-develop-
ment, were included as categorical variables.

RESULTS

Chironomid biodiversity and biological assessment

In total, 31 different chironomid taxa were found in the
18 sampling sites (Table 2).

Among these 31 taxa, Macropelopia, cf. Conchapelo-
pia and Prodiamesa olivacea (Meigen, 1830) appeared in
all samples. Group Conchapelopia consists of four differ-
ent genera, each with a different habitat preference. Some
taxa such as Brillia modesta (Meigen, 1830), Poly-
pedilum cf. breviantennatum (Tsjernovskij, 1949), Poly-
pedilum gr. laetum, Polypedilum pedestre agg. and Zavre-
limyia were only found in the crenal zone of the brooks.
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TABLE 2

Taxonomic level, taxon name and abbreviations of the monitored chironomid taxa
in the Zwalm river basin

Taxonomic level Taxon name Abbreviations
Species Apsectrotanypus trifascipennis (Zetterstedt, 1838)  Aspe trif
Brillia longifurca Kieffer,1921 Bril long
Brillia modesta (Meigen, 1830) Bril mode
Odontomesa fulva (Kieffer, 1919) Odon fulv
Parametriocnemius stylatus (Kieffer, 1924) Para styl
Prodiamesa olivacea (Meigen, 1818) Prod oliv
Psectrotanypus varius (Fabricius, 1787) Psec vari
Rheocricotopus fuscipes (Kieffer, 1909) Rheo fusc
Aggregate (Agg.) Eukiefferiella discoloripes agg Euki disc
Paraphaenocladius impensus agg. Para impe
Polypedilum pedestre agg. Poly pede
Paracladopelma camptolabis agg. Para camp
Grouplevel (Gr.)  Chaetocladius gr. piger, Chae piger
Chaetocladius gr. vitellinus, Chae vite
Cryptochironomus gr. defectus, Cryp defe
Dicrotendipes gr. notatus, Dicr nota
Dicrotendipes gr. nervosus Dicr nerv
Polypedilum gr. laetum Poly laet
Polypedilum gr. scalaenum Poly brev
Subgenus Procladius (Holotynapus) Proc holo
Genus cf. Conchapelopia, Cf. Concha
Chironomus, Chironom
Limnophyes, Limnophy
Macropelopia, Macropel
Micropsectra, Microspe
Paratanytarsus, Paratany
Phaenopsectra, Phaenops
Rheotanytarsus, Rheotany
Stempellinella, Stempeli
Tanytarsus, Tanytars

The biological water quality of the Zwalm river basin
based on the BBI is illustrated in Fig. 3A. The results
show that most of the sampling sites (13 of 18) were mod-
erately polluted. Even for the brooks in the crenal zone,
no classification as “very good” was reached. Two sam-
pling sites, located in the small brooks of the crenal zone,

reached the basic water quality standard for Flanders
(BBI value >7). Bad conditions were present at two sites,
located near and in the Zwalm river. One sampling site
was depleted of macroinvertebrates and was classified as
having a very bad quality.
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Fig. 3. — BBI water quality values (A) and number of chironomid taxa sampled (B) in 18 sites of the Zwalm river basin.
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Fig. 3B also shows the number of chironomid taxa found
in each site. A high chironomid biodiversity was found at
the sites located near the source. This taxa richness, how-
ever, was not reflected by the BBI. For example, one of the
sampling sites, classified as “good®, contained only seven
chironomid taxa, while another sample also classified as
“good” had 16 taxa. Samples collected in the Zwalm river
itself contained only chironomid taxa, present in low num-
bers, and no other macroinvertebrate taxa.

Multivariate analyses of the Zwalm river basin data

The output of the DCA analysis revealed a cumulative
variance explained by the first two axes of respectively
22.3% and 31.6%. The gradient length of the first DCA

axis was 2.331 and therefore a unimodal direct analysis
(DCCA) was chosen.

The cumulative variance of the first two axes in the
direct DCCA analysis, which explained the role of the
environmental variables in the structure of the chirono-
mid communities, was 24.4% and 35.6%, respectively.
The eigenvalues of the first two DCCA axes (0.355 and
0.163, respectively) were very close to those obtained
from the DCA analysis (0.360 and 0.150, respectively).
Therefore, it can be said that the measured environmental
variables are important parameters determining the struc-
ture of the chironomid communities. The DCCA biplot of
sampling sites (assigned by cluster membership) and
environmental variables is shown in Fig. 4.

Ntotg pH Cond

NH4

x Ptot
PO4

axis 2
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M 2 3
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axis 1

x cluster 4

—® environmental variables

Fig. 4. — DCCA biplot of sampling sites, characterized by their cluster membership
based on chironomid communities and environmental variables measured at 18 sites in
the Zwalm river basin. (T = temperature, SS = suspended solids, DO = dissolved oxygen,
COD = chemical oxygen demand, N tot = total nitrogen, Cond = electrical conductivity,
NH4 = ammonium, P tot = total phosphorus, PO4 = phosphate, M = meandering devel-
opment, HB = hollow beds development, PR = pool/riffle development).

On the basis of the chironomid abundance data, the
sampling sites could be subdivided into four clusters by
means of the Serensen similarity ratio clustering, and
these results were confirmed by the ordination method
revealing the same clustering structure (Fig. 4). The main

explanatory variables proved to be ammonium and phos-
phorus concentrations, electrical conductivity, dissolved
oxygen concentration, and pH of the water. The cluster
membership of the different sites in the Zwalm river basin
is given in Fig. 5.

TABLE 3
Characterization of the different clusters of sampling sites in the Zwalm river basin, based on the chironomid communities
Cluster n° Number of Number of Location in the Zwalm  Environmental characterization of the cluster
sampling sites chironomid taxa river basin
Cluster 1 3 ++ near the source Fast running non-polluted streams
high dissolved oxygen concentrations
low nutrient and organic concentrations
Cluster 2 10 ++ small brooks near the Streams subjected to diffuse agricultural pollution
mouth of the Zwalm high nutrient level and organic contents
high suspended solids concentrations
high water temperature values
high pH values
Cluster 3 - the Zwalm river
Cluster 4 3 -- head brooks in low ammonium concentrations
agricultural area high nitrate concentrations
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Fig. 5. — Cluster membership of the different sampling sites in
the Zwalm river basin based on the Serensen similarity ratio
clustering of the chironomid data, based on FLEXCLUS.

An overview of the most important characteristics of
each cluster based on the clustering and direct ordination
analysis (Fig. 4) and their location in the Zwalm river
basin (Fig. 5) is given in Table 3.

Cluster 1 contained Brillia longifurca (Kiefer, 1921),
Procladius holotanypus (Robback, 1982) and Tanytarsus.
Brillia longifurca was highly frequent and strongly posi-
tively correlated with dissolved oxygen concentration. In
cluster 2, Chironomus was the most frequent taxon, posi-
tively correlated with organic load in the water. Cluster 3
contained only one site located in the river. At this site no
macroinvertebrate taxa were found except for two chi-
ronomid taxa, i.e. Chironomus and Prodiamesa olivacea.
Cluster 4 was not characterized by any specific chirono-
mid taxon.

In Fig. 6, the DCCA biplot of chironomid taxa and
environmental variables is shown. Environmental varia-
bles and sampling sites are plotted together in a two-
dimensional space, oriented by the first two axes, which
explain the most important part of the variation in the
dataset.
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Fig. 6. — DCCA biplot of chironomid taxa and environmental variables monitored in the Zwalm river basin (T =
temperature, SS = suspended solids, DO = dissolved oxygen, COD = chemical oxygen demand, N tot = total nitro-
gen, Cond = electrical conductivity, NH4 = ammonium, P tot = total phosphorus, PO4 = phosphate, M = meander-
ing development, HB = hollow beds development, PR = pool/riffle development). The legend of the abbreviations

of the chironomid taxa is given in Table 2.

DISCUSSION

Although distribution patterns of the family Chirono-
midae are well documented in Belgium (GODDEERIS &
BEHEN, 1991; EVRARD, 1995a, 1995b), thorough knowl-
edge about the major environmental factors that control
their distribution is still lacking. In the present study, sev-
eral taxa such as Parametriocnemus stylatus, Limnophyes
(Eaton, 1875), Brillia modesta and Polypedilum cf. brevi-

antennatum were only found in the brooks in the crenal
zone. In the study of VERDONSCHOT (2000b), these taxa
were assigned as source brook indicator taxa. Taxa char-
acteristic of headwaters (cf. VERDONSCHOT, 2000c; per-
sonal communication) are very scarce in the present
study. This is probably due to the combination of erosion,
diffuse pollution and habitat degradation in the Zwalm
river basin, drastically reducing chironomid diversity. The
typical succession of chironomid taxa from source to
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mouth can be recognized, but the higher the impact of
water deterioration the less transparent was the succes-
sion in the Zwalm data (cf. Rossaro, 1991).

No correlation could be found between the number of
chironomid taxa and the BBI. This can be explained by
(1) the absence of pollution-sensitive macroinvertebrate
taxa. As do most of the biotic indices, the BBI assesses
water quality on the basis of the taxonomic diversity of
the benthic macroinvertebrate community and the pres-
ence or absence of indicator taxa (DE PAUW & VANHOO-
REN, 1983). Sensitive indicator taxa such as Plecoptera
and Heptageniidae weigh the most heavily. These two
taxa, however, are seldom found in the Zwalm river basin
(e.g. between 2000 and 2002, Plecoptera were only found
in two sampling sites in 2002, Heptageniidae were found
only once in four sampling sites in 2000 and 2002 ; both
taxa were found only twice and in very low abundance).
The absence of these two taxa, which could partly be
explained by the heterotrophy in the crenal zone, thus
lowers the BBI values of the brooks located in the zone,
where, however, the highest chrironomid diversity was
found; (2) differences in response to environmental
changes between chironomid taxa abundance and the
whole macroinvertebrate community expressed as the
BBI. Similar results have been reported by BAzAANTI &
BamBAcIiGNO (1987) who did not find a correlation
between the number of chironomid taxa and any biologi-
cal index applied on the Italian streams.

Multivariate analysis, such as ordination and cluster-
ing, is often used to analyse environmental preferences of
macroinvertebrate communities (VERDONSCHOT et al.,
1992; TER BRAAK & VERDONSCHOT, 1995; Cao et al.,
1997; VERDONSCHOT, 2000a). In this way, river manage-
ment can be focused on the mitigation of certain pollution
sources that cause e.g. acidification, eutrophication, habi-
tat degradation. The agglomerative clustering method
FLEXCLUS allowed grouping of sampling sites, reveal-
ing the same pattern of groups as in the ordination analy-
sis with CANOCO. In our study, some sites of the data
matrix had a similar chironomid community but differed
in abundance for a large part of the matrix (e.g. cluster 2
and cluster 4), and as such, clusters overlapped each
other. This equalising effect is probably caused by pollu-
tion, which excludes specific chironomid taxa and pro-
motes the dominance of tolerant ubiquitous chironomid
taxa. This was also referred to in the research of VERDON-
SCHOT et al. (1992).

The ecological preferences of the taxa in our study
within the different clusters have been compared with the
ecological study of chironomids in the Netherlands
(MOLLER PiLLOT & BUSKENS, 1990). Brillia longifurca,
although not very typical for brooks in the crenal zone, is,
however, strongly correlated with dissolved oxygen con-
centration, a correlation that also could be deduced from
our results. Although Procladius holotanypus (Robback,
1982) is highly frequent in different stream types, and is
very tolerant for differing physical-chemical conditions, it
was only found in three places, in one source brook. 7an-
ytarsus species can be found in different water types
under different conditions, and was found in our research
at the brooks of the crenal zone and the mouth of the

Zwalm river, probably representing different Tanytarsus
species.

In general, natural chironomid communities in the
brooks of the crenal zone could be separated from the
other communities by means of clustering (Fig. 5). This
agrees with the expected unpolluted conditions of the cre-
nal zone (southern part) in the Zwalm river basin.

The present study shows that the main explanatory var-
iables for interpreting the results of the direct ordination
were ammonium and phosphorus concentrations, electri-
cal conductivity and pH of the water (Fig. 4 and Fig. 6).
Nutrient concentrations (e.g. ammonium and phosphorus)
were also reported as the main explanatory variables in
several other studies e.g. MOLLER PILLOT & BUSKENS
(1990). Based on the DCCA species biplot of the Zwalm
data (Fig. 6) and the ecological information provided by
BAzzZANTI & BAMBACIGNO (1987) and MOLLER PILLOT &
BuskeNs (1990), indicator taxa for eutrophication, which
can be of use for rivers in Flanders, can be suggested.
Indicators of oligotrophic conditions are Paracladopelma
camptolabis agg. and Parametriocnemus stylatus. Indica-
tors of waters enriched with nutrients and organic com-
pounds are Chironomus, Psectrotnaypus varius and
Dicrotendipes gr. nervosus and taxa appearing in
eutrophic as well as oligotrophic conditions are, for
example, Prodiamesa olivacea. Beside these taxa, other
chironomid indicator taxa were proposed by BAZZANTI &
BAMBACIGNO (1987) and MOLLER PILLOT & BUSKENS
(1990) and should receive attention in future research.

Besides the nutrients, the role of pH as an influencing
variable for chironomid communities in running waters
has been stressed (ORENDT, 1998, 2000). In our study, no
specific pH indicator taxa were detected (Fig. 6). Accord-
ing to VERDONSCHOT et al. (1992) habitat variables are
more important than physical-chemical variables influ-
encing the distribution of chironomids, which was also
noted by RAE (1985) and BUSKENS & MOLLER PiLLOT
(1992). A more detailed analysis of the role of chirono-
mids as indicators of habitat quality will, therefore, be
necessary in the future when habitat restoration becomes
of greater importance in river management. More refined
analysis of habitat preferences of chironomid species, e.g.
for hydraulic and sediment characteristics, could yield
important additional information (VERDONSCHOT et al.,
1992).

It has been reported that a grab sampler is an appropri-
ate instrument for collecting chironomid organisms from
the bottom sediment (INT PaNiIs et al., 1995). From our
results it appeared that the chironomid taxa, which are
buried in the sediment, could also representatively be
sampled with a 350um handnet (e.g. Chaetocladius gr.
piger). However, a biased view of the biological commu-
nities could be obtained because certain smaller chirono-
mid taxa may seem absent when sampled with a handnet
of 350um (STOREY & PINDER, 1985). Regarding the sam-
pling season, it has been demonstrated that during winter
a lesser number of species can be found because of the
formation of resting stages of some chironomid taxa
(MACKEY, 1977; GODDEERIS, 1987; Rossaro, 1991).
Thus, sampling in summer, as was done in the present
study, should be appropriate to ascertain chironomid bio-
diversity (MOLLER PiLLOT, 1978).
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In the present study, chironomid taxa were identified at
the lowest level possible to analyse the ecological infor-
mation gathered for the running waters in the Zwalm river
basin. The more refined identification level of the chi-
ronomids could provide useful information for applica-
tion within water quality assessment, but also for obtain-
ing information about aspects such as the ecology of
indicator taxa in specific water types and a better ecologi-
cal characterization of the brooklets. The chironomid
community structure can also serve as an indication of the
habitat and the water quality of the river, based on the
absence/presence of some indicator species (VERDON-
SCHOT, 2000b, 2000c). It could even be possible to con-
struct specific chironomid indices, reflecting the habitat
quality (VERDONSCHOT et al., 1992). One has to keep in
mind, however, that an ecological evaluation based on
chironomids should include type specific reference condi-
tions.

The advantage of using species-level data to obtain
more meaningful information for the assessment of the
biological condition of a site has been addressed by sev-
eral authors (BowMAN & BAILEY, 1997 ; GUEROLD, 2000).
The present study shows that identification of chirono-
mids at a more detailed level than family level provides
additional information on the water quality of the Zwalm
river basin when compared to the BBI. However, for
application of this refined identification in routine moni-
toring, time and effort (expertise/personnel) required for
such work should be taken into consideration (personal
communication). Identification of chironomids at a more
detailed level can, therefore, probably not be part of a
rapid bioassessment procedure for rivers in Flanders.

CONCLUSION

In this study, chironomid taxa could be assigned as
indicators for natural running waters in Flanders (e.g.
brooks in the crenal zone) and nutrient conditions. These
results were obtained by multivariate analyses based on
data collected within the Zwalm river basin. These tech-
niques were very useful to detect relationships between
chironomid taxa and environmental variables in a river
basin. In the future, physical characteristics of the water-
courses should also be included in such studies because of
the importance of the habitat conditions for chironomid
communities. A more refined identification of the chi-
ronomids provided useful information for various appli-
cations, including the study of the ecology of these indi-
cator organisms in specific water types and a better
ecological characterization of the brooklets where they
were collected. Identification of the chironomid commu-
nities is, however, very laborious and as such, due to its
relatively high energy-input, not directly suitable for
rapid bio-assessments.
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ABSTRACT. Genera of the catfish family Clariidae that have an extreme anguilliform body shape (e.g. Dolichal-
labes, Gymnallabes and Channallabes) are also characterized by an extreme hypertrophy of the jaw closing mus-
cles. Whereas it has been demonstrated that the hypertrophy of these muscles results in increased bite performance,
the adaptive significance of these enlarged jaw muscles remains unclear. Given that hypertrophied forms bite harder
it was suggested that the hypertrophy of the jaw adductors might be correlated with changes in diet or an altered
feeding pattern. To test this hypothesis, stomach contents were analysed from specimens of a few more anguilliform
species, as well as in a limited set of specimens from some of the less anguilliform clariid species. The results show
that specimens with a more anguilliform body-shape have a different feeding pattern with a special preference for
coleopterans. However, the absence of bite-marks on the prey retrieved from the stomachs indicated that jaw mor-
phology and bite performance are not likely to be related to the dietary composition in the species with hypertro-

phied jaw adductors.

KEY WORDS : anguilliformity, Clariidae, diet, ecomorphology, Siluriformes.

INTRODUCTION

Members of the Clariidae, one of the 35 presently rec-
ognised families of catfishes (DE PINNA, 1998), mainly
occur on the African continent, but can also be found in
Minor Asia, the Indian subcontinent and southeast Asia
(TEUGELS, 1996). Clariids are primarily freshwater fishes,
but they also tolerate brackish water. Together with their
ability to utilize atmospheric air through a suprabranchial
organ and to “walk” on land, this tolerance partially
explains their large area of dispersion (ROBERTS, 1975;
TEUGELS, 1996). Clariids, and many other families of Sil-
uriformes, are also characterized by a more benthic and/or
nocturnal life-style, combined with morphological adap-
tations for such a life-style (ALEXANDER, 1965). These
alterations are mainly : (1) small eyes, in combination
with a highly specialised Weberian apparatus, and the
presence of oral barbels, and (2) the dorso-ventral flatten-
ing of the head (as an adaptation towards a more benthic
life-style) (FINK & FINK, 1981; ADRIAENS & VERRAES,
1997).

Within the Clariidae, both genera with a more fusiform
and genera with a distinct anguilliform body shape exist,
as well as intermediate forms. The more anguilliform
genera show several transformations within the cranial
morphology associated with hypertrophy of the adductor
mandibulae complex (CABUY et al., 1999 ; DEVAERE et al.,
2001). Although it has been shown that the hypertrophy
of the jaw adductors results in an increased bite perform-
ance (HERREL et al., 2002), the question remains whether

this is an actual adaptation or simply the result of the min-
iaturization of the skull (DEVAERE et al., 2001).

As the hypertrophy of the jaw adductors results in an
increase in bite force, an often suggested and plausible
explanation would be that this is an adaptation to a dietary
specialisation involving the crushing of hard prey. This
explanation can be tested by comparing the diet of hyper-
trophied forms with that of non-hypertrophied ones.
Whereas the diet of some more fusiform genera that show
no hypertrophy of the jaw adductors (e.g. Clarias sp.,
ScopoLl, 1777) has been well investigated (SPATARU et
al., 1987; FAGBENRO et al., 1991), little or no information
is available concerning the diet of the genera with more
hypertrophied jaw adductors.

Thus, the aims of this study were : (1) to determine,
based on stomach-content analysis, the overall composi-
tion of the diet of different clariid species, (2) to investi-
gate whether the species with hypertrophied jaw adduc-
tors show changes in diet compared to species with less
hypertrophied jaw adductors and (3) to examine whether
the hypertrophy of the jaw adductors can be linked to
shifts in diet.

MATERIAL AND METHODS

Sampling

For this study, a total of 306 specimens from six spe-
cies of clariids were examined, focussing largely on the
species with the most extreme hypertrophy of the jaw
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adductors :  Channallabes apus (Glinther, 1873)
(173 specimens), Gymnallabes alvarezi Roman, 1970
(85 specimens) and Gymmnallabes typus Giinther, 1867
(25 specimens). For comparative purposes, the diets of
some of the intermediate species of clariids were also
examined : Platyallabes tihoni (Poll, 1944) (13 speci-
mens), Clariallabes melas (Boulenger, 1887) (five speci-
mens) and Clariallabes longicauda (Boulenger, 1902)
(five specimens). However, certain geographically dis-
tinct populations of C. apus and G. alvarezi might be in
need of transfer from one species to the other. For the pur-
pose of the present paper, however, this issue is of minor
importance as the main objective was to determine
whether the species with strongly hypertrophied jaw
adductors such as C. apus, G. alvarezi, G. typus and Doli-
challabes microphthalmus, have specialized diets that
might be related to the observed hypertrophy of the jaw
adductors. Some of the specimens used were obtained
from the Koninklijk Museum voor Midden-Afrika/Musée
Royal de I’Afrique Centrale (MRAC), Tervuren, Belgium
and some from an expedition to Gabon in September
2000. Due to the scarcity of material, no conclusions as to
seasonality or locality of the diet could be made. From all
specimens the content of the stomach was removed,
sorted and identified up to the level of order.

To assess whether animals actually selected certain
prey, several pitfall traps were placed at two distinct sites
in Gabon where the fish (half of the C. apus specimens
and almost all G. fypus specimens) were collected. These
sites were chosen in such a way that they reflected the
overall composition of the habitat of the anguilliform
clariid species. Pitfalls were placed, for 48 hours, in the
swamp area where fish were collected, and randomly
arranged at each site. Four aluminium guides were placed
perpendicularly around each pitfall to increase capture
success. The contents of the traps were sorted and identi-
fied as mentioned above.

As it was expected that animals with hypertrophied jaw
adductors would preferentially feed on harder prey, the
hardness of the prey collected in the pitfalls was deter-
mined. By comparing prey in the stomach of the fishes
with the hardness data of the available prey we were able
to determine whether fish actually selected for harder
prey. Prey hardness was measured using a Kistler force
transducer (type 9203, Kistler, Zwitserland), connected to
a Kistler charge amplifier (type 5058A, Kistler, Zwitser-
land) and a PC equipped with an electronic measuring
board (PC-Scope T512, IMTEC, Germany), as described
in HERREL et al. (1999). A screw with narrow pointed tip
was attached to the transducer and slowly pushed onto the
prey until failure of the exoskeleton of the hardest part of
the body (usually the head and prothorax). The maximal
force recorded just before failure of the prey was consid-
ered to be the hardness of that prey. Differences in prey
hardness between dietary categories were compared by
means of pairwise Mann-Whitney U tests.

As the formaldehyde solution used to preserve arthro-
pods in the pitfalls might affect hardness, we experimen-
tally tested the effects of preservation on the hardness of
two prey types : mealworms and crickets. Thirty house
crickets (Acheta domestica L., 1758) and twenty large
mealworms (7Tenebrio molitor L., 1758) were selected for

testing. Each prey group was randomly subdivided in
half, and euthanised. One half of the prey groups was sub-
sequently preserved in a 10% aqueous formaldehyde
solution for five days. The other half of each group was
measured (length and width) using Mitutoyo (type CD
20DC) electronic callipers, and weighed to the nearest
0,001 gram using a Denver Instruments (M220) elec-
tronic balance. Next, prey hardness was measured for
each individual prey item using a Kistler (type 9203)
force transducer attached to a portable Kistler charge
amplifier (type 5995) as described in HERREL et al.
(2001). Preserved prey were taken out of the formalde-
hyde, rinsed, blotted dry and measured, weighed and
crushed as described above. Two-way analysis of vari-
ance was used to estimate the effects of preservation and
prey type on prey hardness (SPSS v. 10.05).

Data analysis

To describe and compare diets among species, several
indices per food item were calculated :

— Relative importance index (PINKAS et al., 1971) :

IRI = (%N + %V) . %0c¢

where %N and %Oc are, respectively, numeric abundance
and the frequency of occurrence, and %V is the volumet-
ric percentage of the prey type. In this research the %V
was replaced by %DW as suggested by KonE (2000). In
addition, %IRI was calculated, being the proportion of
IRI of each prey type in relation to the total IRI value.

— Electivity index (KOHLER & NEY, 1982) :
E,=(%N-%N )/ (%N + %N )
where %N and %N, are as mentioned above. This index
compares the abundancies of the prey items as found in

the stomachs with those in the pitfalls, thus providing an
indication of the degree to which the diet is selective.

In addition, the diets from the two species with the
largest sample size, C. apus and G. alvarezi, were com-
pared using a randomisation test designed by MANTEL
(1967) and used by PATTERSON (1986) and SEVENSTER &
BouToN (1998) for the comparison of diets. This proce-
dure uses the mean percentage overlap as a test statistic.
The percentage overlap between two individuals @ and b
is calculated as :

0= X, min (p,;» p,)
where p; is the proportion of prey type i used by speci-
men a and min (p,, p,,) is the smallest of p . and p,, . The
statistic for interspecific overlap is the mean of the over-
laps in all possible heterospecific pairs of individuals, and
the statistic for intraspecific similarity is the mean of the
overlaps in all possible pairs of individuals of the same
species (SEVENSTER & BOUTON, 1998).

RESULTS

The dietary results are summarized below and are
sorted per species as they were defined by PoLL (1942).

Species diet

Table 1 shows the results of the stomach content analy-
sis. For C. apus the table shows that Coleoptera is the spe-
cies’ main prey type (%IRI = 89,31). In comparison with
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the number of Coleoptera found in the pitfalls the species
shows actual selection for the given prey item (E. = 0,69),
which also seemed to be the case for Isoptera (E, = 0,75).
The latter value is, however, of little significance and will

be dealt with further in the discussion. Hymenoptera (E; = -
0,66) and also Hemiptera, Diptera and Araneae are under-
represented. Furthermore, C. apus has a high vacuity index
and a low Shannon-Wiener index or small diet breadth.

TABLE 1
Diet composition in C. apus and G. alvarezi
Prey category N  %IRI %Pit E, N  %IRI  %Pit E,
Mollusca
Gastropoda 3 0.36 - - - - - -
Malacostraca
Isopoda 2 0.7 - - - - - -
Arachnida
Araneae 5 1.90 7.80 -0.27 - - - -
Insecta
Ephemeroptera 3 0.21 - - - - - -
Odonata 6 2.01 - - 1 0.96 1.00 0.41
Dictyoptera 1 0.34 0.49 0.30 - - - -
Isoptera 15 0.51 1.95 0.75 - - - -
Hemiptera 5 1.24 9.76 -0.37 1 0.09 4.81 -0.35
Diptera 8 1.84 9.76 -0.15 5 1.86 3.85 0.50
Hymenoptera 7 1.23 31.22 -0.66 1 0.12 3750 -0.88
Coleoptera 54 89.31 8.78 0.69 34 9697 31.73 0.43
Actinopterygii
Cypriniformes 2 0.65 - - - - - -
Aves
Sp. - - - - 1 - - -
_ 85
No. of stomachs examined 173
Vacuity index 68.79 75.29
Shannon-Wiener index 0.57 0.16
Also for G. alvarezi Coleoptera form the majority of TABLE 2
th@ diet (%IRI, = 96,97) and a positive selection towarfis Diet composition in G. typus, P. tihoni, C. melas and C. longicauda
this prey type is present (E=0,43). Other results have lit-
tle significance, since the absolute numbers of prey eaten Species Prey Category N %N
were low. Remarkable, however, is the small bird found
in one of the G. alvarezi stomachs. The results also show G. typus Insecta
. L. . . Diptera 10 90.91
a high vacuity index and low Shannon-Wiener index. Col
. . oleoptera 1 9.09
Table 2 combines the results of the other species exam- Vacuity index = 88,0 %
ined. The numbers of prey fqund in these apalyses were, P tihoni Insecta
however, so low that no significant conclusions could be Ephemeroptera 5 M
made. Nevertheless the data are presented for comparison Diptera 28.57
and can be considered as indicative. The high percentage Vacuity index = 76,9 %
of dipteran larvae and Ephemeroptera is remarkable for C melas Insecta
G. typus and P. tihoni. The high abundance of fish prey in Odonata 40.00
the analysis of C. melas is another interesting point of Diptera 1 20.00
possible divergence compared to the two diets previously Actinopterygii
mentioned. The results for C. longicauda, however, only Gonorhynchiformes 2 40.00
show Coleoptera within the diet. Vacuity index = 40,0 %
C. longicauda Insecta
Prey hardness Coleoptera 3 100.00
v i = 0
Fig. 1 shows the results obtained on the relative hard- Vacuity index = 60.0 %

ness of different prey types that occur within the habitat
of the investigated species. These results were analysed
by means of pairwise Mann-Whitney U tests, from which
the respective p-levels are given in Table 3. This table
shows that Hymenoptera are significantly harder than all
other investigated prey types, followed by Coleoptera and
Hemiptera, which in turn are significantly harder than all

remaining prey, except for Dictyoptera. Gryllidae, Ara-
neae and Decapoda are in turn significantly softer than all
other prey items, except for Dictyoptera. Supplementary
tests also showed that effects of preservation on prey
hardness were present but had no influence on the relative
proportions of prey hardness.



44 Frank Huysentruyt, Dominique Adriaens, Guy G. Teugels, Stijn Devaere, Anthony Herrel, Walter Verraes and Peter Aerts

2,00 +

1,50 +

0,50 +
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Prey type

Fig. 1. — Comparison of hardness of prey from pitfalls (HYM : Hymenoptera; COL : Coleoptera; HEM : Hemiptera;
DIC : Dictyoptera; DEC : Decapoda; GRY : Gryllidac; ARA : Araneae) The column height displays the average, the

whiskers indicate standard deviation.

TABLE 3

Pairwise comparison of U-values (bottom) and p-levels (top) in
Mann-Whitney U test concerning relative hardness of possible
prey types. (DEC: Decapoda; ARA: Araneae; GRY:
Gryllidae; DIC: Dictyoptera; HEM : Hemiptera; HYM :
Hymenoptera; COL : Coleoptera) *p < 0.05; ** p <0.005.

DEC ARA GRY DIC HEM HYM COL

DEC 0,136 0,096 0,148 * woE o
ARA 0,835 0,440 * K *
GRY 0,250 * o *
DIC 0,444 * 0,353
HEM ** 0,372
HYM oK
COL

Dietary overlap

The Schoener index mainly indicated dietary overlap
between C. apus and G. alvarezi, a hypothesis that was
further tested in a randomisation test, of which the results
are represented in Table 4. The table shows that the diets

TABLE 4

Observed (Obs.) and expected (Exp.) overlaps, and estimated
significance, based on 1000 simulations.

Overlap Obs. Exp. Signifi-

cance
Between 36.8 31.5 p=1.000 (100.0% of simulations
groups < observed)
Within C. 22.6 313 p=0.001 (0.1% of simulations
apus > observed)
Within G. 60.6  31.7 p=1.000 (100.0% of simulations
alvarezi > observed)

of C. apus and G. alvarezi do not differ significantly (p =
1.00). The results also show a high intraspecific overlap
in C. apus (p = 0.001) and a low intraspecific overlap in
G. alvarezi (p = 1.000).

DISCUSSION

This study indicates that both C. apus and G. alvarezi
mainly feed on Coleoptera and that their diets in general
do not differ significantly. This is indicated by the Sch-
oener index as well as in the randomisation test. The lat-
ter, however, reveals a much higher intraspecific overlap
in C. apus than in G. alvarezi, which could imply that G.
alvarezi is a more specialised feeder, whereas C. apus has
a more generalised feeding habit (SEVENSTER & BOUTON,
1998). The fact that the abundance of Coleoptera was
lower in the pitfalls than in the stomachs of both species
nevertheless indicates that both species tend to have a
preference for Coleoptera (E;, = 0.69 and 0.43). The fact
that both diets are characterized by a rather low Shannon-
Wiener index demonstrates that the diet is highly special-
ised (LABROPOULOU et al., 1997), which is confirmed in
the randomisation test for G. alvarezi but not for C. apus.
Feeding intensity and frequency are negatively related to
the number of empty stomachs, thus the high vacuity
index that was found in C. apus as well as in G. alvarezi
indicates that in both species intensity and frequency of
feeding are very low (BowMAN & Bowman, 1980). In
addition, feeding intensity and frequency are directly cor-
related with meal size and digestion time (FANGE &
GROVE, 1979). All these observations suggest that both
species mainly feed on large or relatively indigestible
food (e.g. hard prey), which tallies with the observation
that mainly Coleoptera are eaten. On the other hand,
Table 3 showed that not only Coleoptera but also
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Hymenoptera and Hemiptera were significantly harder
than most other preys. The latter two prey types, however,
were underrepresented in the stomachs, and thus a nega-
tive preference towards both prey types seems to be
present. This is also confirmed by the E, of both prey
types in C. apus as well as in G. alvarezi (Table 1). As to
Hymenoptera, it may be mentioned that they were mainly
ants; ants produce venom, which makes them less attrac-
tive (TAYLOR et al., 2002). The same may be suggested
for Hemiptera, since eight of the ten families of Hemi-
ptera that are considered aquatic have specialised glands
that emit pungent, protective secretions against potential
predators (SCRIMSHAW & KERFOOT, 1987). Within the
Coleoptera, however, no species are known to be venom-
ous (BLum, 1981).

The results in other clariids, discussed below, have to
be considered with care since data on these were few,
although they provide some interesting indications.

In G. typus, for instance, the results show a different
feeding pattern. The vacuity index is very high (Table 2),
so the species may also feed on large or hard prey items.
The data on the stomach contents, however, do not con-
firm this, since mainly small Diptera were eaten (Table 2).
For P. tihoni the vacuity index is again very high (Table
2). Again little or no evidence of a diet of large and/or rel-
atively indigestible prey is found. In both Clariallabes-
species, again relatively high vacuity indices were found.
Also in C. longicauda large and relatively indigestible
prey were found, comparable to C. apus and G. typus,
which is also indicated by a high Schoener index between
the latter two species and C. longicauda (Table 2).

The data of C. apus and G. alvarezi seem to confirm the
assumption that the hypertrophy of the main jaw muscles
in these anguilliform species is an actual adaptation
towards dietary changes, which is to a high extent con-
firmed by the data on relative prey hardness. However,
when examining the prey items that were found within
the stomachs, it was noticed that most of them were intact
and had no bitemarks. This indicates that both species
swallow their prey whole without prior oral or pharyngeal
processing, apart from buccal transport. The swallowing
movements are mainly accomplished by hyoid depression
and through the action of protractor hyoidei, hyohyoideus
inferior and sternohyoideus (SCHAEFER & LAUDER, 1986;
LAUDER, 1980). In conclusion it can be stated that the cur-
rent analysis of the diet does not support the hypothesis
that hypertrophism of the musculus adductor mandibulae
complex is an adaptation to feeding on larger or harder
prey. Yet, these hypertrophied muscles may enable the
fish to occasionally eat larger or harder preys, as in the
example of the small bird that was eaten by one of the G.
alvarezi specimens. The fact remains, however, that the
diet of both C. apus as G. alvarezi is very selective
towards coleopteran prey, since intensive feeding on
Coleoptera is not widespread among teleosts. Even when
regarding the diet of an other eel-shaped freshwater tele-
ost such as Chendol keelini KOTTELAT & LiM, 1994
(Chaudhuriidae), the number of coleopteran prey only
represented an average of 2.3 % of the diet (KERLE et al.,
2000). Also in data on diets of other Clariidae as Hetero-
branchus bidorsalis GEOFFROY ST. HILAIRE, 1808 and
Clarias gariepinus (BURCHELL, 1822) low numbers of

coleopteran prey are found. In Clarias gariepinus a figure
of 6.8 % (FAGBENRO et al., 1991) is mentioned and in Het-
erobranchus bidorsalis an exact number of coleopteran
prey was not given but the total number of insect prey
only added up to an average of 19.2 % of the diet (Spa-
TARU et al., 1987).

As far as the diet results of G. fypus are concerned, a
different diet was found, mainly consisting of mosquito-
larvae. However, the high vacuity index found in the
specimens examined precludes justifiable interpretation
of these results.

In conclusion, this study shows that the diet of both C.
apus and G. alvarezi is a very selective one. Both species
mainly feed on Coleoptera, which are generally harder
than other prey items. Although these results could indi-
cate that the main jaw muscles are extremely enlarged as
an adaptation towards an altered and specialized feeding
pattern, the absence of bite marks on hard prey items sug-
gests that both species presumably feed by swallowing
rather then biting. This suggestion is further confirmed by
the results of VAN WASSENBERGH (2003), who stated that
features in favour of an increased biting force (such as
enlarged jaw muscles) have consequences on suction
feeding mechanisms. As a consequence, this still leaves
the question on the functional significance of these altered
jaw muscles open, which could confirm the hypothesis by
DEVAERE et al. (2001) that they could well be just the
result of the miniaturization of the skull.
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ABSTRACT. A new taxon of parrot (Psittaciformes) is described from the Middle Miocene of Southern Germany.
Bavaripsitta ballmanni gen. et sp. n. is known from an almost complete tarsometatarsus which resembles the corre-
sponding bone of some small Psittaculini (Polytelis, Alisterus) and Platycercini (e.g., Psephotus spp.) in general
shape and morphology. Although the new taxon cannot be assigned to any of the modern groups of parrots, together
with other fossil specimens it shows that there was a considerable diversity of parrots in the Lower and Middle
Miocene of the Old World. Our study further provides the first detailed survey on the variation of hypotarsus mor-
phology within extant Psittaciformes. A derived hypotarsal structure is described that supports monophyly of a
clade including the genera Psephotus, Eunymphicus, Cyanoramphus, Northiella, Prosopeia, Barnardius, Platycer-
cus, and Melopsittacus, to the exclusion of Neophema and Neopsephotus (all Platycercini). Also well characterized
by a derived morphology of the hypotarsus are Loriinae and Cyclopsittacini. A shared derived hypotarsal morphol-
ogy may further support sister group relationship between Agapornis and Loriculus (Psittaculini).

KEY WORDS : Aves, Psittaciformes, Bavaripsitta ballmanni gen. et sp. n., Miocene, Nordlinger Ries, hypotarsus,

phylogeny.

INTRODUCTION

Parrots (Psittaciformes) are a morphologically quite
uniform group of birds, which today has its greatest
diversity in the Australasian and Neotropic region. Crown
group parrots (i.e. the taxon comprising the last common
ancestor of all extant Psittaciformes as well as all its
extant and extinct descendants) are currently divided into
the Australasian Cacatuidae and the Psittacidae (del Hoyo
et al., 1997). Within the Psittacidae, CoLLAR (1997) dis-
tinguished two subgroups, the Australasian Loriinae
(Lories) and the Psittacinae. The latter include the New
Zealandian Nestorini (Kea and Kaka) and Strigopini
(Kakapo), the New Guinean Psittrichadini (Pesquet’s par-
rot), the Australasian Platycercini (platycercine Parrots),
Cyclopsittacini (Fig parrots), and Micropsittini (pygmy-
parrots), the Psittacini (Afrotropical parrots), the Psittacu-
lini (psittaculine parrots), which occur in large parts of the
Old World, and the Neotropic Arini (New World parrots).

Although a good fossil record exists for Eocene stem
group representatives of the Psittaciformes (i.e. more
basal taxa outside the crown group, see MAYR & DAN-
IELS, 1998, MAYR, 2002), fossil crown group parrots still
are very rare. Most Tertiary remains are from Miocene
deposits of Europe. The first taxon described is Archaeop-
sittacus verreauxi from the Lower Miocene of France
(MILNE-EDWARDS, 1867-1871), which is known from a
complete tarsometatarsus and a few other referred bones,
and which was tentatively referred to the Psittaculini by

MLiKOVSKY (1998). Also known from a tarsometatarsus is
Xenopsitta fejfari, which was reported by MLIKOVSKY
(1998) from the Lower Miocene of the Czech Republic
and which was considered by this author to be a member
of the Psittacini. CHENEVAL (2000) described isolated
bones, including an incomplete tarsometatarsus, of a par-
rot from the Middle Miocene of France which he referred
to as Pararallus dispar (Milne-Edwards, 1869-71).
According to MLIKOVSKY (1998) this name is not availa-
ble for the parrot remains that he (MLikovsky, 2002)
instead listed as Psittacus lartetianus Milne-Edwards,
1872. However, the distal humerus selected by CRACRAFT
(1973) as lectotype of Pararallus dispar is part of the
syntypical series that includes the proximal tarsometatar-
sus selected by MLIKOVSKY (2002) as lectoype of Psitta-
cus lartetianus (contra MLIKOVSKY 1998); a lectotype can
only be changed by decision of the International Commis-
sion of Zoological Nomenclature (we thank C. Mourer-
Chauviré for drawing our attention to this). HEIZMANN &
HESSE (1995) further mentioned the presence of parrots in
the Middle Miocene deposits of Steinheim in Germany.

Only a few Tertiary psittaciform taxa have been
described from non-European localities. WETMORE
(1926) assigned a humerus from the Miocene of Nebraska
to a new species of the recently extinct taxon Conuropsis,
and ToNNI & NORIEGA (1996) described a well-preserved
skull from the Pliocene of Argentina as a new species of
the extant taxon Nandayus. From fossil deposits in Aus-
tralia, BoLES (1993) described a rostrum of a Miocene
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cockatoo and, also from Australia, BOLEsS (1998) identi-
fied Pliocene remains of the budgerigar, Melopsittacus
undulatus.

Here we describe a tarsometatarsus of a fossil parrot
from the Middle Miocene (about 15-13.5 million years
ago, see STEININGER, 1999) freshwater deposits of the
Nordlinger Ries in Germany. The occurrence of parrots at
this site was already noted by BALLMANN (1979, 1983)
and HEIZMANN & HESSE (1995), but the specimens have
remained undescribed until now. We further comment on
the variation of hypotarsus morphology in some extant
Psittaciformes.

MATERIAL AND METHODS

Skeletons of the following representatives of the Psit-
taciformes in the collection of Forschungsinstitut Senck-
enberg, the Staatssammlung fiir Anthropologie und Paldo-
anatomie Minchen, and the collection of Jiirgen Bosch
(Seewald-Besenfeld, Germany) were examined :
Cacatuidae : Cacatua (galerita, leadbeateri, moluccensis,
sulphurea), Callocephalon fimbriatum, Eolophus rosei-
capillus, Nymphicus hollandicus, Probosciger aterrimus.
Psittacidae : Loriinae : Chalcopsitta cardinalis, Charmos-
yna (papou, rubronotata, placentis), Eos (cyanogenia,
histrio, reticulata), Lorius domicellus, Neopsittacus pulli-
cauda, Oreopsittacus arfaki, Trichoglossus haematodus,
Vini australis; Psittrichadini :  Psittrichas  fulgidus;
Nestorini :  Nestor notabilis; Strigopini:  Strigops
habroptilus; Cyclopsittacini : Cyclopsitta diophthalma,
Psittaculirostris (desmarestii, edwardsii); Platycercini :
Barnardius  barnardi, Cyanoramphus novaezelandiae,
Eunymphicus  cornutus, — Melopsittacus  undulatus,
Neophema (chrysogaster, elegans, pulchella, splendida),
Neopsephotus bourkii, Northiella haematogaster, Platyc-
ercus (elegans, eximius, icterotis), Prosopeia tabuensis,
Psephotus (chrysopterygius, haematonotus); Psittaculini :
Agapornis (fischeri, lilianae, nigrigenis, personata, rosei-
collis), Alisterus (amboinensis, chloropterus, scapularis),
Eclectus roratus, Loriculus stigmatus, Polytelis (alexan-
drae, anthopeplus, swainsonii), Prioniturus platurus,
Psittacula (alexandri, cyanocephala, eupatria, himalay-
ana), Psittinus cynanurus, Tanygnathus lucionensis;
Psittacini : Coracopsis vasa, Poicephalus (cryptoxanthus,
rufiventris, senegalus), Psittacus erithacus; Arini : Ama-
zona (aestiva, amazonica, arausiaca, autumnalis, brasil-
iensis, festiva, imperialis, ochrocephala, pretrei, rhodoco-
rytha,  versicolor,  vinacea, Vvittata,  xanthops),
Anodorhynchus hyacinthinus, Ara (ararauna, chlorop-
tera, macao, rubrogenys), Aratinga (acuticaudata, leu-
cophthalmus, pertinax, solstitialis, wagleri, weddellii),
Bolborhynchus lineola, Brotogeris (chrysopterus, cyano-
ptera, pyrrhopterus, versicolorus), Cyanoliseus pat-
agonus, Diopsittaca nobilis, Enicognathus (ferrugineus,
leptorhynchus), Forpus (coelestis, conspicillatus), Geof-
froyus geoffroyi, Guarouba guarouba, Myiopsitta mona-
chus, Nandayus nenday, Pionites melanocephalus, Pionus
sordidus, Pyrrhura (cruentata, leucotis, perlata, picta).

Nomenclature and classification of the extant taxa follow
RowLEY (1997) and COLLAR (1997). Anatomical terminol-
ogy follows BAUMEL & WITMER (1993) and VANDEN BERGE
& ZWEERS (1993); measurements are in millimeters.

SYSTEMATIC PALEONTOLOGY

Psittaciformes Wagler, 1830
Bavaripsitta gen. n.
(Figs. 1A-D, 2A)

Type species : Bavaripsitta ballmanni gen. et sp. n.

Etymology : The name is derived from Bavaria (Lat.) :
bavaria, and psitta, a diminutive of Psittacus.

Differential diagnosis : The tarsometatarsus of Bavar-
ipsitta gen. n. differs from the corresponding bone of :

—all Nestorini and Strigopini in being much smaller and
in the presence of a well-developed medial foramen
vasculare proximale.

— Psittrichadini in being much smaller and less stout; in
Psittrichas the canals of the deep flexor tendons are fur-
ther fused to form a single canal.

—all Cacatuidae, Arini, and Psittacini investigated in this
study in being less stout and in the presence of a well
developed medial foramen vasculare proximale. In
many Arini the canals of the deep flexor tendons (i.c.,
those of musculus flexor digitorum longus and m. flex.
hallucis longus) are further fused to form a single canal.

—all Loriinae and Cyclopsittacini, all Platycercini
included in this study except Neophema and Neopse-
photus, some Psittaculini (Prioniturus, Agapornis,
Loriculus), as well as Bolborhynchus (Arini) in the ple-
siomorphic morphology of the hypotarsus (see discus-
sion and Figs. 1 and 3). In the derived (see discussion)
condition present in the aforementioned taxa there is a
large sulcus plantar to the canals of the deep flexor ten-
dons, which confines the tendons of musculus flexor
perforans digiti IIT and of the musculi flexores perforati
digitorum III et IV (Figs. 3A-1); the tendon of musculus
flexor perforatus digiti II is enclosed in a bony canal.
The hypotarsus of the Loriinae and of Agapornis and
Loriculus is further modified in that the canals of the
deep flexor tendons are fused and the sulcus plantar
thereof is closed to form a large canal (Figs. 3B, C, F).

— Neophema and Neopsephotus (Platycercini) in that the
medial rim on the plantar surface of the trochlea meta-
tarsi II is more pointed and medially protruding. In both
extant taxa the medial foramen vasculare proximale is
further strongly reduced and in Neopsephotus the troch-
lea metatarsi III protrudes much farther distally relative
to the other trochleae.

— Micropsittini (of which only skins were available for
comparison) in its much larger size. According to MLIK-
ovsky (1998 : 338), the hypotarsus of Micropsitta
exhibits the derived condition found in the Loriinae (see
above) and thus differs from that of Bavaripsitta gen. n.

—all Psittaculini investigated in this study in the absence
of a sulcus for the tendon of musculus flexor perforatus
digiti II; it is also much smaller than all studied Psittac-
ulini except Agapornis spp. and Loriculus spp. The tro-
chlea metatarsi Il of Bavaripsitta gen. n. is further not
greatly enlarged and not strongly medially protruding as
in Psittacula, Psittinus, Tanygnathus, Geoffroyus, and
Eclectus (see Fig. 2F).
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Fig. 1. — Tarsometatarsus of fossil parrots in comparison. (A-D) Bavaripsitta ballmanni gen. et sp. n. (holotype), (E, F) Para-
rallus dispar (Milne-Edwards, 1869) (reversed to appear to be from the left side), (G-I) Xenopsitta fejfari Mlikovsky, 1998
(reversed to appear to be from the left side, after MLiKOVsKY, 1998), (J-M) Archaeopsittacus verreauxi (Milne-Edwards,
1871). A, J, proximal end in proximal view, B, E, G, K, plantar view, C, F, H, L, dorsal view, D, I, M, distal end in distal view.
The arrow in B indicates the canal for musculus flexor hallucis longus, which in Bavaripsitta gen. n. is not closed plantarly

over its entire length, the arrows in E point to the lateral (1) and medial (2) foramen vasculare proximale. The trochleae meta-
tarsorum II-IV are indicated by Roman numerals.



50 Gerald Mayr and Ursula B. Gohlich

E F

H

Fig. 2. — Left tarsometatarsus of some psittaciform birds in comparison (plantar view). (A) Bavaripsitta ball-
manni gen. et sp. n. (holotype), (B) Neophema elegans (Platycercini), (C) Psephotus haematonotus (Platycercini),
(D) Alisterus scapularis (Psittaculini), (E) Coracopsis vasa (Psittacini), (F) Tanygnathus lucionensis (Psittacu-
lini), (G) Amazona xanthops (Arini), (H) Cacatua moluccensis (Cacatuidae). The arrows indicate the large troch-
lea accessoria (1) which is a synapomorphy of crown-group Psittaciformes, and the trochlea metatarsi II (2)
which is exceptionally large in Psittacula, Psittinus, Tanygnathus, Geoffroyus, and Eclectus (Psittaculini). Not to

scale.

—the Lower Miocene Archaeopsittacus Milne-Edwards,
1871 and Xenopsitta Mlikovsky, 1998 in being much
smaller, less stout, trochlea metatarsi II with medial rim
on plantar surface more pointed and medially protruding;
it further differs from Xenopsitta in the presence of a
well-developed medial foramen vasculare proximale.

—the Middle Miocene taxon Pararallus dispar (CHE-
NEVAL, 2000, contra MLikovsky, 1998, 2002) in the
proximo-distally shorter hypotarsus, the less medially
protruding tuberositas musculi tibialis cranialis, and the
fact that the canal for musculus flexor hallucis longus is
not completely closed over its length.

Remarks : Our taxon sampling includes 57 of the 84
extant psittaciform genera recognized by ROWLEY (1997)
and COLLAR (1997). Fourteen of the missing genera are
Neotropic, and it is unlikely for biogeographic reasons
that Bavaripsitta n. gen. is congeneric with one of these

taxa. Of the following 13 Old World taxa no skeletons
were available for comparisons : Calyptorhynchus (Caca-
tuidae), Pseudeos, Psitteuteles, Phigys, Glossopsitta
(Loriinae), Micropsitta (Micropsittini), Bolbopsittacus
(Cylopsittacini), Purpureicephalus, Lathamus, Pezo-
porus, Geopsittacus (Platycercini), Psittacella, Aprosmic-
tus (Psittaculini). All of these taxa occur either in Aus-
tralia, New Guinea or on Southeast Asian islands and it is
also not very likely that one is most closely related to a
Miocene parrot from Germany.

Bavaripsitta ballmanni gen. et sp. n.

Holotype :  Almost complete left tarsometatarsus,
housed in the Bayerische Staatssammlung fiir Paldontolo-
gie und Geologie, Miinchen, collection number BSP 1970
XVIII 899 (Fig. 1A-D).
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Type locality and horizon : Steinberg in the Nordlinger
Ries, Germany (see BALLMANN, 1979 and HEIZMANN &
FAHLBUSCH, 1983 for information on the locality), Middle
Miocene (stratigraphic unit MN6, see HEIZMANN &
HESSE, 1995). The specimen is from a single block of tra-
vertine, which contained several thousand vertebrate
remains and which probably represented a filling of a
Karstic cavity in the Tertiary limnic sinter of Nordlinger
Ries.

Etymology : The species has been named after Peter
Ballmann in recognition of his work on the fossil birds
from Nordlinger Ries. The specimens described here
were picked out of the fossil material from Steinberg and
first identified as parrots by him.

Diagnosis : Same as for genus.

Tentatively referred specimen : Distal end of right
humerus from the same block of travertine as the holo-
type, housed in Bayerische Staatssammlung fiir Paldon-
tologie und Geologie, Miinchen, collection number BSP
1970 XVIII 900.

Measurements (in mm) : Tarsometatarsus (holotype) :
maximum length, 13.6, proximal width, 3.5, distal width,
4.2. Humerus (referred specimen BSP 1970 XVIII 900) :
distal width 4.7.

Description and comparison : The holotypical tar-
sometatarsus is about the size of the corresponding bone
of the extant Melopsittacus undulatus. In general shape
and proportions it resembles the tarsometatarsus of extant
Polytelis spp. (Psittaculini) and, apart from the plesiomor-
phic morphology of the hypotarsus (see below), many
Platycercini (e.g. Neophema, Psephotus spp.). Many
other extant Psittaciformes have a stouter tarsometatarsus
with wider proximal and distal ends (Fig. 2, the relative
squatness of the tarsometatarsus of parrots does not
appear to be significantly related to allometric changes
due to different body size). Compared to other fossil par-
rots, the tarsometatarsus of Bavaripsitta ballmanni gen. et
sp. n. is most similar to that of Pararallus dispar (CHE-
NEVAL, 2000), which differs, however, in the morphology
of the hypotarsus (see differential diagnosis and Fig. 1B,
E).

The impressiones retinaculi extensorii on the dorsal
surface of the proximal end are distinct and border a
marked sulcus as in most extant Psittaciformes. The
tuberositas musculi tibialis cranialis is situated at the
medial margin of the shaft. There are two foramina vascu-
laria proximalia, whereas in many of the extant taxa
investigated (e.g., Psittacus, Poicephalus, most Cacatui-
dae, Arini, and Platycercini), the medial foramen vascu-
lare proximale is greatly reduced or completely absent.

The hypotarsus of B. ballmanni is proximo-distally
short and encloses two canals for the tendons of musculus
flexor digitorum longus and m. flexor hallucis longus.
Unlike most extant Psittaciformes (Fig. 3), there is no
well-developed sulcus/canal for the tendon of musculus
flexor perforatus digiti II. The canal for musculus flexor
hallucis longus is not closed plantarly over its entire
length, as in extant Neophema, but unlike virtually all
other modern parrots we examined. The hypotarsus of B.
ballmanni lacks a deep sulcus or canal for the tendons of
musculus flexor perforans digiti III and of the musculi
flexores perforati digitorum III et IV, which is found in all

extant Loriinae and Cyclopsittacini, all Platycercini
included in this study except Neophema and Neopsepho-
tus, some Psittaculini (Prioniturus, Agapornis, Loricu-
lus), and Bolborhynchus (Arini) (see discussion).

At the distal end of the bone, the trochlea metatarsi 11
does not bear a well-developed sulcus, in contrast to, e.g.,
Melopsittacus or Alisterus. This trochlea is further not
greatly enlarged and not strongly medially protruding as
in the probably closely related (e.g. SmiTH, 1975; HOMB-
ERGER, 1980; CHRISTIDIS et al., 1991) extant taxa Psittac-
ula, Psittinus, Tanygnathus, Geoffroyus, and Eclectus
(Psittaculini, see Fig. 2F). As in all crown group Psittaci-
formes (see MAYR, 2002), the trochlea metatarsi III is
slightly asymmetric with the lateral rim being smaller
than the medial one. The rims are narrow and widely sep-
arated, delimiting a marked sulcus. The trochlea metatarsi
IV bears a large trochlea accessoria, which exhibits the
unmistakable highly derived morphology typical of
crown group Psittaciformes (Fig. 2, see also MAYR,
2002). The trochlea accessoria does not reach farther dis-
tally than the trochlea metatarsi IV. The fossa metatarsi I
is essentially situated on the plantar surface of the bone
whereas it is located on the medial margin of the shaft in
many extant Psittaciformes.

The tentatively referred humerus is slightly larger than
the corresponding bone of the extant Melopsittacus undu-
latus and closely resembles the distal humerus of extant
Psittaciformes, which is very similar in the members of
this taxon.

DISCUSSION

Archaeopsittacus, Xenopsitta, and the new taxon
Bavaripsitta show distinct differences in the morphology
of the tarsometatarsus (Fig. 2) that indicate there already
was a considerable diversity of parrots in the Miocene of
the Old World. Unfortunately, assignment of these fossils
to any of the modern taxa is hindered by the absence of
diagnostic derived features in the known bones (mainly
tarsometatarsi).

Almost certainly, a hypotarsal morphology as exempli-
fied by Archaeopsittacus and Bavaripsitta (the hypotarsus
of Xenopsitta is broken) is plesiomorphic within crown
group Psittaciformes, i.e. only the deep flexor tendons
(those of musculus flexor digitorum longus and m. flex.
hallucis longus) are enclosed in bony canals and are well
separated. With slight modifications, this type of hypotar-
sus (Fig. 3K) occurs in numerous unrelated psittaciform
taxa (Fig. 3J-L) and can be derived from the condition in
fossil stem group Psittaciformes in which the hypotarsus
bears two sulci for the deep flexor tendons (MAYR &
DANIELS, 1998 : text-fig. 5, MAYR, 2002 : fig. 6).

Surprisingly, although there are many comparative
studies on parrot morphology (e.g., VERHEYEN, 1956;
BRERETON, 1963 ; HoLYOAK, 1973; SMITH, 1975; HOMB-
ERGER, 1980; GUNTERT, 1981), the striking variation in
the structure of the hypotarsus received virtually no atten-
tion. MLIKOVSKY (1998 : 338) appears to be the first to
have briefly mentioned hypotarsal variation in some Psit-
taciformes, but his description is not very detailed and
contains some inaccuracies (for example, he erroneously
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Fig. 3. — Different types of hypotarsi of extant parrots in comparison (left tarsometatar-
sus). (A) Melopsittacus undulatus (Platycercini), (B) Loriculus stigmatus (Psittaculini),
(C) Oreopsittacus arfaki (Loriinae), (D) Bolborhynchus lineola (Arini), (E) Platycercus
elegans (Platycercini), (F) Eos reticulata (Loriinae), (G) Prioniturus platurus (Psittacu-
lini), (H) Psephotus haematonotus (Platycercini), (1) Psittaculirostris desmarestii
(Cyclopsittacini), (J) Neophema elegans (Platycercini), (K) Pionus sordidus (Arini), (L)
Enicognathus leptorhynchus (Arini). Not to scale; the dashed lines indicate non-ossified
membranes. The numerals indicate the canals and grooves for the tendons of : 1 - muscu-
lus flexor hallucis longus, 2 - m. flex. digitorum longus, 3 - m. flex. perforatus digiti II, 4 -
m. flex. perforans et perforatus digiti II, 5 - m. flex. perforans digiti III and musculi flex-

ores perforati digitorum III et I'V.

considered the hypotarsus of Nymphicus, Psittrichas, and
New World parrots to be similar to that of the Loriinae).

Well characterized by a derived hypotarsal morphology
are the Loriinae (Figs. 3C, F) and Cylopsittacini (Fig. 31).
In these taxa, the canals for the deep flexor tendons (m.
flexor hallucis and m. flexor digitorum) are fused, and the
superficial tendons are situated in a canal (Loriinae) or in
a nearly closed, deep sulcus (Cyclopsittacini).

A hypotarsal morphology identical to that of the Lorii-
nae is also found in Agapornis and Loriculus (Fig. 3 B)
and may support a close relationship between these two
taxa that are currently (e.g., COLLAR, 1997) classified into
the Psittaculini (pro, e.g., BRERETON, 1963; contra, e.g.,
HOMBERGER, 1980).

Within the Platycercini, a derived hypotarsal morphol-
ogy in which the tendons of musculus flexor perforans
digiti III and musculi flexores perforati digitorum III et IV
are situated in a deep sulcus (Fig. 3 E, H) is found in the
genera Psephotus, Eunymphicus, Cyanoramphus, North-
iella, Prosopeia, Barnardius, Platycercus and supports
monophyly of these taxa (pro, e.g., RENZONI & WATTERS,

1972; HoLYOAK, 1973 ; HOMBERGER, 1980, 1991 ; contra,
e.g., BRERETON, 1963 [who included Prosopeia in the
Psittacini]; SMITH, 1975 [who included Prosopeia in the
Psittaculini]; CHRISTIDIS et al., 1991; Mivaki et al.,
1998). A slightly modified, similar hypotarsus is also
found in Melopsittacus (Fig. 3A) and supports inclusion
of this taxon into the Platycercini (pro, e.g., RENZONI &
WATTERS, 1972; HoLyoAak, 1973; HOMBERGER, 1980;
COLLAR, 1997; contra, e.g., CHRISTIDIS et al., 1991;
Miyakl et al., 1998). Neophema (Fig. 3]) and Neopsepho-
tus, however, which are generally also classified in the
Platycercini (e.g., SMITH, 1975; GUNTERT, 1980; HOMB-
ERGER, 1980; COLLAR, 1997) exhibit the presumably ple-
siomorphic (see above) morphology of the hypotarsus.

Although B. ballmanni is clearly distinguished from all
other known psittaciform taxa (see differential diagnosis),
because of the absence of diagnostic derived characters it
cannot be reliably assigned to any of the extant psittaci-
form taxa. Hypotarsal morphology clearly prevents clas-
sification of the fossil taxon into the Loriinae, Cyclopsit-
tacini, and Platycercini except Neophema and
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Neopsephotus. However, being plesiomorphic it does not
give positive clues on the phylogenetic affinities of this
taxon. A closer relationship between Bavaripsitta and the
Neotropic Arini or Australian Cacatuidae is not supported
by the morphology of the tarsometatarsus and also not
very likely for biogeographic reasons. As detailed in the
differential diagnosis, Bavaripsitta is further distin-
guished from any of the extant African (Psittacus,
Poicephalus, Agapornis, Psittacula) or continental Eura-
sian (Psittacula, Loriculus) psittaciform taxa. Apart from
being smaller and slightly more slender, in its overall
shape and morphology, the tarsometatarsus of B. ball-
manni most closely resembles that of Polytelis and
Alisterus (Psittaculini - as noted above, in the other stud-
ied taxa of the Psittaculini the trochlea metatarsi II is
greatly enlarged). However, these similarities (relatively
slender tarsometatarsus, morphology of the hypotarsus
and the distal end of the bone) may well be plesiomorphic
within crown group Psittaciformes, as the tarsometatarsus
of Bavaripsitta for example also exhibits similar propor-
tions to that of Eocene stem group representatives of the
Psittaciformes (see MAYR & DANIELS, 1998; MAYR,
2002).

Assignment of Archaeopsittacus to the Psittaculini
(MLiKOVSKY, 1998) was also based on plesiomorphic
characters, i.e. the presence of the medial foramen vascu-
lare proximale and the similar morphology of the
hypotarsus. Although the tarsometatarsus of Archaeopsit-
tacus does resemble that of some extant Psittaculini
(compare Figs. 1K and 2D), the phylogenetic position of
this taxon needs to be substantiated with derived charac-
ters as it is conceivable that certain Psittaculini (Polytelis
and Alisterus) retained a primitive tarsometatarsal mor-
phology. Apart from a smaller trochlea metatarsi II, the
tarsometatarsus of Archaeopsittacus for example also
resembles that of the Madagascan Coracopsis (Fig. 2E).

Assignment of Xenopsitta to the Psittacini (MLIKO-
VSKY, 1998) which include the African genera Coracop-
sis, Poicephalus, and Psittacus was based on the “general
shape” of the bone and on the absence of the medial
foramen vasculare proximale (which is also reduced in
Psittacus and Poicephalus but present in Coracopsis). As
far as comparable, the incomplete tarsometatarsus of
Xenopsitta indeed resembles the corresponding bone of
Psittacus and a close relationship to some of the African
parrots would also not be unlikely for biogeographic rea-
sons. However, at least judging from the illustration in
MLikovsky (1998), the tarsometatarsus of Xenopsitta
also appears to have a similar shape to that of, e.g. Tanyg-
nathus, Amazona, or Cacatua (compare Figs. 1 and 2) and
the medial foramen vasculare proximale is reduced in
many unrelated taxa of modern Psittacidae (see above).

Knowing the exact systematic position of the European
psittaciform taxa unquestionably would be of great inter-
est concerning the biogeography and early evolution of
parrots. However, due to our incomplete understanding of
the relationship between the extant taxa and the limited
fossil material available, we do not consider it possible to
reliably assign either Bavaripsitta, Xenopsitta, or Archae-
opsittacus to any taxon of modern parrots. Just because of
its great implications such an assignment needs to be
based on well-defined derived characters, such as the

modifications of the hypotarsus described in this study,
rather than on overall morphology and general shape of
few bones.

ACKNOWLEDGEMENTS

We are indebted to J. Bosch (Seewald-Besenfeld, Germany)
for providing us with unpublished information on the homology
of tendinal canals in the hypotarsus which he verified against
spirit specimens and for comments on the manuscript. We thank
the Bayerische Staatssammlung fiir Paldontologie und Geologie
Miinchen and V. Fahlbusch (Department fiir Geo- und
Umweltwissenschaften Miinchen, Sektion Paldontologie) for
placing the specimens described in this study at our disposal.
We further thank H. Manhart (Staatssammlung fiir Anthropolo-
gie und Paldoanatomie Miinchen) for the loan of skeletons of
modern Psittaciformes and C. Mourer-Chauviré (Université
Claude Bernard-Lyon 1) for reviewing the manuscript.

REFERENCES

BALLMANN, P. (1979). Fossile Glareolidae aus dem Miozin des
Nordlinger Ries (Aves: Charadriiformes). Bonner zool.
Beitr., 30 : 51-101.

BALLMANN, P. (1983). A new species of fossil barbet (Aves :
Piciformes) from the late Miocene of the Nordlinger Ries
(Southern Germany). J. Vert. Paleontol., 3 : 43-48.

BAuMEL, JJ. & L.M. WITMER (1993). Osteologia. In: J.J.
BauMEL, A.S. KING, J.E. BreaziLg, H.E. Evans & J.C.
VANDEN BERGE (Eds), Handbook of avian anatomy :
Nomina Anatomica Avium. Publ. Nuttall Ornithol. Club, 23 :
45-132.

BoLks, W.E. (1993). A new cockatoo (Psittaciformes : Cacatui-
dae) from the Tertiary of Riversleigh, northwestern Queens-
land, and an evaluation of rostral characters in the systemat-
ics of parrots. /bis, 135 : 8-18.

BoLes, W.E. (1998). A Budgerigar Melopsittacus undulatus
from the Pliocene of Riversleigh, North-western Queens-
land. Emu, 98 : 32-35.

BRERETON, J.L. (1963). Evolution within the Psittaciformes.
Proc. XIII Intern. Ornithol. Congr. : 499-517.

CHENEVAL, J. (2000). L’avifaune de Sansan. In: L. GINSBURG
(Ed), La faune miocéne de Sansan et son environnement.
Meém. Mus. nat. Hist. natur., 183 : 321-388.

CHRISTIDIS, L., R. SCHODDE, D.D. SHAW & S.F. MAYNES (1991).
Relationships among the Australo-Papuan parrots, lorikeets,
and cockatoos (Aves : Psittaciformes) : Protein evidence.
Condor, 93 : 302-317.

COLLAR, N.J. (1997). Family Psittacidae (Parrots). In: J. DEL
Hovo, A. ELLIOTT & J. SARGATAL (Eds), Handbook of the
Birds of the World, vol. 4, Lynx Edicions, Barcelona : 280-
477.

CRACRAFT, J. (1973). Systematics and evolution of the Grui-
formes (Class Aves). 3. Phylogeny of the suborder Grues.
Bull. Am. Mus. Nat. Hist., 151 : 1-127.

DEL Hovo J., A. ELLIOTT & J. SARGATAL (1997, Eds.) : Hand-
book of the Birds of the World, vol. 4. Lynx Edicions, Barce-
lona.

GUNTERT, M. (1981). Morphologische Untersuchungen zur
adaptiven Radiation des Verdauungstraktes bei Papageien
(Psittaci). Zool. Jb. Anat., 106 : 471-526.

HEeizmANN, E.P.J. & V. FAHLBUSCH (1983). Die mittelmiozéne
Wirbeltierfauna vom Steinberg (Nordlinger Ries). Eine
Ubersicht. Mitt. Bayer. Staatsslg. Pal. hist. Geol., 23 : 83-93.

HeizmanN, E.PJ. & A. HESse (1995). Die mittelmiozdnen
Vogel- und Sdugetierfaunen des Nordlinger Ries (MN6) und
des Steinheimer Beckens (MN7) - ein Vergleich. Cour. For-
sch.-Inst. Senckenberg, 181 : 171-185.



54 Gerald Mayr and Ursula B. Gohlich

HoLyoak, D.T. (1973). Comments on taxonomy and relation-
ships in the parrot subfamilies Nestorinae, Loriinae, and
Platycercinae. Emu, 73 : 157-176.

HOMBERGER, D. (1980). Funktionell-morphologische Untersuc-
hungen zur Radiation der Erndhrungs- und Trinkmethoden
der Papageien (Psittaci). Bonner zool. Monograph., 13 : 1-
192.

HOMBERGER, D. (1991). The evolutionary history of parrots and
cockatoos : a model for evolution in the Australasian avi-
fauna. In: B.D. BeLL, R.O. Cosseg, J.E.C. FLux, B.D.
HEATHER, R.A. HitcHMOUGH, C.J.R. ROBERTSON & M.J.
WiLLiams (Eds), Acta XX congressus internationalis orni-
thologici, New Zealand Ornithological Trust Board,
Christchurch : 398-403.

MAYR, G. (2002). On the osteology and phylogenetic affinities
of the Pseudasturidae - Lower Eocene stem-group represent-
atives of parrots (Aves, Psittaciformes). Zool. J. Linn. Soc.,
136 : 715-729.

MAYR, G. & M. DANIELS (1998). Eocene parrots from Messel
(Hessen, Germany) and the London Clay of Walton-on-the-
Naze (Essex, England). Senck. leth., 78 : 157-177.

MILNE-EDWARDS, A. (1867-1871). Recherches anatomiques et
paléontologiques pour servir a I’histoire des oiseaux fossiles
de la France. Victor Masson et fils, Paris.

Mivaki, C.Y., S.R. MaTioLl, T. BURKE & A. WAINTAL (1998).
Parrot Evolution and Paleogeographical Events : Mitochon-
drial DNA Evidence. Mol. Biol. Evol., 15 : 544-551.

MLiKOVSKY, J. (1998). A new parrot (Aves : Psittacidae) from
the early Miocene of the Czech Republic. Acta Soc. Zool.
Bohem., 62 : 335-341.

MLIiKOVSKY, J. (2002). Cenozoic birds of the world. Part 1 :
Europe. Ninox Press, Praha.

RENzONI, A. & P.A. WATTERS (1972). Comparative observa-
tions on the pineal body of some Australian parrots. Aust. J.
Zool., 20 : 1-15.

RowLEY, L. (1997). Family Cacatuidae (Cockatoos). In : J. DEL
Hovo, A. ELLIOTT & J. SARGATAL (Eds), Handbook of the
Birds of the World, vol. 4, Lynx Edicions, Barcelona : 246-
279.

SMITH, G. (1975). Systematics of parrots. /bis, 116 : 18-68.

STEININGER, F.F. (1999). Chronostratigraphy, geochronology
and Biochronology of the Miocene “European Land Mam-
mal Mega-Zones” (ELMMZ) and the Miocene “Mammal-
Zones (MN-Zones)”. In : ROSSNER, G. & HEIssIG, K. (Eds),
The Miocene Land Mammals of Europe, Pfeil, Miinchen : 9-
24.

TonnI, E.P. & J. NORIEGA (1996). Una nueva especies de Nan-
dayus Bonaparte, 1854 (Aves : Psittaciformes) del Plioceno
tardio de Argentinia. Rev. Chil. Hist. Nat., 69 : 97-104.

VANDEN BERGE, J.C. & G.A. ZWEERS (1993). Myologia. In : J.J.
BauMEL, A.S. KiNnG, J.E. BreaziLe, H.E. Evans & J.C.
VANDEN BERGE (Eds), Handbook of avian anatomy :
Nomina Anatomica Avium. Publ. Nuttall Ornithol. Club, 23 :
189-247.

VERHEYEN, R. (1956). Analyse du potentiel morphologique et
projet d’une nouvelle classification des Psittaciformes. Bull.
Inst. Roy. Sci. Nat. Belg., 32 (55) : 1-54.

WETMORE, A. (1926). Descriptions of additional fossil birds
from the Miocene of Nebraska. Am. Mus. Novit., 211 : 1-5.

Received : July 7, 2003
Accepted : October 27, 2003



Belg. J. Zool., 134 (1) : 55-60

January 2004

Intra and inter-specific mating options for gynogenetic
reproduction of Carassius gibelio (Bloch, 1783) in Lake

Pamvotis (NW Greece)

Ioannis Paschos ', Cosmas Nathanailides ', Miranta Tsoumani !, Costas Perdikaris ', Evangelia

Gouva' and Ioannis Leonardos?

! Department of Aquaculture and Fisheries, Faculty of Agricultural Sciences, Epirus Institute of Technological Educational,

Igoumenitsa 46100, Greece

2 Dept Biological Applications and Technologies, University of loannina, 45110, Greece

Corresponding author : Cosmas Nathanailides, email : cosmasfax@yahoo.com

ABSTRACT. Gibel carp Carassius gibelio exhibits gynogenetic reproduction by utilising the sperm of other spe-
cies. Over a period of twelve months, the spawning behaviour of gibel carp in Lake Pamvotis (NW Greece) was
monitored. Females almost exclusively (97.7%) composed the population, indicating gynogenesis using the sperm
of other species. Reproduction began in March and lasted through April. Contrary to the situation reported in other
ecosystems, common carp was not present in the spawning grounds during the spawning season of gibel carp; the
most abundant other species present at that time was Rutilus ylikiensis. To evaluate the sperm donating results of R.
ylikiensis as compared with other species of the lake, eggs of gibel carp were fertilised with sperm of R. ylikiensis
(group 1), Carassius auratus (group 2), and Cyprinus carpio (group 3). Also, gibel carp eggs attached to natural
substrates were collected from the spawning grounds (group 4). Hatching success ranged from 9-29% in group 4,
compared to 95-98% in groups 1, 2 and 3. Over a period of 60 days after hatching, mortality ranged from 35%
(group 1) to 56% (group 3), and specific growth rate from 2.4% (group 3) to 2.9% (group 1). We conclude that gibel
carp can successfully utilise sperm of ylikiensis roach, which was the best available sperm donor option for the

gynogenetically reproducing gibel carp of the lake.

KEY WORDS : gynogenesis, reproduction, fish.

INTRODUCTION

Carrasius gibelio (Bloch, 1783) can survive and thrive
under adverse environmental conditions where other spe-
cies rarely succeed (Muus & DAHLSTROM, 1999 ; HOLCIK,
1980). As a consequence, it is widely distributed and
flourishing from Europe, including Greece (ECONOMIDIS,
1991; KOTTELAT, 1997), to the Japanese Islands.

In Greek lakes, gibel carp exhibits rapid growth during
the first years of its life and reaches maturity in the second
year of its life (LEONARDOS et al., 2001). Recently, a rapid
increase in the commercial catch of gibel carp in Pamvo-
tis lake NW Greece has been observed (PASCHOS et al.,
2002). Gibel carp became abundant in Lake Pamvotis in
the early 1980’s. Since then, it gradually increased in
numbers and is currently the dominating species in fisher-
ies landings, while landings of species of commercial
interest such as common carp, eel and the indigenous
south European minnow Phoxinellus epiroticus have
declined (PERDIKARIS et al., 2003).

According to EcoNoMIDIS et al. (2000), the indigenous
species of the Lake are : Anguilla anguilla (Linnaeus,
1758), Leuciscus cephalus (Linnaeus, 1758), Tinca tinca
(Linnaeus, 1758), Pseudophoxinus stymphalicus (Valen-
ciennes, 1844), Phoxinellus epiroticus (Steindachner,
1895), Economidichthys pygmaeus (Holly, 1929), Cobitis
hellenica (Economidis, 1991), Rutilus ylikiensis (Stepha-

nidis, 1939) and Barbus albanicus (Steindachner, 1870).
The introduced species are : Carassius gibelio (Bloch,
1783), Carassius auratus (Bloch, 1783), Cyprinus carpio
(Linnaeus, 1758), Silurus aristotelis (Agassiz, 1856), Sil-
urus glanis (Linnaeus, 1758), Gambusia affinis (Baird
and Girard, 1854), Hypophthalmichthys molitrix (Val.
1844), Ctenopharyngodon idella (Cuvier and Valenci-
ennes 1844), Aristichthys nobilis (Richardson 1845),

It is not clear which factors have contributed to this
thriving of the gibel carp population in the lake, but in
similar ecosystems environmental degradation and
decreased density of predating species have been identi-
fied as important causes (HOLCIK, 1980).

Interestingly, gibel carp is one of the few fish species
with stocks composed almost exclusively of females,
reproducing gynogenetically using the sperm of other
species (RIEHL & BAENSCH, 1991; ZHou et al., 2000).
Gynogenetic reproduction has some potential benefits : it
allows the biomass of a population to be composed
mainly of females, and available ecological resources can
be used solely for egg production.

Shallow water and low vegetation characterise the
spawning grounds of cyprinid fishes. In similar lake eco-
systems, gibel carp and other species utilise the same
spawning grounds. This is because of the availability of
substrates and oxygen for the eggs, and increased micro-
invertebrate densities, which contribute to the survival of
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early life stages and enhance recruitment. In a recent pilot
study, it became evident that the gibel carp population in
Lake Pamvotis is composed mainly of females, and that
Rutilus ylikiensis was abundant in the spawning grounds
of gibel carp, (PASCHOS et al., 2001).

The purpose of the present work was to determine the
relative densities of potential sperm-donating fish species
in the spawning habitat of gibel carp in Lake Pamvotis.
Subsequently, this information was used for experimental
evaluation of gynogenetic reproduction and for assessing
the degree of potential “sexual parasitism” of gibel carp
in Lake Pamvotis.

MATERIAL AND METHODS

This study was carried out in Lake Pamvotis NW
Greece (Fig. 1), which is a natural, eutrophic, holomictic
lake. It is relatively shallow (mean depth about 4 meters
and maximum depth not exceeding 8 meters) with a total
area of 355 km?, and is thermally stratified from April to
August (KAaGALou et al, 2001).

Fig. 1. — Map of Pamvotis Lake. Sampling sites (St.1
St.2, St.3) of gill nets (squares) and locality of spawniny
grounds (circles).

Typical spawning grounds of gibel carp and other
members of the Cyprinidae family are characterised by
shallow depth and the presence of vegetation (VARLEY
1967; LAGLER 1972; Muus & DAHLSTROM 1999). To
monitor the spawning migration of gibel carp and identify
the species that can act as sperm donors for female gibel
carp, sampling was, therefore, carried out from January
1999 to January 2001, using gillnets (100m long, mesh
size 40-50 mm) positioned at 100 meters away from the
shallows and parallel to the shoreline of three separate
spawning locations (Fig. 1). Stationary fishing traps
(fyke-nets, mesh size 30mm) were also placed in typical
shallow spawning grounds of the species with depth from
0.5 m to Im. Temperature was monitored throughout the
period of study using max-min thermometers.

Determination of the spawning period was based on

monitoring of the catches in the shallows and examina-
tion of the gonadosomatic index (GSI = GW*100/NW,

where GW is the gonad weight, NW is the eviscerated
weight), staging of gonadal development according to
Kesteven’s scale (BAGENAL, 1978), and finally by the
degree of pressure required to obtain eggs from captured
females. Condition factor (K) was calculated according to
the following equation K = (BW/ L?) x 100, where BW is
the eviscerated weight, L is total length.

In addition to the gill and fyke nets, electrofishing was
carried out in the shallows when, for the first time, gibel
carp was found in the shallows exhibiting typical spawn-
ing behaviour of Cyprinidae (MICHAELS, 1988). All indi-
viduals of other species present in the shallows during the
spawning of gibel carp were thus captured with elec-
trofishing or fyke nets.

When spawning of gibel carp became evident, ten
pieces of natural substrate (branches, leaves, vegetation,
rough dimensions trimmed to 0.5 X 0.4m) with eggs were
collected randomly from the three different sampling sites
of gibel carp spawning grounds. These were taken to the
lab and placed in aquariums (0.9 X 0.6 X 0.5m) supplied
with Lake Water. From each substrate and group, 100 lar-
vae were collected and placed in four trays (1.0 X 0.25 X
0.25m).

In addition, eggs from three sexually mature female
gibel carp were fertilised with sperm from three male
goldfish Carassius auratus, three ylikiensis roach, Rutilus
vlikiensis, and three carp Cyprinus carpio. From each
cross, a total number of 2000 eggs were placed in incuba-
tors (zugars having total volume 71t). The rate of embry-
onic development, hatching percentage and growth rate
were monitored for a period of 60 days for each group.

All fish were kept according to standardised procedures
(HORVATH et al., 1984). Initially, food was solely zoo-
plankton, collected daily from the lake. From the 20t day,
dry trout food was provided (DABROWSKI et al,. 1986;
KausHiKk 1986). Feeding was ad libitum in all groups.
Mortality, length and growth rates were monitored every
20 days, for a period of two months after hatching. Spe-
cific growth rate (SGR) was calculated according to the
following equation SGR = LnBW,-LnBW, days!, where
BW1 is the initial body weight and BW2 is body weight
after 20 days of rearing.

RESULTS

Catch Data

In total 598 gibel carp individuals were captured over
the period of the study : 392 in gillnets and 206 in fyke-
nets. The largest portion of the annual gibel carp catch
with gillnets, was in March (19.9%). With the exception
of November, December and January, when fishing was
fruitless, about 10% of the total annual catch was taken in
each other month. In fyke nets, gibel carp catches
occurred only during March and April, with 42% and
58% of the total catch each month, respectively (Fig. 2).
Females comprised 97.7% of all gibel carp captured in the
spawning grounds. Over the period of the study, tempera-
ture ranged between 7°C and 27°C. Peak capture of gibel
carp, with gill and fyke nets, coincided with temperatures
above 12°C (Fig. 2).



Fertilization of gibel carp eggs with other species' sperm 57

Mean total length of captured females was 28.06 cm (min
13.2, max 35.5 cm), mean body weight was 464.9 g (min
88.5, max 894 g) and condition factor was 0.93 (+£0.17). The
gonadosomatic index of the female fish was 12.6 and the
fish were in the last stage of sexual maturation. Initially the
larger fish spawned, and smaller individuals followed.
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Fig. 2. — Catch data of gibel carp from Lake Pamvotis, over a
period of 12 months. Number of fish caught in the spawning
grounds (squares) and at 100 meters away from the shoreline
(triangles), and water temperature in the shallow region of the
lake (circles).

Catch data of other species in the spawning grounds

During March and April, when gibel carp spawned in
the shallows, 206 fish were captured in the three sampling
sites. In all sampling sites, gibel carp and ylikiensis roach
were always present. All individuals of other species cap-
tured in the shallows were found to be sexually mature
and the majority readily released their gametes. Gibel
carp (89%), followed by ylikiensis roach (10.5 %) exhib-

ited the highest relative abundance. The captured ylikien-
sis roach comprised sexually mature males (26%) and
females (37%), and the rest were not sexually mature.
During electrofishing operations in the shallows, R. ylik-
iensis males and females were caught in the act of mating
and spawning, while simultaneously gibel carp females
were observed to release their eggs.

Hatching percentage of eggs from natural substrate,
under hatchery conditions

The number of eggs ranged from 118-1520 per sub-
strate collected from the spawning grounds. Hatching
occurred in all groups after three days at 14°C, and the
number of larvae ranged from 58-380. Hatching coeffi-
cient varied between samples from 7.2-29% (x?=203,
DF=9, P<0.01).

Artificial fertilisation of gibel carp eggs with sperm of
other species

Viable larvae were obtained from gibel eggs fertilised
with sperm from the ylikiensis roach (CrXR), goldfish
(CrXG) and common carp (CrXC). Hatching occurred
after three days at 14°C in all groups. Hatching coefficient
ranged from 95-98% (Table 1) and there was no signifi-
cant difference between the crosses in terms of hatching
coefficient (Chi-square test, x>=0.024, DF=2, P>0.05).

Rearing of fish

Fish from the three groups of crosses (CrXR; CrXG;
CrXC) and from the natural substrates exhibited similar
mortality (Table 2, x?=5.38, DF=3, P>0.05), but the cross
between gibel carp and ylikiensis roach exhibited the
lowest mortality of all. The specific growth rate was simi-
lar in all groups (Table 2, x>=0.058, DF=3, P>0.05).

TABLE 1

Hatching performance of the crosses

Group Hatching (days) Hatching (%)
C.gibelio X R. ylikiensis 3 98
C.gibelio X C. carpio 3 97
C.gibelio X C. auratus 3 95
C.gibelio Embryos from natural substrates 3 18
TABLE 2
Specific growth rate and cumulative mortality (M)

of the reared fish at 20, 40 and 60 days after hatching
Days After 1 feeding 20 40 60
GROUP SGR% M% SGR% M% SGR% M%
C.gibelio X R. ylikiensis ~ 2.4% 19% 3.4% 25%  2.9% 35%
C.gibelio X C. carpio 2.4% 30% 2.4% 44%  2.4% 56%
C.gibelio X C. auratus 2.2% 21%  3.2% 31%  2.7% 41%
C. gibelio from the lake ~ 1.4% 18%  3.6% 33% 2.5% 47%
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DISCUSSION

Spawning activity of gibel carp in Lake Pamvotis
peaked during March and April. Peak capture of gibel
carp with gill nets, positioned parallel to the shoreline of
the spawning sampling sites, occurred during March. In
spawning grounds, gibel carp were captured only during
March and April. (Fig. 2). During March and April, sexu-
ally mature gibel carp exhibiting typical spawning behav-
iour of Cyprinidae were captured with electro-fishing, as
well as with the fyke nets,

The field data indicate that spawning of gibel carp and
ylikiensis roach coincided. Female gibel carp caught with
gillnets during March were probably migrating towards
the shallow spawning grounds. Both gibel carp and ylik-
ienesis roach captures in the shallows (with fyke nets and
electrofishing) peaked during March and April. In fact
ylikiensis roach was the most abundant other species
present in the spawning grounds of gibel carp. In these
typical shallow spawning grounds for cyprinidae species,
gibel carp were caught in the act of releasing their eggs
during the spawning of ylikiensis roach.

Timing of spawning is a significant element of the
reproductive strategy of all fish species. According to the
field data (catch in the shallows), the spawning period of
gibel carp and ylikiensis roach overlap. This period is also
a period of spawning for Epirus minnow, an endemic fish
species that is on the verge of extinction in the Lake (PER-
DIKARIS et al., 2003). It can be assumed that these three
mentioned fish species of the lake have the same timing
strategy for spawning.

Optimal conditions for hatching and growth of larvae
early in the season are very important for survival and
recruitment. For example, temperature and food abun-
dance can significantly influence survival during early life
stages of development (HEGGBERGET, 1988 ; HUTCHINGS,
1991). Initiation of spawning activity of gibel carp in the
lake coincided with a critical increase of temperature
from 7°C in February to 13°C in March; 13°C appears to
be on the low edge of the thermal limit of goldfish embry-
onic development (WIEGAND et al., 1989). Successful
reproductive investment and recruitment of young fish are
largely influenced by environmental conditions in the
nursery grounds. The timing of spawning may enhance
gibel carp larval viability and growth through the
increased temperature and primary and secondary pro-
ductivity that is evident at the beginning of spring in the
lake (KaGaLou et al., 2001). Gibel carp exhibits rapid
growth and development under favourable thermal condi-
tions. For example gibel carp in Lake Lysimachia, a
neighbouring Lake in West Greece, reach 41.2% of the
maximum length exhibited by the population, within the
first year of life (LEONARDOS et al., 2001).

There was some evidence of temperature related
spawning migration of gibel carp in the lake. Gibel carp
distribution in the shallows peaked during March and
April, associated with temperature ranging from 12-
14°C. At this stage individuals were sexually mature and
exhibited spawning behaviour. According to the catch
data from the deeper parts of the lake, when temperature
was below 12°C or above 16°C, gibel carp moved
towards the deeper parts of the lake and returned to the

shallows when temperature was between 12 and 16°C
(Fig. 2). This is in agreement with information collected
from local fishermen about seasonal distribution of the
species in the lake.

Contrary to the situation seen in other ecosystems
(MUUS & DaHLSTROM 1999), we found no evidence in
Lake Pamvotis that common carp was present on the
spawning ground of gibel carp. Common carp was found
to be present in the shallows during May, with water tem-
perature between 16 and 18°C, but by this time gibel carp
had released their eggs and were absent from the spawn-
ing grounds.

The laboratory results indicate lack of paternal effects
on the gynogenetically reproduced gibel carp fry. Irre-
spective of sperm origin (goldfish, common carp or ylik-
iensis roach), post-hatch growth and survival were simi-
lar. In the same manner, growth and survival did not vary
between fish originating from eggs collected in situ or
eggs artificially fertilised in the laboratory (Table 2). This
contrasts with some paternal effects observed in gibel
carp crosses (Zou et al., 2001).

Under the controlled conditions and procedures of arti-
ficial egg fertilisation and incubation (mixing of eggs and
sperm, eggs treated to became non sticky, optimum incu-
bation conditions) the fertilisation ability of sperm and
embryonic viability may be increased compared to natu-
ral reproduction and incubation conditions (HORVATH et
al., 1984). This may partially explain the fact that hatch-
ing rate did not vary significantly (P>0.05) between the
artificially produced crosses, whereas between different
egg substrates collected from the spawning grounds,
hatching rate ranged from 7.2-29% and varied signifi-
cantly (P<0.01).

The small percentage (2.3%) of male gibel carp cap-
tured during spawning indicates that, in addition to gyno-
genetic reproduction, bisexual reproduction is to some
extent an option for the Pamvotis gibel carp. Neverthe-
less, the population was almost exclusively composed of
females. Gynogenetic reproduction appears to be the
main mode of reproduction for gibel carp in the lake. This
is in agreement with reports about other aquatic ecosys-
tems (MIGDALSKI & FICHTER 1976; RIEHL & BAENSCH,
1991; ZHou et al., 2000).

Ylikiensis roach can contribute significantly to the
gynogenetic reproduction of gibel carp in the lake. Based
on the laboratory data, it can be concluded that gibel carp
can potentially utilise the sperm of ylikiensis roach,
which according to the field data, was the most obvious
sperm donor. In fact, the results of the artificial fertiliza-
tion indicate that ylikiensis roach was equally as good as
the sperm of common carp or goldfish. Furthermore,
based on the relative abundance data collected in the field,
it can be concluded that ylikiensis roach was at least sta-
tistically the most obvious potential sperm donor for
gynogenetic reproduction of gibel carp in lake Pamvotis.
To our knowledge this is the first record of gynogenetic
reproduction between these two fish species, and con-
trasts with the situation reported from other lakes, where
common carp (C. carpio) is the principal sperm donor.

The prospects for restricting the population of gibel
carp in the lake are limited. Larvae exhibit high viability
and the species is almost exclusively composed of
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females, which grow rapidly and spawn massively. Dur-
ing the last five years fisheries landings of gibel carp tri-
pled while fisheries landings of other species were signif-
icantly reduced (PERDIKARIS et al., 2003).

Considering the energetic cost of sperm production in
small fish such as the ylikiensis roach, it could be argued
that any sexual parasitism of gibel carp on ylikiensis
roach may have limited but negative consequences for the
donating species. The male fish of roach species arrive
first in the spawning ground and await the arrival of the
female, when mating play is initiated and spawning takes
place (Muus & DAHLSTROM, 1999). Field observations
indicate that gibel carp waits for the mating of ylikiensis
roach to occur for releasing its eggs on the spawning
grounds. It is, therefore, possible that some sperm of ylik-
iensis roach is lost because of the sexual parasitism of
gibel carp, but further field work would be necessary to
verify this hypothesis.

Gynogentic reproduction may have contributed to the
increased gibel carp population in the lake. Nevertheless,
population size is a complex product of birth, recruitment,
natural and fishing mortality, carrying capacity, ability to
compete for food, ecophysiological fitness or adaptation,
and environmental conditions. At least two factors con-
tribute to the thriving of the gibel carp population in the
lake. One factor is the tolerance to environmental degra-
dation (for example, reports emerged recently in local
newspapers, about pollution of the lake that occurred on
several occasions as a result of an overflow of the sewage
pipelines of loannina city). Another factor is reduction in
abundance of predating species (PERDIKARIS et al., 2003)
or reduced competition for food from other species (HOL-
CIK & ZITMAN, 1978).

The thriving of gibel carp populations is further sup-
ported by its ability to survive in adverse environmental
conditions (HoLCIK & ZiTMAN 1978; HoLcik, 1980). For
example gibel carp fry originating from gynogenetic
reproduction with sperm of R. ylikiensis, exhibited spe-
cific growth rates of 3.14% and 0.91% at NH, concentra-
tion 0.51 mg/lt and 8 mg/lt respectively (NATHANAILIDES
et al., 2003).

In conclusion, gibel carp females have little opportu-
nity for mating with gibel carp males. Ylikiensis roach is
the best available sperm donor option for the gynogeneti-
cally reproducing gibel carp of the lake.

As to the loss of biodiversity by the expansion of the
gibel carp population, as is the case with other aquatic
ecosystems (HoLCIK & ZitMaN, 1978; HoLcik, 1980), a
combination of biological and environmental factors
appears to be responsible for the thriving of gibel carp in
Lake Pamvotis. It would be reasonable to take action to
improve ecological conditions and counteract environ-
mental degradation, particularly in the spawning grounds.
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Movement is necessary for landmark-based navigation
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ABSTRACT. The experiments reported here were designed to find out whether mice are capable of homing by vis-
ual extra-arena landmarks, when deprived of visual access to such landmarks. Mice were placed in a circular arena,
where they could view the experimental room only from a peripheral nest and the centre of the arena, while they
could not access the visual cues when moving in-between. This resulted in poor homing in mice. The conclusion
drawn is that mice need to view visual cues while moving for their landmark-based navigation.

KEY WORDS : Navigation; Path Integration; Homing.

INTRODUCTION

Previous work showed that mice are incapable of hom-
ing from the centre of a circular arena to their nest after
viewing a distal landmark array only from a peripheral
nest location (ALYAN, 1994). However, rodents are capa-
ble of homing successfully after having freely explored
the arena (ALYAN & JANDER 1994), and after being pas-
sively carried from the nest to the centre of the arena
(ETIENNE, 1980; MORRIS, 1981). This supported earlier
claims that moving while viewing distal landmarks is
necessary for successful landmark-based navigation
(STAHL et al., 1987; SUTHERLAND et al,. 1987; CHEW et
al., 1989; MATTHEWS & BEST, 1997).

Furthermore, ALYAN & JANDER (1997b) found that
mice could home by learned landmarks, after having shut-
tled between the nest and the centre of a circular arena,
without any exploratory phase of that arena prior to or
during the experiment. This demonstrated that shuttling
between only two locations, in full view of the distal
landmarks, allows mice to learn distal landmarks and to
home by reliance on such cues.

These findings led to one further question that is explored
in this study : Can mice learn distal landmark constellations
and home by them after viewing them from only two points,
but not while shuttling along the path towards either point?
A positive finding would indicate that mice, while shuttling,
connect the disjoint landmark vistas from the two points via
path integration mechanism to form a landmark cognitive
representation allowing them to home accurately at a later
time, using only landmark constellations.

METHODS

Subjects

Eight lactating female house mice (Mus musculus Lin-
naeus, 1758) with their pups were used. Prior to experi-
mentation they were housed in transparent cages 25 x 50
cm. The floor was covered with wood shavings, and food
and water were provided ad libitum all the time. The pho-
toperiod was 12 h light : 12 h dark (dark 7:00 pm to 7:00

am) and all experiments were conducted between 10:00
am and 2:00 pm. The purpose of using mothers with lit-
ters was to increase their motivation to go home. There-
fore, two strong motivations were exploited in this study :
the mothers’ motivation to take their pups back to the nest
and the mothers’ motivation to seek a refuge.

Apparatus

A circular arena, 1.5 m in diameter, was used in all
experiments. It rested on ball bearings to allow free rotation
in any direction. Four handles were attached to the arena to
enable smooth manual rotation. The floor of the arena was
painted with a polyurethane-sand mixture for easy cleaning
and to provide purchase for the mice during movement. A
hole, 3 cm in diameter, was drilled at the periphery of the
arena, and led to a tube, which in turn led to a nest box
located beneath the arena’s floor. The edge of the arena was
marked at 5° intervals to record the mice’ arrival points at
the edge of the arena. In addition, the arena was surrounded
up to a height of 40 cm by a Plexiglas sheet that had a one-
way screen made of dark-tinted Perspex glued to it. Above
the centre of the arena we positioned a 40 W incandescent
bulb that reflected all its light downward.

The experimental room was normally lit on one side by
natural light through two large windows and from the
ceiling by standard fluorescent tubes. Pieces of furniture
and wall posters offered additional distal landmarks for
the homing mice.

Definitions and data collection

Directions were recorded when the mouse, starting
from the centre of the arena, reached the periphery of the
arena. Angles were measured clockwise from 0°-360°,
with 0° being the nest direction before rotation.

To test for directional tendencies, circular statistics
were used (BATSCHELET, 1981; ZAR, 1974). The follow-
ing parameters were used in evaluating homing perform-
ance of mice. A sample analysis yielded a mean vector, m,
where m is defined by its polar co-ordinates : and 7, where
is the sample mean direction and r is the length of m. The
mean vector length, 7 serves as a measure of concentra-
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tion as well as dispersion. The larger r is, the less dis-
persed the directions are around the mean angle.

Procedure

The objectives of this experiment were, first, to find out
whether viewing the experimental environment from two
locations, with no movement between them, would be suf-
ficient for successful landmark-based navigation from one
of these locations to the other and, second, to test whether
movement between the two locations, without viewing the
external environment while moving, can result in success-
ful landmark-based navigation between the two locations.

Experiment Ia

Each of the eight female mice used in this experiment,
with her pups, was taken from her cage and placed in the
nest box. A clear Plexiglas cylinder (10 cm in diameter and
15 cm high) surrounded the nest entrance on the surface of
the arena. The cylinder had one hole that led to a gray,
opaque PVC tube (55 cm long). The other end of the PVC
tube led to a hole in an identical Plexiglas cylinder placed
in the centre of the arena. Both ends of the PVC tube were
blocked with pieces of clear Plexiglas so that the mice
could not move between the nest and the centre of the
arena. Another identical PVC tube, placed on the opposite
side of the central Plexiglas cylinder, led to a third identical
Plexiglas cylinder placed at 180° from the one at the nest
location. This was to ensure that the mice relied on extra-
arena cues and not on certain guiding intra-arena cues,
including odor trails, when later tested for spatial naviga-
tion. The arena itself was wiped with dilute alcohol solu-
tion before testing each mouse, to eliminate odor cues.

Each mouse spent 12 h in the nest box, during which
she could go to the surface of the arena enclosed by the
Plexiglas cylinder and view the room, which was fully
illuminated, from only that location. Thus, mice were
capable of viewing distal landmarks from that location.
Thereafter, the mouse was placed in a dark box and
rotated slowly for 1-2 min, while the experimenter
walked around the room. This was done to prevent the
mice from associating the nest location with any other
point in space by the mechanism of path integration. The
mouse was then placed inside the Plexiglas cylinder situ-
ated in the centre of the arena. She was left there for 6 h,
after which she was taken on another disorientation tour,
and ended up in the nest box where she stayed for another
6 h. The mouse was then taken from the nest on a third
disorientation tour, during which the surface of the arena
was cleaned and had no objects on it and the pups were
taken from the nest box. This would eliminate orientation
by intra-arena cues, including odor cues. The dark box
with the mouse in it was placed in the centre of the arena
and the arena, along with the boxed-in mouse, was rotated
6-7 full rotations CW or CCW. The purpose here was to
prevent the mice from orienting by relying on path inte-
gration mechanism. Therefore, if the mouse navigates
towards any point, it would be by means of distal visual
cues. One or two pups were dropped inside the box and
the box was removed leaving the mother and her pups in
the centre of the bare arena. The point at which the mouse
arrived at the edge of the arena was recorded for later
analysis. Each mouse was tested only once.

Experiment Ib

A similar setup to that of experiment Ia was used here.
The difference was that the doors at the end of the tube
connecting the Plexiglas cylinders at the nest and the centre
were removed. Each of the eight mice now could access the
two Plexiglas cylinders through the tube within the 14-18 h
they were left there. Again, the room lights were kept on
during that time, so that the mice could access distal visual
landmarks from their locations. To ensure that the mice
would visit the centre, they were induced to retrieve pups
from the centre back to the nest 30 times. In addition, a
small water cup (3W x 2H cm) was left in the central area
as the only source of water. After that, each mouse was
placed in the dark box, and taken on a disorientation tour.
The surface of the arena was cleared of all objects and the
pups were taken from the nest. The mother was then placed
in the centre with 1-2 of her pups, and the arena was rotated
6-7 full rotations CW or CCW. The box was then removed
and the point at which the mouse arrived at the edge of the
arena was recorded for later analysis.

RESULTS

Experiment Ia

The arrival points of the eight females at the periphery
of the arena are shown in Fig. 1. The mice took direct
paths to the edge of the arena and made no looping or cir-
cling. The sample mean angle is 89.28°, while 7 is 0.06.
Therefore, the hypothesis that orientation was random
cannot be rejected (V Test; P> 0.25).

Fig. 1. — The arrival points for the eight
mice used in experiment la are indicated
by the solid arrow and circles. = 89.28°,
r = 0.06. Arrival points for the mice that
were allowed to shuttle in a dark tube
(experiment Ib) are indicated by the
open arrow and squares. = 47.5°, r =
0.37 (the rectangle indicates the nest
location at 0°).

Experiment Ib

Mice arrival points at the periphery of the arena are
shown in Fig. 1. Again, the mice took direct paths to the
edge of the arena upon release. The sample mean angle, , is
47.5°, while  is 0.37. Therefore, the hypothesis that orienta-
tion was random cannot be rejected (V Test; 0.05 <P <0.1).
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DISCUSSION

We can summarize the above findings as follows. First,
allowing mice to view the environment from only two dif-
ferent locations results in poor landmark-based orientation.
Second, this occurs regardless of whether the mice were, or
were not, allowed to shuttle between the two locations, but
denied access to visual landmarks while shuttling.

It has previously been shown that viewing distal land-
marks from only one location cannot support later naviga-
tion to that location from another (ALYAN, 1994). What has
been shown here is that viewing the distal landmarks from
two locations does not allow successful landmark-based
navigation, even though the mice moved between the two
locations. In addition, moving between two points per se is
not sufficient for successful navigation. This is in contrast to
earlier findings that mice navigated successfully when they
had access to visual cues while moving (ALYAN & JANDER,
1997a). Thus, the present results support earlier claims that
it is necessary to view distal cues while shuttling between
locations in order to navigate by such cues, (STAHL et al,.
1987; SUTHERLAND et al., 1987; POUCET & BENHAMOU,
1997). Separate vistas of distal cues from different loca-
tions, without actual movement between them, do not allow
successful navigation by distal landmarks as has been
claimed in various theoretical models (WILKIE & PALFREY,
1987; GALLISTEL, 1990; OKEEFE, 1990; 1991). The
present results confirm that rodents require to be fed con-
jointly with movement and visual information to be able to
perform efficient place navigation. Altogether, these reports
lend further support to the hypothesis that animals build
cognitive representations of their home ranges through
motor vector deduction, i.e. based on path integration, and
not perceptual vector deduction (ALYAN, 1994; POUCET &
BENHAMOU, 1997).

In addition, ZANFORLIN & POLI (1970), and ALYAN &
MCNAUGHTON (1999) have shown that normal rats, and rats
with hippocampal lesions, were capable of proper homing
after shuttling between two points, by making a novel short-
cut under a sandy substrate, i.e. no visual cues were accessi-
ble since rats were moving underground. The rats could
view distal landmarks from the end points only, but not
while shuttling. The difference between these two studies
and the present results is that path integration was not spe-
cifically impaired before homing (ZANFORLIN & POLI,
1970; and ALYAN & MCNAUGHTON, 1999). Thus, both
studies indicate that rats form a cognitive representation of
their path, which enables them to calculate a novel shortcut
by means of path integration when the original route is
blocked. This also supports claims that animals could build
cognitive representations through path integration.
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Recent studies and reviews have shown the importance
of passive suspension feeders in marine food webs, and
noted the role that cnidarians (hydroid colonies and soft
corals) play in shallow water ecosystems (1, 2).

Hydroids are assumed to be carnivorous, capturing
zooplankton prey by means of nematocysts of the tenta-
cles, although protozoans, diatoms and organic detritus
can be important for some hydroid species. In contrast,
gorgonians ingest and assimilate particulate and dissolved
organic matter (3, 4), while other species are phytoplank-
ton feeders (5). Capture of zooplanktonic prey has been
documented in few studies (3, 6), and some researchers
have postulated that the ability of these organisms to cap-
ture vagile prey is low, based on low densities of nemato-
cysts on the tentacles (3, 4, 7).

Gorgonians are quantitatively important in certain benthic
communities, and provide a good example of the role of sus-
pension feeders in littoral food chains and of the relationship
between plankton and benthos in temperate seas (8).

This study analyzed feeding habits, throughout the
year, of Tripalea clavaria, an unbranched azooxanthellate
octocoral widely distributed in the SW Atlantic Ocean (9,
10, 11). It is abundant, and a dominant component in
rocky outcrops off Mar del Plata city (12). We compared
the results with data on other anthozoans.

Collections and underwater observations were carried
out during SCUBA dives at Banco del Medio (38° 10°S -
57° 28'W), a quartzitic rocky outcrop 18-20 m depth.
Monthly samples were obtained from November 2000 to
October 2001, except in July owing to persistent bad
weather conditions. The gastral contents of 1072 polyps
belonging to 117 colonies were examined in the labora-
tory under a microscope. Food items were identified to
the lowest taxonomic level possible. Trophic parameters
(vacuity index, frequency index of prey and percentage of
prey) were calculated as in ACUNA & ZAMPONI (13).

Table 1 lists all prey items found, ranging from small dia-
toms 60-80 um in diameter to crustacean and echinoderm
larvae up to 72.5 um. The number of prey items polyp!
was mostly one or two. Table 2 shows the percentage of
empty gastric cavities (vacuity index), indicating that most
colonies fed more actively in spring and summer in coinci-

TABLE 1

Number (N) total of the different prey — item and their relative
abundance (%), found in the diet of 7. clavaria in each season.*
Presence, can not be identified individuals.

Spring Summer Fall  Winter
Item

N % N % N % N %
Mytilus edulis platensis 24 453 78 934 28 70.0 22 68.7
larvae
nauplii 1 19 - - 1 25 1 3.1
crustacean larvae (unidenti- - - - - 1 25 1 3.1
fied)
Gammaridea - - - - - - 3 94
Copepoda - - 1 12 2 50 - -
Ostracoda 2 38 - - - - - -
crustaceans (unidentified) 1 19 - - - - - -
invertebrate eggs 23434 3 36 6 150 2 62
Nematoda 1 19 1 12 - - - -
echinoderm larvae - - - - 1 25 - -
Tardigrada 1 19 - - 1 25 1 31
filamentous algae * o * - - - - -
diatoms - - - - - - 2 62
Total 53 100.0 83 100.0 40 100.0 32 100.0

TABLE 2

Percentage of empty gastric cavities (vacuity index).

Season examined  examined  polyps with Vacuity
colonies polyp content index (V)
spring 24 199 42 78.89
summer 30 269 65 75.84
fall 32 305 34 85.57
winter 21 199 27 86.43

dence with high prey abundance. Frequency indices of prey
(Table 3) show that larvae of the mytilid Mytilus edulis
platensis d’Orbigny, 1846 were the main food item, while
invertebrate eggs were a minor component except in spring
when their importance as food was similar to mytilid lar-
vae. Other food items were occasional prey only.

T. clavaria is one of a few zooplanktivore gorgonians
that prey on a large variety of organisms (Table 1), mainly
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TABLE 3

Frequency index (f) and percentage of prey (Cn) of Tripalea clavaria.

f = n/N. n: number of gastral cavities containing a certain prey, N : the total
number of gastral cavities examined. Cn=n’.100/Np. n’ : total number of individu-
als of a certain prey, Np : the total number of prey items. * Presence, can not be

identified in individuals.

Item n N f n’ Np Cn Result
Mpytilus edulis platensis larvae 124 1072 0.12 159 222 71.62 Preferential
nauplii 1072 0.005 6 222 2.70  Occasional
crustacean larvae (unidentified) 2 1072 0.002 2 222 090  Occasional
Gammaridea 3 1072 0.003 3 222 1.35  Occasional
Copepoda 3 1072 0.003 3 222 135  Occasional
Ostracoda 2 1072 0.002 2 222 090  Occasional
crustaceans (unidentified) 2 1072 0.002 2 222 090  Occasional
invertebrate eggs 31 1072 0.03 35 222 1576 Minor
Nematoda 2 1072 0.002 2 222 090  Occasional
echinoderm larvae 1 1072 0.001 1 222 045 Occasional
Tardigrada 3 1072 0.003 3 222 135  Occasional
filamentous algae 2 1072 0.002 * * * *

diatoms 2 1072 0.002 3 222 135  Occasional

on larvae of M. edulis platensis with a 37.5-434.3 um size
range. Similar diets were observed for the gorgonian Par-
amuricea clavata (Risso, 1826), which regularly feeds on
zooplanktonic prey of small size (100-200 um) and low
motility, such as nauplii and eggs (COMA et al., 1994).
Some species of alcyonaceans with polyps very similar in
size to those of the majority of gorgonians (e.g. Alcyo-
nium siderium Verrill, 1922), capture mostly small (256-
345 um) prey items of low motility, such as foraminifer-
ans and invertebrate larvae (14).

Despite low density of tentacular nematocysts (3, 4, 7),
T clavaria is able to ingest many vagile organisms,
implying a different mechanism for food capture, related
to the transport of potential food sources by the water cur-
rent (“aerosol filtration theory”) (2). These results furnish
evidence that gorgonians, like other benthic zooplankti-
vores, may play a role in the flow of energy between the
plankton and the benthos (8). Further studies should be
conducted to determine the extent and scale of the feeding
strategies of gorgonians and other benthic zooplankti-
vores.
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