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Nematode assemblages in a nature reserve with historical pollution
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ABSTRACT. Nematodes, and especially nematode communities, have significant potential as bio-indicators. The present study
aimed to assess the nematode community structure of several sites with different historical pollution. Long-term polluted municipal
waste-, tar- and sludge- sites were compared with less disturbed annex sites. At each site heavy metal and PAHs concentrations
were measured together with soil texture classes, pH and total organic matter. Identification of three hundred nematodes at each
location resulted in the discrimination of 63 genera from 32 different families of which the Cephalobidae, Belonolaimidae,
Tylenchidae, Hoplolaimidae, Belonolaimidae and Plectidae were the most abundant families. The sampling sites harbour signifi-
cantly different nematode communities and significant differences of life-strategy-related parameters (cp-groups, MI indexes) were
observed. The significant augmentation of the proportion of the cp 2 nematodes in historically-polluted sites was especially inform-
ative. Omitting the cp 1 group from the MI (=MI2-5) better reflects putative historical pollution-induced community changes.
However, the current study did not reveal significant relationships between historical pollution and the feeding type composition,
or the Shannon-Wiener diversity. The observed results are critically assessed in the light of possible flaws such as sampling and

analyzing limitations.
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INTRODUCTION

Nematodes, and especially nematode communities,
have significant potential as bio-indicators (BONGERS,
1990; Ritz & TRUDGILL, 1999; NEHER, 2001), which
makes information on these communities especially use-
ful for soil characterization and assessment of soil condi-
tions. Generally, nematodes are among the most abundant
multicellular organisms and often occur in large numbers
even at heavily polluted sites. Their life cycle varies from
a few days to years making them very sensitive to short
term as well as long-term environmental changes. Fur-
thermore, they are represented in nearly all trophic and
functional groups in soil food webs (NEHER, 2001). The
short and long-term effects of pollution and disturbances
in different habitats have been studied on many occasions
(WEIss & LARINK, 1991; WASILEWSKA, 1996; HOHBERG,
2003). In all of these studies the nematode communities
underwent significant changes in relation to disturbances.
In general, species diversity declined due to stress factors
while the dominance of r-strategists increased, and the
larger and longer living K-strategists were usually elimi-
nated from the soil ecosystem (BONGERS, 1990). Changes
in nematode communities, therefore, can be used to
assess disturbances of the soil ecosystem including
organic pollution and heavy metal pollution.

More specific studies that included long term effects of
heavy metals on nematode assemblages were reported by
NAGY, 1999; NAGY et al., 2004 ; GEORGIEVA et al., 2002;
YEATES et al., 2003; BAKONYI et al., 2003; in particular,
the analysis of the c-p group composition turned out to be
a valuable tool to detect heavy metal pollution. Some
studies of the effect of low-level pollution on soil inverte-

brates (ERSTFELD & SNOW-ASHBROOK, 1999) and nema-
tode communities (SNOW-ASHBROOK & ERSTFELD, 1998)
investigated polycyclic aromatic hydrocarbon contamina-
tion (PAH). The effect of PAH contamination on soil food
webs and ecological processes was further investigated
by BLAKELY et al. (2002).

However, with the exception of some specific pollution
elements, the relation of nematode assemblages to a wide
range of historical pollutants resulting in chronic low-
level contamination over long periods has received rela-
tively little attention. The present study aimed to assess
the community structure of several sites with different
historical pollution, where the chemical concentrations
were expected to exceed background concentrations, but
without extreme pollution. More particularly, nematode
community characteristics of long-term polluted locations
were compared with less disturbed annex sites.

MATERIALS AND METHODS

The study area

The study sites are located in and around the nature
reserve Bourgoyen-Ossemeersen near Ghent (Belgium).
This reserve is located on an alluvial plain of the river Leie
and was used as a dumping site for a variety of waste
products up to the 1970s. Three easily accessible areas,
characterized by different types of relatively mild indus-
trial and municipal pollution, were sampled in November
2002. In addition to each polluted site, an annex site was
sampled. The annex sites are not considered true reference
sites since it is simply impossible to find two soils exactly
the same with only a difference in degree of pollution.
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(1) An old municipal waste site was subdivided into
two zones: the municipal bush, a site with a vegetation of
trees and bushes (Fraxinus excelsior, Galium aparine,
Sambucus nigra, Tilia cordata, Urtica dioica) and another
zone (municipal grass) with a dominance of grasses and
weeds (Arrhenatherum elatius, Cirsium arvense, Holcus
lanatus, Medicago lupulina, Poa trivialis). Additionally,
a non-polluted site (municipal annex) at 20m separation,
was chosen as an annex site with the following vegeta-
tion: Anthtiscus sylvestris, Lolium perenne, Poa trivialis,
Rumex acetosella, Trifolium pratense.

(2) The second site investigated was an old tar dumping
site (tar) with very dense vegetation. Its non-polluted annex
site (tar annex) was Sm away, possessing a similar vegeta-
tion (Alnus glutinosa, Arrhenatherum elatius, Fraxinus
excelsior, Rumex acetosa, Urtica dioica) and soil texture.

(3) The third sampled site, currently used as a pasture,
is a sludge site (sludge) with sludge originating from the
nearby river Leie. The annex site (sludge annex) is situ-
ated 20m away and has the same vegetation (Alopecurus
pratensis, Dactylis glomerata, Lolium perenne, Poa trivi-
alis, Rumex acetosa) and soil texture.

The exact composition of the dumped materials, the
historical behaviour of the pollutants and possible treat-
ments were unknown.

At each site bulk samples were taken in November
2002; each sample consisted of 15 cores (diameter Scm,
sampling depth 25cm) within a radius of 20cm. Five cores
were manually mixed and used for nematode sampling
and ten cores for chemical analysis. This procedure was
replicated, to a total of three replicates. Total soil Pb, Cd,
Cu, Zn, Hg, As, Cr(IIT) and Cr(VI) were determined after
aqua regia digestion (VAN RANST et al., 1999). Analyses
were subsequently performed, using Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES) (Var-
ian Liberty Series II, Varian, Palo Alto, CA). Although
reduction of Cr(VI) was as much as possibly avoided by
preliminary sample treatment and an appropriate rapid
analysis (VITO reference procedure soil inspection,
2006a), Cr(VI) was nevertheless excluded from further
analysis. The metal concentrations (mg/kg) for each site
are presented in Table 1. The sites were also examined for
a variety of polycyclic aromatic hydrocarbons (PAHs)
(Table 1). Extractable Organic halogens (EOX) and min-
eral oils were extracted by a soxhlet extraction (VITO, ref-
erence procedure soil inspection, 2006b). EOX was fur-
ther analyzed by colourimetric titration (EUROGLAS BV,
1998; VITO reference procedure soil inspection, 2006c)
and mineral oil was determined by capillary column gas
chromatography (Varian CP-3800, Palo Alto, CA; VITO
(2006b) reference procedure soil inspection: mineral oil).
Accuracy, reproducibility and yield of the applied methods
was confirmed with blanks and certified reference material
of similar structure to the analysed samples (VITO refer-
ence procedure soil inspection, 2006d).

The organic matter content was also determined by loss
of mass after ignition. To determine soil pH, 50ml of deion-
ised water were added to 10g of air dried soil and allowed to
stand for 24h. Acidity of the supernatant fluid was then
measured using a pH electrode (Model 520A, Orion, Bos-
ton, MA, USA). Soil structure was analysed with a particle
size analyzer (Beckman Coulter LS 100, Fullerton, CA,

USA) (BUCHANAN, 1984) and allocated to a texture class in
a texture triangle (GERAKIS & BAER, 1999) (Table 1).
Finally, the most abundant vegetation types were identified.

Sampling strategy and nematode analysis

The five “nematode” cores (196¢cm?) of each bulk sam-
ple were fixed with 204ml 4%-formaldehyde (60°C);
nematodes were extracted from 100ml of this mixture by
the centrifugal-flotation technique (CAVENESS & JENSEN,
1955); the sediment was centrifuged twice with Ludox
HS-40 (DuPont Chemicals, Wilmington, USA) and kao-
lin for 5 minutes at 3500 rotations/minute and the super-
natant was rinsed over a 38um sieve. Nematodes were
counted, 100 individuals were picked out randomly using
a stereomicroscope (50X magnification). Formaldehyde
(4% with 1% glycerol) was heated to 70°C and 4-5ml
were quickly added to the specimens to fix and kill the
nematodes in one process. The fixed nematodes were
processed in anhydrous glycerol following the glycerol-
ethanol method (SEINHORST, 1959) and mounted on alu-
minium slides with double coverslips.

The nematodes were identified to family and genus
level and assigned to their feeding type (YEATES et al.,
1993a). However, the feeding habits of the so-called “fac-
ultative plant parasites” or “plant associates” is unclear
(OkADA & HARADA, 2007; BERT et al., 2008). Therefore,
a distinction was made between “real” plant-parasitic spe-
cies (endo- and ectoparasites) dependant on higher plants
(=plant-parasites) and those tylenchs that feed on algae,
lichens, mosses, epidermal cells or root hairs, apparently
without causing damage, of which the exact feeding
behaviour is unknown (=“plant associated nematodes”,
see also YEATES et al., 1993b). Except for the plant-feed-
ing nematodes all individuals were classified according to
their colonizer-persister value (cp 1, cp 2,¢cp 3,¢cp4,cp 5
and the combined group cp 3-5). The maturity indices MI
and MI2-5 were calculated following BONGERS (1990)
and KORTHALS et al. (1996).

Data analysis

Data were analyzed using a combination of multivari-
ate and univariate methods. The correlation structure
among the environmental variables was explored by
means of Spearman rank correlations. Differences
between groups of sites and within a group of sites (i.e. all
polluted vs. all annex sites and the polluted vs. the annex
site of one site type) of total densities, diversity, maturity
indices, the relative abundance of feeding- and cp-groups
were analyzed by a one-way ANOVA in SAS v. 9.1.3;
this after square root and arcsine transformations for pro-
portional data. Bartlett’s and Cochran’s tests were used to
verify homogeneity of variances prior to the analysis.

Differences in nematode communities among groups of
sites were analysed by permutational multivariate analyses
of variance (PerMANOVA; ANDERSON, 2001) on square
root transformed data, followed by pair-wise comparisons
between groups of sites. Site was treated as a fixed factor
and the Bray-Curtis dissimilarity measure was applied for
all analyses. Each term in the analyses was calculated
using 9999 permutations of the appropriate units. Since
PerMANOVA is sensitive to differences in multivariate
dispersion between groups, possibly increasing the Type I
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error, the same model was tested for differences in multi-
variate dispersion (PERMDISP; ANDERSON, 2004). Fur-
thermore, species indicative for each group of sites were
identified by Indicator Species Analysis (INDVAL)
(DUFRENE & LEGENDRE, 1997) and their statistical signifi-
cance was tested by a Monte Carlo Test.

Multivariate patterns were visualised through non-met-
ric Multi-Dimensional Scaling (MDS ordination) apply-
ing the Euclidean distance similarity measure (KRUSKAL,
1964) after normalisation of the environmental data and
the Bray-Curtis dissimilarity measure on square root
transformed nematode data. The correlation between the
multivariate nematode and environmental pattern was
examined using the BIOSTEP routine (CLARKE & GOR-
LEY, 2001). Finally, in order to allow better visualization
between sites and variables, the environmental parame-
ters that best explain the nematode community pattern,
indicative genera and certain community characteristics
(feeding types groups, cp-groups, diversity, MI) were
superimposed on MDS ordination diagrams as circles
whose sizes reflect the magnitude of these variables. Mul-

tivariate analyses were performed using the PRIMER
v5.0 software package (CLARKE & GORLEY, 2001).

RESULTS

The environmental variables

Detailed results of the analyzed soil parameters for
each location are shown in Table 1. Comparison with
quality standard values extracted from literature data
(after correction for clay and organic matter content) give
an indication of the severity of the analysed pollutants
(Table 1). The municipal bush and municipal grass, the
sludge and the tar were more polluted sites (for organic as
well as heavy metal pollution) than their corresponding
annex sites. However, as this study is of an observational
type, a thorough inspection of the correlation structure
among the explanatory variables is a prerequisite for
understanding the observed relationships.

TABLE 1

Soil parameters (soiltype, pH, clay percentage, organic matter, total heavy metal concentrations and organic pollutants) in the sampled
locations in the Bourgoyen-Ossemeersen. Values expressed as average and standard error.

Municipal bush  Municipal Municipal Sludge Sludge Tar Tar annex
grass annex annex
Soil structure sandy-clay-loam  sandy-clay- clay clay clay sandy-clay-  sandy-clay-
loam loam loam
pH 7.3 (£0.1) 6.9 (+0.2) 6.4 (£0.4) 7.3 (x0.1) 6.4 (£0.1) 7.4 (£0.2) 6.6 (+0.3)
Clay % 28.2 23.4 64.1 80.5 70.8 26.2 34.8
Organic matter % C 4.9 (£2) 6.4 (£1.6) 5.9 (*2.3) 17.9 (£1.6) 7.4 (£0.2) 6.6 (£1.2) 6 (+2.3)
As mgkg - - - 110" (£25) - - -
cd mg/kg - 1.6 (0.9) - 50 (0.7) - 20(£1.1) -
cr* mgkg  17.6 (+7.1) - - 196 (£12) 22 (8.3) 203 (#4.9)  27.6 (+7.7)
Cu mg/kg 50 (:19) 44 (£18) - 300 (+24) 57 (x14) 67 (19) -
Hg mgkg - - - 4.7 (£0.3) - - -
Pb mg/kg 158 (£67) 203 (£84) - 759U (£50) 2201 (+74) 346" (£31) -
Zn mgkg 171 (£68) 378 (2121) 138 (#59) 1787V (£97) 221 24) 571 (x126) 115 (242)
Naftalene mg/kg 0.5 (+0.2) - 0.4 (£0.1) - - 2.9 (£0.4) -
Aceanftylene mgkg - - - - - - -
Fluorine mgkg - - - - - - -
Fenantrene mgkg - - - - - 0.4 (0.3) -
Antracene mg/kg 0.2 (£0.1) - - 0.3 (£0) - 2.1 (=0.1) 0.1 (=0)
Fluorantene mg/kg 0.1 (20.1) - - - - 0.5 (0.2) -
Pyrene mgkg - - - 1.2 (0.4) - 2.0 (£0.1) -
benzo(a)antracene mgkg - - - 1.0 (£0.4) - 1.2 (£0.1) -
Chrysene mgkg - - - 0.9 (+0.6) - 0.8 (£0.2) -
benzo(b)fluorantene mgkg - - - 1.3 (£0.9) - 1.1 (£0.1) -
benzo(k)fluorantene mgkg - - - 2.0 (£0.2) - 1.5 (0.1) -
benzo(a)pyrene mgkg - - - 0.5 (£0.2) - 0.5 (£0.1) -
indeno(1.2.3-cd)pyrene mgkg - - - 0.6 (£0.4) - 0.6 (£0.1) -
dibenzo(a.h)antracene mg/kg - - - 0.8 (0.2) - 0.7 (0) -
benzo(ghi)perylene mgkg - - - 0.3 (x0.4) - 0.2 (£0.1) -
-: below detection level; Bold: exceeding legislated clean-up values, Latin numbers reflect increasing exceeding of norm values (from stringent to less
stringent: nature and forest area; 'I: rural area; '!!: residential area; 'V: recreation area, V: industrial area). Values are corrected for clay and organic matter
and compared according to VLAREBO (the Flemisch environmental legislation concerning soil cleanup) as described in VAN GEHUCHTE et al. (1997).

Several environmental data appeared highly correlated.
Nearly all metal concentrations of Cd, Pb, Cu, Hg and Zn
were significantly positively correlated with each other
and with carbon content. Cr(III) and As formed a second
group of significantly positively correlated metal concen-
trations. Evidently, nearly all analyzed PAK’s were signif-

icantly positively correlated with each other and total
PAK.

Ordination of the environmental variables by an MDS
analysis (stress: 0.10) did show a clear separation between
replicated annex and polluted sites for Tar and Sludge. The
municipal sites did not form a unequivocal pattern (Fig. 1).
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Fig. 1. — Output of non-metric Multi Dimensional Scaling (MDS) on fourth root transformed normali-
zation of the environmental data from seven sampled sites (three replicates) in the Bourgoyen-Osse-
meersen (Ghent, Belgium). (Mb): Municipal bush, (Mg): Municipal grass, (Ma): Municipal annex, (S):

Sludge, (Sa): Sludge annex, (T): Tar, (Ta): Tar annex.
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Fig. 2. — Most discriminative environmental parameters superimposed on Non-metric Multi Dimensional Scaling
(MDS) biological ordination diagrams. Sizes of shaded circles reflect the relative magnitude of the superimposed
variables. MDS output based on square-root-transformed genus abundances from seven sampled sites (three repli-
cates) in the Bourgoyen-Ossemeersen (Ghent, Belgium). (Mb): Municipal bush, (Mg): Municipal grass, (Ma):

Municipal annex, (S): Sludge, (Sa): Sludge annex, (T): Tar, (Ta): Tar annex.
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Nematode communities
and relation with the environment

Sixty-three genera from 32 different families were
identified in this study (Table 2). The Cephalobidae,

Belonolaimidae, Tylenchidae, Hoplolaimidae, Belonol-
aimidae and Plectidae were the most abundant families.

TABLE 2

An overview of the identified nematode genera families and genera ordered by feeding type in the sampled locations in the Bour-

goyen-Ossemeersen (Ghent, Belgium)

Bacteriovores Fungal-feeders Omnivores Predators “plant associated Plan‘t-

nematodes” parasites
Alaimidae Monbhysteridae Aphelenchoididae Dorylaimidae Aporcelaimidae ~ Tylenchidae Belonolaimidae
Alaimus Eumonhystera Aphelenchoides Laimydorus Aporcelaimellus  Aglenchus Geocenamus
Amphidelus Monhystera Aphelenchidae Nordiidae Mononchidae Basiria Tylenchorhynchus
Bunonematidae Monhystrella Aphelenchus Longidorella Clarkus Coslenchus Criconematidae
Bunonema Panagrolaimidae Diphtherophoridae Thornia Mononchus Filenchus Mesocriconema
Bastianiidae Panagrolaimus Diphtherophora Qudsianematidae  Mylonchulus Tylenchus Criconema
Bastiania Plectidae Tylencholaimidae Epidorylaimus Prionchulus Crossonema
Cephalobidae Anaplectus Tylencholaimellus Eudorylaimus Qudsianematidae Hoplolaimidae
Acrobeles Plectus Microdorylaimus ~— Labronema Helicotylenchus
Acrobeloides Wilsonema Prodorylaimus Thonus Rotylenchus
Cephalobus Prismatolaimidae Thornenematidae ~ Nygolaimidae Nordiidae
Cervidellus Prismatolaimus Mesodorylaimus ~ Nygolaimus Pungentus
Chiloplacus Rhabditidae Opisthodorylaimus Tripylidae Pratylenchidae
Eucephalobus Mesorhabditis Paratrypila Pratylenchus
Heterocephalobus ~ Rhabdolaimidae Tripyla Trichodoridae
Desmodoridae Rhabdolaimus Trichodorus
Prodesmodora Teratocephalidae
Diplopeltidae Teratocephalus
Cylindrolaimus Tylopharyngidae

Tylopharynx
TABLE 3

One-way permutational analyis of variance (Permanova) and one-way permutational test of mulivariate disper-

sion (Permdisp) based on Bray-Curtis square root transformed nematode community data

Permanova Permdisp
Source df SS MS F P SS MS F p
Site 6 16064.0 2677.3 3.16  0.0001 726.2 121.0 1.90  0.1564
Residual 14 11876.3 848.3 891.6 63.7
Total 20 27940.4 1617.8

Initial examination by an MDS analysis (stress: 0.19)
did show six, not clear cut, groups representing the sam-
pling sites, except for the sludge replicates, which are
not grouped (Figs 2-5). However, the MDS plot did not
show a clear pattern related to pollution, i.e. polluted
and non-polluted or annex samples are irregularly
grouped on the plot. Nevertheless, a permutational mul-
tivariate analyses of variance (PermANOVA) could
demonstrate that the sampling sites harbour significantly
different nematode communities. Multivariate disper-
sions did not differ significantly for the factor Site
(Table 3), which indicates that the significant site effect,
revealed by the PerMANOVA, is not due to artefacts as
a result of variable dispersions. However, a posteriori
pairwise comparisons showed that the nematode com-
munities from Sludge and Sludge annex were not signif-
icantly different from all the other sites. Sludge annex
harboured only a significantly different community as

compared to the Tar site, while differences between the
communities of the Sludge site and other sampling sites
could not be considered significant — most likely
because of the considerable community composition dif-
ferences between the replicates. Indicative species for
the seven sampling localities are shown in Table 4 and
Fig. 3. Only the species of Bastiana and Ogma were sig-
nificantly indicative (Monto Carlo permutation test) for
the Municipal bush site and the Tar-annex site respec-
tively. Matching the pattern found in environmental
characteristics with that found in nematode communities
(BIOSTEP) revealed a relatively small Spearman rank
correlation coefficient for any combination of pollutants
(p=0.433). Maximal matching between nematode
assemblages and pollutants was explained by Zinc,
benzo(k)fluoranteen and PAK total. A combination of
Zinc, benzo(k)fluoranteen and fluoranteen resulted in a
slightly lower correlation coefficient (p=0.430).
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TABLE 4

Total nematode abundance, genus abundance, indicative genera, Shannon-Wiener index (H’), Maturity Indices, relative abundance of
feeding types and cp-groups in the sampled locations in the Bourgoyen-Ossemeersen (Ghent, Belgium). Results + standard deviation
and with indication of significance differences (one-way ANOVA ; *=p<0.05; dotted line: significant differences between all polluted
and all annex sites; underlined and «: significant differences between the polluted and annex site of a single site)

Municipal bush  Municipal grass M:::lcel:al Sludge Sludge annex Tar Tar annex
Abundance(+SD)
per 50cm? soil 3920 (£53) 3297 (£62) 3980 (£333) 2971 (£241) 3008 (£171) 3289 (+81) 3701 (£268)
# Genera (+SD) 18 (£3) 18 (£2) 21 (£2) 17 (£2) 20 (£5) 23 (£5) 25 (£2)
Diversity (H’) 2.63 (+0.16) 2.54 (+0.12) 2.74 (+0.01) 2.51 (+0.17) 2.87 (+0.32) 2.89 (+0.14) 2.98 (+0.13)
Top 3 density Prismatolaimus Plectus Filenchus Helicotylenchus Mesodorylai-  Filenchus Ogma
mus
Mesocriconema Mesocriconema  Helicotylen- Eucephalobus ~ Rotylenchus Helicotylen- Eudorylaimus
chus chus
Eumonhystera Tylenchorhynchus Mesocri- Tylenchorhyn-  Mesocri- Alaimus Eumonhystera
conema chus conema

Indicative genera  Bastiana* (41) Teratocephalus Eucephalobus ~ Mesodorylai- Ogma* (66)
(and indicator value) (78) 25) mus (33)

Prismatolaimus (28) Wilsonema (75)
MI 2.79 (+0.11) 2.58 (£0.25)* < 3.22 (x0.37)*  2.68 (+0.06) 3.24 (£0.46) 2.86 (+£0.14) 2.84 (£0.23)
MI (2-5) 2.81 (£0.15) 2.64 (£0.27)* < 3.25(£0.38)*  2.71 (£0.03)* < 3.43 (£0.17)* 2.94 (+0.14) 3.02 (£0.14)
Trophic groups %
Bacteriovores 46.7 (+13.6) 52.8 (£16.8) 20.2 (£7.4) 30.9 (+15.7) 31.7 (£6.0) 36.2 (+4.6) 43.6 (+4.6)
fungal-feeders 1.0 (+1.7) 6.6 (£2.1) 1.9 (+2.5) 0.6 (£1.1) 15.9 (£1.6) 3.7 (£2.5) 1.7 (£2.1)
"plant associates" 4 (x1.7) 0 (£0) 29.5 (+8.3) 9.8 (£6.8) 8.2 (£0.4) 29.2 (£2.7) 11.6 (£2.3)
plant-parasites 35.7 (£16) 25.7 (£12.6) 29 (+4.8) 45.7 (£18.4) 24.5 (£12.1) 21.5 (£6.1) 28.7 (£2.6)
Omnivores 9.6 (+4.5) 6.2 (£1.6) 12.7 (£12.3) 10.3 (£2.8) 20.6 (+11.4) 9.1 (+1.0) 11.2 (+4.1)
Predators 3.0 (£1.0) 8.7 (£6.5) 6.7 (+4.6) 2.7 (£1.6) 9.1 (+8.5) 0.3 (£0.6) 3.3 (#4.1)
Cp-groups %
cp-1 1.3 (£2.3) 3.2 (£1.8) 1.0 (£1.8) 1.4 (£2.4) 8.4 (£14.7) 4.0 (£0.22) 9.1 (£5.6)
cp-2 A4 S64 (92 T 272N QAESTY & 250 (A5 T 422 (H62)% S 200 (AN
cp-3 3327103y T 194(=438) "~ 29.35(#206) ~ T T93(*9.02) T T T I7.8(36.02) T T 22.6 (x2.0) T 319 (#1435 T
cp-4 16.4 (+4.3) 20.5 (x12.0) 32.9 (£20.5) 26.4 (£1.6) 31.7 (£8.1) 25.8 (+4.8) 28.3 (£5.3)
cp-5 4.7 (+1.9) 0.38 (+0.7) 9.4 (£5.91) 2.5 (x1.16) 17.0 (£7.55) 5.3 (+0.91) 1.5 (+1.3)
cp-(3-5) 1542 (#8.2)* T T T 403 (£74)% ~ o TIR (£13.4*  382(£6.7)* © 66.5 (x10.4)* ~ 53.8 (=7.4)*  61.7 (x13.8)*

Nematode abundance & diversity

The average nematode density ranged from 2971ind./
100cm® (sludge site) to 3980 ind./100cm*® (municipal
annex site), with no significant differences between the
sites (Table 4). Disturbed sites were generally less diverse
compared to the annex sites, but this difference could not
be considered significant (p>0.05). The highest average
total number of genera (25) and average value of the
Shannon-Wiener diversity index (2.98) was recorded
from the tar annex site. Sludge was characterized by the
lowest total average number of genera (17) and the lowest
(2.51) Shannon-Wiener diversity index. (Table 4; Fig. 4).

Feeding types, “colonizer-persister”-groups
and MI

Generally, numbers of bacteriovores and plant-para-
sites are more than twice the numbers of predators, omni-
vores, fungal-feeders, and “plant associated nematodes”
(=amalgam of tylenchid nematodes that feed on algae,
lichens, mosses, epidermal cells or root hairs but of which
the exact feeding behaviour is largely unknown). The dis-

turbed sites contained relatively fewer omnivores and
predators as compared to the annex sites, however, differ-
ences were not significant (Table 4 and Fig. 5). There was
also no significant correlation found between any pollut-
ant and the composition of feeding types. Table 4 and Fig.
4 show the relative distribution of the different cp-groups.
The disturbed sites contained significantly more coloniz-
ers of type cp 2 (p=0.0003) and less persisters (cp 3-5)
(p=0.0022) compared to their annex site. Also a direct
contrast of individual polluted sites in relation to their
respective annex sites with respect to the distribution of
the cp groups showed significant differences; sludge
(p=0.006) and tar (p=0.049) had significantly more cp 2
colonizers, while municipal grass (0.049) and sludge
(0.023) had significantly fewer cp 3-5 persisters. Further-
more, the cp 2/cp 3-5 nematodes were significantly posi-
tively/negatively correlated with both groups of intercor-
related metal correlations and PAK’s content (r-values
and p-values of individual correlations are not given
because of the high intercorrelated structure of pollutants
related to pollution).
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The average maturity indices (MI/MI2-5) respectively
ranged from 2.79/2.81 (Municipal bush) to 3.24/3.43
(Sludge annex) (Table 4; Fig. 4). The total average MI/
MI2-5 were higher for the annex sites (3.10/3.24) com-
pared with the polluted sites (2.74/2.79). However, only
the MI/ MI2-5 of the municipal grass were significantly
higher compared to their respective annex site (p=0.003/

0.004); while for the sludge site differences in life strat-
egy could only be significantly (p=0.0007) appointed
with the MI2-5 index. Thus, differences related to histori-
cal pollution were slightly more pronounced for the MI2-
5 values compared to the original MI (absolute differ-
ences as well as significance levels).
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DISCUSSION

Genera: analyses and diversity

The total number of genera (63) found in this study is
high for the latitude 50°-60° where the mean number of
species is only 58 (BOAG & YEATES, 1998). In compari-
son, only 141 genera were recorded from 200 different
locations in the Netherlands that were selected to cover
the maximal habitat diversity (MULDER et al., 2005). Fur-
thermore, in another period of the year, Manhout et al.
(unpublished results) recovered a further 50 genera in our
study area that were not recovered in this study. This fur-
ther points to the remarkably high nematode diversity in
the examined alluvial plain. In disparity to the known
adverse effect of several heavy metals on nematode diver-
sity (e.g. GEORGIEVA et al., 2002; YEATES et al., 2003), no
relationship between pollution and decreasing nematode
diversity could be discerned. Possibly, the historical
nature of the pollution and time elapsed could have
allowed a build-up of the nematofauna to a high diversity.
On the other hand, several studies have shown that other,
more recent, disturbances did not have a significant effect
on nematode diversity (e.g.: urbanization: PAVAO-ZUCK-
ERMAN & COLEMAN, 2007 ; agricultural management prac-
tices: PORAZINSKA et al., 1999). Furthermore, the underly-
ing assumption that larger, more diverse assemblages
reflect “more healthy” soils and are thus “desirable” is
still under debate (YEATES, 2003). Especially there is no
unambiguous evidence to support the view that diversity
or complexity predictably affect the stability of ecosystem
properties or processes (CRAGG & BARDGETT, 2001).

“Colonizer-persister”’-groups and MI

Like other organisms, soil nematodes can be ranked
along a gradient referring to their reproductive strategies,
from larger (persistent) K-strategists adapted to stable
environments because of their long life cycles, towards
colonizing r-strategists that respond quickly to favourable
conditions (BONGERS, 1990; BONGERS & FERRIS, 1999;
FERRIS et al., 2001).

This study did not show any relation of enrichment
opportunists (cp 1) and historical pollution. The cp 1
group consists of bacteriovores that grow rapidly upon an
increase in microbial activity caused by an organic input
either biological or anthropogenic (WASILEWSKA &
BIENKOWSKI, 1985; FERRIS et al., 1996; YEATES et al.,
1997). The cp 1 group can thus show very different sensi-
tivities and reactions to disturbances and therefore are of
limited use as bioindicators (GEORGIEVA et al., 2002).

Conversely, the contribution of colonizers of type cp 2
and persisters (cp 3-5) was significantly different between
the polluted sites and their annex site. Regarding compar-
isons of individual sites, the significant augmentation of
cp 2 nematodes in the tar samples is especially informa-
tive. This because explorative analyses of the environ-
mental variables (irregular scattering of environmental
variables of the municipal sites) and the communities
(sludge community not significantly different from other
sites) reveals that the insight in the relation of the nema-
tode community and pollution within a single site can be
best explored for the tar samples. A higher abundance of

general opportunists (cp 2) is an indication of pollution-
induced stress (KORTHALS, 1997; BONGERS & FERRIS,
1999). Especially the Cephalobidae are known to increase
in proportion as a result of resource limitation such as
heavy metal addition (YEATES, 2003). Conversely, omni-
vores and predators (mostly K-strategist mononchs and
dorylaims from the cp 3-5 groups) are well known to be
negatively related to pollution or disturbance. Their abun-
dance is negatively affected by heavy metals, especially
Pb, Zn and Cu (BARDGETT et al., 1994; YEATES et al.,
1994; BAKONYI et al., 2003; GEORGIEVA et al., 2002;
NAGY et al., 2004) or by a mixture of pollutants (WRIGHT
& COLEMAN, 1988; RUESS et al., 1993; WASILEWSKA,
1996; GEORGIEVA et al., 2002). Thus taxa with higher cp
values (3-5) indicate a more stable undisturbed ecosystem
(RuEss et al., 1993; KORTHALS et al., 1996). Indirect evi-
dence of a relation between historical pollution and a shift
in the relative contribution of the cp 2/cp 3-5 nematodes
is corroborated with significant positive/negative correla-
tions with both groups of intercorrelated metal correla-
tions and PAK’s content.

Thus, this study showed significant relations between
the relative contribution of colonizer/persister and histori-
cal pollution, though only for the relative contribution of
cp 2 and cp 3-5 nematodes and not for cp 1 nematodes.
Logically, omitting the cp 1 group from the MI (=MI2-5)
(KORTHALS, 1997) should better reflect (historical) pollu-
tion-induced community changes. The average MI and
MI2-5 are clearly lower for the polluted sites compared to
the annex sites (2.74/2.79 vs. 3.10/3.23) but significance
levels are not met because of the relatively high variation
within a limited number of replicates. Differences
between the minimum and maximum MI/MI2-5 (2.42/
2.48 in historically disturbed site vs. 3.63/3.63 in annex
site) is also not pronounced as compared to several other
MI studies. For example, according to BONGERS & FERRIS
(1999) the value of the MI varies from below 2 (for nutri-
ent enriched sites) to about 4 in undisturbed sites. Since
the disturbed sites contained significantly more coloniz-
ers of type cp 2 and less persisters (cp 3-5) the difference
between MI2-5 values is on average more pronounced
than the MI range, despite the fact that the latter is com-
posed of a wider array of cp-groups. Furthermore, some
differences in life strategy could only be significantly
appointed with the MI2-5 index and not with the “over-
all” MI (see e.g. the sludge analyses).

Critical evaluation of the obtained
nematode community characteristics

The current study did not show any significant relation
between historical pollution and feeding type composi-
tion and the Shannon-Wiener diversity. Only limited, but
significant effects were observed on life-strategy-related
parameters (cp-groups, MI indexes). Although nematodes
are known to reflect long term effects (NAGY, 1999;
NAGY et al., 2004 ; GEORGIEVA et al., 2002 ; YEATES et al.,
2003; BAKONYI et al., 2003), it is experimentally indi-
cated that the nematode assemblages as represented in c-p
groups can partly recover after a few years (BAKONYI et
al., 2003). Nevertheless, despite nematodes in the current
study having had possibly more than thirty years to adapt
physiologically and genetically to the contaminants, puta-
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tive remaining effects on the community structure were
still observed. The supposed relations are here merely
based on assessing nematode assemblages as a whole
based on genus or family level. But, it has been suggested
that several ecological insights should be investigated by
addressing diversity within individual functional groups,
and species-level identification can provide pivotal infor-
mation (YEATES, 2003). Furthermore, despite the fact that
the nematode community structure is generally acknowl-
edged as an excellent bio-indicator (BONGERS & FERRIS,
1999), future research challenges should include other
biological data in order to fully understand the effects of
historical pollution.

In the current study there were considerable differences
between the replicates, which definitely reduced the sta-
tistical power and complicated interpretation of the
results. Albeit the analyses were based on bulk samples,
compounded of a mixture of 15 cores, several replicates
of a single sampling spot were remarkably different. The
observed large dissimilarity suggests high spatial differ-
ences that are possibly related to high micro-habitat varia-
bility. The latter presumably partly explains the observed
remarkably high generic variability in a geographically
small sampling area. However, patchiness and micro-hab-
itat variability have rarely been considered in ecotoxico-
logical investigations although such variability is cer-
tainly not a negligible factor in the interpretation of the
results. Insufficient insight into the micro-habitat variabil-
ity in the current study could possibly have led to the
flawed community structure pattern within the sludge
samples, and the environmental variables structure within
the municipal samples. In order to effectively cope with a
high species and habitat diversity, the use of comprehen-
sive mathematical models to obtain the appropriate sam-
ple size is possibly the way forward. Such approaches are
already common practice in agro-nematology (for an
overview, see BEEN & SCHOMAKER, 2006). Thus, future
sampling could include systematically more and smaller
cores to obtain a bulk sample of a certain optimal size
(see BEEN & SCHOMAKER, 2006).

Finally, the possibility of differences in bio-availability
and measured pollution content (KORTHALS et al., 1996)
dictates caution in interpretations, especially for the cur-
rent study, which deals with substances that were depos-
ited a long time ago. Biological effects are due to the
activity of heavy metals in solution; any bound, inert
inactive metal components will not have a direct effect on
soil processes. Furthermore, buffered conditions in soil
differ markedly from in vitro conditions. Thus, although
some significant relations between the nematode commu-
nity and historical pollution were observed in the current
study, any assessment of the direct impact of heavy met-
als, and extension to all pollutants, should be based on
their activity rather than total concentration (e.g. YEATES
et al., 2003). Use of the cotton strip decomposition
method (YEATES et al., 1994; LATTER et al., 1998) is pro-
posed as an example of such an effect-based measure-
ment.

Thus, studies such as the present investigation do not
permit elucidation of causal relationships between nema-
todes and environmental factors. The observed significant
relationships between historical pollution and nematode

life strategy characteristics remain to be further analysed
with more experimental approaches, though, the obvious
constraints associated with studies that cover such a long
time-span remain a restricting factor.
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in northwestern China
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ABSTRACT. Introgressive hybridization is a common feature of the contact zone between divergent partridges of the genus Alec-
toris. The rusty-necklaced partridge (4/ectoris magna) is paralleled with the chukar partridge (4. chukar) along the Liupan Moun-
tain in northwestern China, and hybridization between the two species has been detected in the contact zone within this region. We
examined nine populations of rusty-necklaced partridge and eight populations of chukar partridge to determine the extent and
nature of the hybridization between them. A total of 458 nucleotides of mitochondrial DNA control-region were sequenced, reveal-
ing a strong asymmetry in introgression between the two taxa. The hybrids, morphologically identified as A. magna, were partly
introgressed with genetic material from A. chukar. The haplotype diversity and nucleotide diversity decreased with increasing
hybrid ratio among hybrid populations. The genetic integrity of the rusty-necklaced partridge is shown to be at risk from the intro-

gressive hybridization.

KEY WORDS : Alectoris magna, Alectoris chukar, introgressive hybridization, genetic diversity, genetic assimilation

INTRODUCTION

Hybridization and introgression are increasingly recog-
nized as important factors in the diversification of plants,
and provide an excellent opportunity to study evolution-
ary processes (ARNOLD, 1997 ; KLINGENBERG et al., 2000).
Speciation caused by introgressive hybridization occurs
frequently in plants (ELLSTRAND & SCHIERENBECK, 2000),
but its importance in animal evolution remains controver-
sial. The importance of introgressive hybridization is
increasingly supported by recent molecular and ecologi-
cal studies (ROQUES et al., 2001). Hybridization is rela-
tively common in birds (GRANT & GRANT, 1992), and
many avian parapatric distributions have been described
(e.g. RISING, 1983) that apparently represent stable zones
of overlap and hybridization.

In some cases, hybrids may constitute a large part of
the natural populations (CRESPIN et al., 1999). Also, seri-
ous problems for the conservation of rare native species
can occur because of hybridization (LEARY et al., 1995).
Natural hybridization is expected to increase genetic
diversity and fitness (ROELKE et al., 1993), such as in
plant species of hybrid origin, and in genetic exchange
among microorganisms. Empirical evidence supporting
this hypothesis remains ambiguous. Hybridization can
result in genetic assimilation and hybrid depression (Ris-
ING, 1983; RYMAN et al., 1995). Hybridization can also
compromise the genetic integrity of existing species to
the point of causing genetic extinctions (GILL, 1994;
ABERNETHY, 1994). Hybridizing avian populations often
show low geographic variation and absence of diagnostic
alleles at both nuclear and mitochondrial loci (RANDI &
BERNARD-LAURENT, 1999). We are not yet able to make a
priori judgments about when the “positive” or “negative”

effects of hybridization will dominate. There is thus a
practical need for advanced studies.

Two closely related species of Alectoris partridge,
namely, rusty-necklaced partridge (Alectoris magna)
and chukar partridge (4. chukar), are distributed in
northern China. The former is limited to small areas in
Ningxia, Gansu and Qinghai, while the latter is found
in the broad Palearctic region. They live parapatrically
along the Liupan Mountain (Liu, 1984; Fig. 1). The
Liupan Mountain represents a barrier to dispersal and
an area of secondary contact among many western and
eastern taxa (WANG, 1988). Hybridization between the
two species was detected in the contact zone (CHEN et
al., 1999; Liu et al., 2006), and provided an interesting
case to illustrate the consequences of asymmetrical
introgression on genetic diversity. We thus undertook
to clarify the genetic status of rusty-necklaced par-
tridge in the parapatric region based on mitochondrial
DNA (mtDNA) control-region. Our general aims were:
(1) to infer the extent of introgressive hybridization
between the two species, (2) to discuss the causes of
the hybridization, and (3) to assess the effects of the
introgressive hybridization on rusty-necklaced par-
tridge.

MATERIALS AND METHODS

Sample collection and DNA extractions

A total of 106 birds from nine populations of rusty-
necklaced partridge were collected along the Liupan
Mountain from the following localities: Lanzhou (LZ,
n=17), Dingxi (DX, n=10), Jingyuan (JY, n=10), Haiyuan
(HY, n=22), Huining (HN, n=10), Beidao (BD, n=9),
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Zhuanglang (ZL, n=10), Lixian (LX, n=10) and Wushan
(WS, n=8) (Table 1, Fig. 1). Eighty-four birds from eight
populations of chukar partridge were collected from the
following localities: Tianshui (TS, n=10), Xichuan (XC,

TABLE 1

Number of hybrids and hybrid ratio in the nine populations of
rusty-necklaced partridge

n=10), Quzi (QZ, n=10), Tongchuan (TC, n=10), Panke Population N Nul?;,l;:ir; of Hybr(i‘;);ation
(PK, n=10), Gaoping (GP, n=14), Honghui (HH, n=10) Huinin m 0 .
and Wangxia (WX, n=10) (Fig.1). Wild birds were col- |y o 0 o
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2002 and 2003). Liver samples were dissected from birds Haiyuan 22 9 4091
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Fig. 1. — Map showing the sampling sites. A: Alectoris magna, A: A. chukar.

Laboratory methods

Two oligonucleotide primers, PHDL (5-AGGAC-
TACGGCTTGAAAAGC-3) and PHIH (5-TTATGT-
GCTTGACCGAGGAACCAG-3) (RanDpI & LUCCHINI,
1998), were used to amplify and sequence 458bp mito-
chondrial DNA control-region segment. There was 1 unit
of Taq DNA polymerase in 35uL reactions. The final con-
centrations were 10mmol/L Tris-HCI (pH 8.3), 50mmol/L
KCl, 1.5mmol/L. MgCl,, 150umol/L. dNTP, 10pmol/L
primers and about 100ng DNA templates. PCR conditions
were as follows: 95°C 4min; 35 cycles of 95°C 40sec,
55-58°C 40sec, 72°C 60sec; followed by 72°C 10min in
PE2400 thermocycler. After examination by 1% agarose
gel electrophoresis, PCR products were purified with
Wizard™ PCR Preps DNA purification box (Promega
Inc. USA). Sequences were obtained by the double-

stranded DNA cycle sequencing with each of the primers
used in the amplifications on an ABI 373 automated
sequencer. All individuals were sequenced in both direc-
tions. The sequences were deposited in GenBank and the
accession numbers are from DQ157593 to DQ157619 (4.
magna), and from AY 190634 to AY 190659 (A. chukar).

Sequence analysis

Sequences were aligned by Clustal X Procedure
(TaOMPSON et al., 1997) and refined manually. Arlequin
2.0 (SCHNEIDER et al., 2002) was used to define the haplo-
types. DnaSP4.0 (Rozas et al., 2003) was used to esti-
mate population haplotype diversity (h), mean number of
pairwise differences (k), nucleotide diversity (w). The dif-
ference of haplotype and nucleotide diversity between the
hybridized populations and the pure ones was compared
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statistically using a randomization test. The individuals
were pooled and then randomly assigned to the two
groups. The difference between these random values was
stored and this procedure was repeated 1000 times. The
observed differences were compared with this random
distribution: the P value (p) is given by the proportion of
random values greater than the observed one (using abso-
lute values because the test is two-tailed).

The population differentiation was determined using
the Arlequin 2.0 analysis of molecular variance
(AMOVA) (SCHNEIDER et al., 2002). Unrooted haplotype
networks were obtained using TCS1.21 Procedure (TEM-
PLETON et al., 1992). A Mantel test (MANTEL, 1967) was
performed to estimate the relationship between two inde-
pendent dissimilarity matrices: the genetic diversity and
hybrid ratio.

RESULTS

Introgressive hybridization and hybrid ratio

Of all the samples, a total of 458 nucleotides of the
mtDNA control region genes were sequenced. Twenty-
eight samples of rusty-necklaced partridge from five pop-
ulations (Zhuanglang, Lixian, Haiyuan, Beidao and Huin-
ing) had chukar partridge mtDNA genotype. The hybrids
were morphologically similar to 4. magna. However,
there were no samples of chukar partridge with rusty-
necklaced partridge genotype. We thus confirmed that the
hybridization between the two species was asymmetrical
introgression, gene flow being only from chukar partridge
into rusty-necklaced partridge. The hybrid ratio ranged
from 10.00% (Huining) to 80.00% (Zhuanglang) in the

five hybrid populations (Table 1). The total hybrid ratio
was 20.75% in rusty-necklaced partridge.

Mitochondrial DNA haplotype

The mtDNA control-region sequence alignment showed
50 different haplotypes, defined by 67 polymorphic sites
including 65 substitutions (40 transitions and 15 transver-
sions) and two deletes (187, chukar; 246, magna) (Table
2). There were 17 haplotypes (C1-C17) belonging to chu-
kar partridge, among which C1 was the most common hap-
lotype, with 41 individuals from all the sampling sites of
chukar partridge (Table 2). The number of observed haplo-
types within populations of chukar partridge ranged from
three in Honghui to six in Gaoping. Twenty-five haplo-
types (M1-M25) were found in rusty-necklaced partridge.
The number of observed haplotypes within populations
varied from one in Zhuanglang to seven in Lanzhou (Table
3). The most common haplotype M2 was geographically
widespread, in 32 individuals of rusty-necklaced partridge.
The hybrids had 12 haplotypes, among which four haplo-
types (C1, C2, C3 and C12) were shared with chukar par-
tridge and the others (H1-H8) were unique haplotypes. As
in the chukar partridge, haplotype C1 was the most com-
mon haplotype with 16 hybrids.

The haplotype network showed that haplotypes of chu-
kar partridge and hybrids grouped together, stemming
from C1, which was at the centre of a star-like topology
(Fig. 2). The haplotypes of rusty-necklaced partridge con-
stituted the other group, stemming from M2, which was at
the other centre of a star-like toplogy (Fig. 2). The pair-
wise percentage sequence divergence between chukar
partridge and rusty-necklaced partridge was 0.0599.

TABLE 2
Haplotyes and variable sites of chukar partridge (C1~C15), rusty-necklaced partridge (M1~M25) and hybrids (C1~C3, C12, H1~H8)

Haplotype Variable positions in sequences Sampling location (sample size)
0000000000000001111111122222222222222222222222222223333333333333444
0001111122255670005689900111112222333344444557889990001113478999445
1350578978905493482170602012683458567812456388890194560145813479064

Cl ACCTCAAAACCCGCTATACA- *
CCTTGGTAAGCTCTCACTCTCTCGCACTCTTACACCGACTCTACCC

Cz k.

C3 TS(1),HH(1)

C4 TS(1), HY(1)

C5 TS(1),QZ(2)

C6 XC(1),Qz(1)

C7 XC(1)

C8 QZ(1)

C9 TC(3)

Cl10 TC(1)

Cl11 PK(5)

C12 PK(2),WX(1),GP(1), LX(1)

C13 WX(1)

Cl4 WX(1)

C15 GP(1)

Cl16 GP(1)

C17 GP(1)

Ml T.CGGT...AAAG... T.TGC..T..T..TC.GTC.T..GT.CT.. LZ(1),LX (1)

M2 T.CGGT..AAAG.. TTGC..T-.T..TC.GTC.T.GT.CT.. ok

M3 T.CGGT...AAAG... TTGC..T-.T..TC.GTC.T..G.T.CT.. LX(3)

M4 T.CGGT...AA AG.ATTGC.T.T.T..TC.GTC.T.G.T.CT.. LX(1)

M5 T.CGGT...AA AGA.TTGC. T.T.T.CTC.GTC.T..G...CT.. BD(5)
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TABLE 2
Haplotyes and variable sites of chukar partridge (C1~C15), rusty-necklaced partridge (M1~M25) and hybrids (C1~C3, C12, H1~HS)

Haplotype Variable positions in sequences Sampling location (sample size)
M6 T.CGGT..AA AG... T.TGC.T.T.T..TC.GTC.T..G...CT.. BD(1)

M7 T.CGGT...AAAG... T.TGC.. T-.T..TC.GTC.TA.GT.CT.. WS(2)

M8 L G...T.CGGT..AAAGA. TTGC.T.T.T..TC.GTC.TA.GT.CT.. WS(1)

M9 T.CGGT...AAAG... TTGC.CT.T.T.CTC.GTC.T..G...CT.. WS(1)

MI0O T.CGGT..AAAG...T.TGC..T..T..TC.GTC.T..G..CT.. LZ(3),JY(1),HY (1), WS(3)
MIl1 T.CGGT..AA AG... TCTGC...-.T..TC.GTC.T..GT.CT.. DX(5)

MI12 T..CGGT..AA AG...T.GC..T-.T..TC.GTC.T..GT.CT.. DX(1)

M13 covreene. TL.CG.GT...AAAG...T.TGC..T-.T..TC.GTC.T.GGCT.CT.. DX(1),HN(1)
Ml14 weeeeeene. LGCGGT...AAAG... T.TGCT.T-. T..TC.GTC.T.GT.CT.. HN(1)

M1 L G.....T.CGGT..AA.AG...TCTGC..T-.T..TC.GTC.T..GT.CT.. HN(1)

Ml6 T.CGGT...AAAG... TTGCT.T-.T..TC.GTC.T.GT.CT.. HN(1),HY(1)
M17 T.CGGT..AAAG.. TTGC.T-.T..TC.GTC.T..GTCCT.. HY(1)

MI8 T..CGGT..AAAG...T.TGC..T-.T..TC.GTC.T..GT.CTGG HY(1)

M9 T.CGGT...AAAG.. T.TGC..T-.T..TC.GTC.T.GT.CT.G HY(2)

M20 ..T.CGGT..AA AG... TCTGC....T..TC.GTC.T.GT.CT.G JY(3)

M21 ..T.CGGT..AA AG... T.TGC..T-.T.. TC.GTC.T..GT.CTG JY(2)

M22 coveeene. T.CG.GT...AA.AG...T.TGC..T-.T..TCCGTC.T..GT..T.. LZ(2)

M23 T..CGGT..AA AG... T.TGC..T-.T.. TCCGTC.T..GT..T.. LZ(2),DX(1)
M24 L G..T.CGGTT..AA.AG...T.TGC.....T..TC.GTC.T..GT.CT.. LZ(2)

M25 T.CGGT..AA AG.. T.TGC...-.T..TC.GTC.T..GT.CT.. LZ(1)

H1 BD(1)

H2 ZL(1)

H3 Z1(1)

H4 HY(1)

H5 LX(1)

H6 HY(1)

H7 HY(1)

HS8 HY(1)

*: TS(5),XC(7),QZ(5), TC(5),PK(3), WX(5),GP(4),HH(7), BD(1),HY(3),ZL(6)
*%: TS(2),XC(1),QZ(1), TC(1),WX(2),GP(6),HH(2), HN(1)
##%: FIN(5),BD(1),HY(7),LZ(6),DX(2), WS(1),LX(3),JY(4), ZL(2).

TABLE 3

Total number of haplotypes and number of unique haplotypes found within each population, mean pairwise differences (K) and nucle-
otide diversity () and haplotype diversity (h) of Alectoris chukar, A. magna and hybrids.

Population Sample size Total haplotypes Unique haplotypes K @ (xxSD) h (x+SD)
Alectoris magna
Huining 9 5 2 2.17 0.0047+0.0018 0.73£0.16
Wushan 8 5 3 3.14 0.0057+0.0011 0.86+0.11
Beidao 7 3 2 1.81 0.0039+0.0018 0.52+0.04
Haiyuan 13 6 3 0.85 0.0028+0.0008 0.72+0.13
Jingyuan 10 4 2 2.47 0.0054+0.0009 0.78+0.09
Lanzhou 17 7 3 2.60 0.0057+0.0009 0.85+0.06
Dingxi 10 5 2 3.18 0.0069+0.0012 0.76+0.13
Lixian 8 4 2 1.03 0.0023+0.0005 0.78+0.12
Zhuanglang 2 1 0 0.33 0.0000 0.00
Total 88 25 19 233 0.0051+0.0005 0.83+0.04
Alectoris chukar
Tianshui 10 5 1 1.31 0.0029+0.0007 0.76+0.13
Xichuan 10 4 1 0.96 0.0027+0.0009 0.53+0.18
Quzi 10 5 1 1.11 0.0027+0.0007 0.76+0.13
Tongchuan 10 4 2 1.93 0.0042+0.0008 0.71£0.12
Panke 10 3 1 1.47 0.0032+0.0005 0.69+0.10
Gaoping 14 6 3 1.62 0.0036+0.0006 0.77+0.09
Wangxia 10 5 2 1.53 0.0035+0.0009 0.76+0.13
Honghui 10 3 0 0.91 0.0020+0.0007 0.51£0.16
Total 84 17 11 1.49 0.0033+0.0003 0.73+0.05
hybrids 22 12 8 1.28 0.0035+0.0007 0.80+0.09
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Alectoris chukar and hybrids

M4
2 __M20

Alectoris magna

Fig. 2. — Haplotype network using the number of different mutations among 50 mtDNA haplotpyes of Alectoris chu-
kar, A. magna and hybrids. Distances between linked haplotypes correspond to one mutation, except when shown by

numbers.

Genetic diversity

Nucleotide diversity among the nine populations varied
from 0.0000 (Zhuanglang) to 0.0069 (Dingxi); at the
same time, haplotype diversity ranged from 0.00
(Zhuanglang) to 0.86 (Wushan) in rusty-necklaced par-
tridge (Table 3). The pairwise divergence between haplo-
types of rusty-necklaced partridge was lowest in Zhuang-
lang (k=0.00) and highest in Dingxi (k=3.18). Nucleotide
diversity ranged from 0.0020 (Honghui) to 0.0042 (Tong-
chuan), and haplotype diversity varied from 0.51 (Hong-
hui) to 0.76 (Tianshui, Quzi and Wangxia) among the
eight populations of chukar partridge (Table 3). Nucle-
otide diversity and haplotype diversity of hybrids were
0.0035 and 0.80, respectively (Table 3).

The average nucleotide diversity and haplotype diver-
sity in the five hybrid populations of rusty-necklaced par-

>
= 0.005 [ o y = -0.0059x + 0.0048
S 0. 004 P’ R = 0. 906 A
S 0.003
(0]
S 0.002
2 0. 001
0 0.2 0.4 06 038 1
hybrid ratio

tridge (Huining, Baidao, Haiyuan, Zhuanglang and Lix-
ian) were 0.0027 and 0.55, respectively, while those of
the other populations (Lanzhou, Dingxi, Jingyuan and
Wushan) were 0.0059 and 0.81. Statistically insignificant
differences in haplotype diversity and nucleotide diversity
were observed between five hybridized populations and
the pure ones (p>0.05) based on randomization tests. The
Mantel test indicated that the haplotype diversity and
nucleotide diversity showed negative correlation with
hybrid ratio (r=-0.847, p>0.05, n=5; r=-0.905, p<0.05,
n=5) among the five hybrid populations (Fig. 3). The
results of AMOVA showed significant genetic differentia-
tion (¥2=32.06, p<0.01, n=9) between the five hybrid
populations and the other four non-hybrid population of
rusty-necklaced partridge.

>
.‘% 1 =-1.0162x + 0.9016
0.8 R R = 0. 847
5 0.6 E
(0]
20.4
5 0.2
g o0 .
<
0 0.5 1
hybrid ratio

Fig. 3. — The relationship between genetic diversity and hybrid rate. A: nucleotide diversity, B: haplotype diversity.
Regression equation and correlation coefficient (r) are given. Each dot represents one population.

DISCUSSION

A general difficulty in studies of hybridization in the
wild is to assess the degree of hybridization of individuals
(CRrEsPIN et al., 1999). Historically, morphological mark-
ers such as counts, measurements and colour patterns

were first used to describe hybridization. More recently,
molecular tools have provided very informative genetic
markers. Mitochondrial DNA data showed a strong asym-
metry in introgression between rusty-necklaced partridge
and chukar partridge. Some partridges from the contact
zone, morphologically identified as 4. magna, are actu-



20 Zuhao Huang, Zhisong Yang, Jiao Zhang & Naifa Liu

ally partly introgressed with A. chukar. The introgression
demonstrates that the natural hybridization does not affect
both taxa in the same way (CRESPIN et al., 1999). Behav-
ioural, ecological or genetic factors must act in the hybrid
zone, either favouring the advance of chukar partridge
alleles into the rusty-necklaced partridge genome or
impeding that of the latter alleles into the former genome.
From a theoretical viewpoint, this asymmetry may be the
result of various factors (ENDLER, 1977). One possibility
is asymmetrical selection caused by an asymmetrical
hybrid breakdown, as demonstrated by MoraN (1979).
An alternative possibility is asymmetrical gene flow
(MAY et al., 1975), resulting from differences in genera-
tion time (BARTON, 1986), in mating behaviour (LAMP &
AVISE, 1986; KONKLE & PHILIPP, 1992) or some other
component of fitness (ABERNETHY, 1994) between the two
parental taxa. Among all these hypotheses, differences in
mating behaviour and generation time do not appear to be
relevant because laboratory experiments have revealed no
such evidence. By contrast, an alternative hypothesis is
that gene flow from chukar partridge to rusty-necklaced
partridge is more important than gene flow in the reverse
direction, because of the different habitat distributions of
the two taxa. Chukar partridge has wide ecological ampli-
tude and niche variation. In terms of its widespread Pale-
arctic distribution and varied habitat affinities, chukar
partridge may be considered the most successful of the
seven species of Alectoris (JOHNSGARD, 1988). Because of
its considerable adaptability and tolerance of conditions,
hybrids involving chukar partridge have been recorded in
other locations also: 4. chukar x A. rufa in Italy (BARATTI
et al., 2004) and A. chukar % A. graeca in Greece (DRAG-
OEV, 1974).

The introgressive hybridization cloud takes place
through secondary contact between A. chukar and A.
magna in the Liupan Mountain region. Fossils of Alec-
toris were recorded in early Pleistocene deposits in China
(WETMORE, 1934), which demonstrated that Alectoris par-
tridges were widespread in northwestern China during the
early Pleistocene. Biochemical and molecular data
(RanDI & LuccHINI, 1998) suggested the divergence time
between the two species was 1.90 million years ago, cor-
responding to Donau glaciation. Because of its lower alti-
tude and precipitation, the Chaidamu Basin experienced
no glacier effect during the Pleistocene (L1 & L1, 1991),
and thus it acted as a refuge for rusty-necklaced partridge.
The ancestors of 4. magna could have evolved in the
Basin (HUANG et al., 2007). After the last glaciation, natu-
ral changes (such as desertification), and, more recently,
anthropogenic habitat alterations such as deforestation
and agriculture, produced a rapid extension of the ecolog-
ical conditions suitable for rusty-necklaced partridge,
which, in turn, resulted in their increased hybridization
with chukar partridge along the Liupan Mountain.

Some authors have found that introgressive hybridiza-
tion results in local genetic extinction of birds, such as
Anas platyrhynchos x A. rubripes (ANKNEY et al., 1987),
Icterus galbulax I. bullocki (RISING, 1983), Passerina
cyaneax P. amoena (RISING, 1983) and Vermivora pinus x
V. chrysoptera (GILL, 1994). ABERNETHY (1994) observed
that the genetic integrity of the Scottish mainland red deer
(Cervus elaphus) was shown to be at risk from sika (Cer-
vus nippon). Rusty-necklaced partridge was strongly

introgressed with chukar partridge, which raises questions
about its genetic integrity. The haplotype diversity and
nucleotide diversity decreased with increasing hybrid
ratio among hybrid population. The Zhuanglang popula-
tion exhibited the lowest nucleotide diversity and haplo-
type diversity, with the highest hybrid ratio (80.00%) and
the least haplotypes (M2). Asymmetrical introgression
between the two species may eventually result in local
genetic assimilation of rusty-necklaced partridge popula-
tions.
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ABSTRACT. The paper describes and illustrates the morphology of all preimaginal stages of Rabigus tenuis (Fabricius, 1792),
including a detailed account of chaetotaxy and porotaxy. This is the first description of the immature stages for the genus Rabigus.
Morphological differences between the first (L,) and next (L, and L,) larval instars are to be found in the: chaetotaxy of head, pro-
femur, protibia, tarsungulus, abdominal tergites, sternites and urogomphi; structure of antennae, maxillae and urogomphi; micro-
structure of abdominal tergites, proportions of the bodyparts, body colour and habitus. Diagnostic characters of egg, larva and pupa
of this species are given. Some data on its distribution, environmental requirements and biology under laboratory conditions are
also provided. All immature stages of R. tenuis were compared with those of related genera and the respective distinguishing char-

acters are provided.

KEY WORDS : Staphylinidae, Rabigus tenuis, immature stages, morphology, chaetotaxy.

INTRODUCTION

Nineteen species of the genus Rabigus Mulsant & Rey,
1876 are currently known worldwide. Three occur in
Europe, two of which are found in Poland: R. pullus (Nor-
dmann, 1837) and R. fenuis (Fabricius, 1792). Until 1980
the taxon Rabigus was considered as a subgenus of the
genus Philonthus Stephens, 1829 by most authors (SME-
TANA, 1959; LucHT, 1987). In recent years, however, it is
mostly considered as a genus of its own (LOHSE & LUCHT,
1989). The taxonomic history of the taxon clearly illus-
trates that it is closely related to Philonthus.

Nothing is known of the morphology and general biol-
ogy of the preimaginal stages of the genus Rabigus
(PAuLIAN, 1941; PotoTskAya, 1967; KAsuLe, 1970;
Topp, 1978; HINTON, 1981; STANIEC & PIETRYKOWSKA-
Tubpruy, 2007b). Some information on the ecology of R.
tenuis is provided in SMETANA (1958), BURAKOWSKI et al.
(1980) and Szuseck1 (1980). The main goal of this study
is to describe the immature stages (egg, all three larval
instars and pupa) and to observe the biology of this spe-
cies in captivity.

MATERIALS AND METHODS

All immature stages of R. tenuis (eggs, three larval
instars and pupa) were obtained by rearing 37 adults (11
of them females). These adults were collected on April
27-29, 2006 in sunny places, free of vegetation, in Lublin,
and on an exposed loess slope with xerothermic plants in
Ciechanki Lancuchowskie near Lublin, SE Poland.

The collected adults were divided in the laboratory into
two groups. 1) In order to determine the life cycle, repro-

ductive activity, fertility and mortality of this staphylinid,
six pairs (female and male) were reared separately. 2)
Specimens of the second group (25) were reared together.
The immature stages obtained from these adults were
used for the description of morphology.

All beetles were kept in plastic containers (10cm diam-
eter x 7cm high), filled with soil. Two hundred eggs, com-
ing from six pairs reared separately, were placed sepa-
rately in plastic containers (7cm diameter x 4cm high)
about 1/3 filled with moist soil. The insects were reared
from egg to adult, at a temperature of 24+3°C. Different
larval instars were fed with ant larvae. The immature
stages obtained from the adults reared together were pre-
served in a 1:3 solution of glycerine and alcohol. For
microscopic studies, the punctured larvae were rinsed in
distilled water, cleared in chloralphenol and in lactic acid.
Drawings were made from the preparations in lactic acid.
Habitus illustrations of larvae, pupae and adults were
based on photos of freshly-killed individuals.

The material examined comprises: a) 10 eggs, 11 L, 12
L,, 11 L, and 16 pupae used for the study of morphology;
all immature stages were reared from the eggs laid by the
collected adults; b) 27 adults (including 12 females), 200
eggs, 141 L, 91 L,, 52 L, 32 prepupae and 26 pupae,
used for the study of life history.

Chetotaxy of R. tenuis is generally named based on the
principles used for description of some species of the sub-
family Staphylininae by SOLODOVNIKOV & NEWTON
(2005) and summarized in SOLODOVNIKOV (2007).

Setae of thoracic segments I-III (chaetotaxy in L,, L,,
and L, is the same) and abdominal segment IX (it is
unclear which setae of L,, L, are homologous with those
of L,) were not coded here.
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RESULTS

1. Description of the developmental stages

Egg (Figs 1A-F)

Length: 0.90-1.04mm (mean 0.95mm), width: 0.58-
0.66mm (mean 0.61mm). Macroscopic aspect (Fig. 1):
milky white, oval; with about 35 unbranched, clearly vis-
ible, longitudinal ridges, about 12 of which reach poste-
rior pole. Posterior pole with projection slightly widened
on the end (Fig. 1A); egg 2.8-5.6 times as long as projec-
tion. Openings of aeropyles clearly visible, arranged
between ridges in at least 10 rows from 6 to 8 aeropyles
each (Figs 1; 1B). Microscopic aspect: aeropyles open-
ings, chorion microstructure and anterior pole as in Figs
1B-F.

Date of the beginning of rearing adults: 26.1V.2006.
The period of egg observation in the laboratory: 29.V-
27.V1.2006.

Third instar larva (L)

Body length (from anterior margin of nasale to the end
of pygopod): 6.10-7.10mm (mean 6.85mm); head width
(between stemmata): 0.65-0.68mm (mean 0.66mm); head
length (from anterior margin of nasale to neck): 0.83-
0.90mm (mean 0.87mm); pronotum width in broadest
place: 0.69-0.79mm (mean 0.72mm). Colour: head
brown, mandibles dark brown, antennae, maxillae,
labium yellowish, pronotum yellowish-brown, meso- and
metanotum yellowish-grey, legs light yellowish-brown
with brown tarsungulus, abdominal tergites grey-white,
body and urogomphi dirty white, toracic sternite yellow-
ish-brown, abdominal sternite yellowish-white. Macro
and micro setae of head, thorax, some setae on abdominal
segments simple (Fig. 4); most setaec on abdominal seg-
ments and urogomphi rod-shaped and frayed apically
(Figs 5-11). Body elongated, abdomen slightly widened
to segment V and then gradually narrowed to the terminal
segment of the body.

Head (Figs 13-15; 15B; 15D; 17-24; 26; 27): about
1.2 times as long as wide, side margins almost parallel;
dorsal ecdysial lines bifurcate before half of head length
(Fig. 13). Chaetotaxy of epicranial (E) part: with 32 setae
(codes: 12-27), six pores (codes: a-c) and two glands
(Gl); posterior (P) part with six micro setae (codes: 28-
30) and two pores (code: d) (Fig. 13). Ventral side of head
with about 14 setae, six pores and a pair of clearly visible
tentorial pits (Figs 15; 15D). Apotome (Ap) (Figs 15; 21)
in broad outline triangular, slightly extending beyond ten-
torial pits; with six setae, two pores and a pair of glandu-
lar pits (Gp). Each side of head with four stemmata (Figs
14; 14A) in a cluster, three stemmata almost of equal size,
the fourth one clearly smaller than the others (Fig. 14A).
Antenna (Figs 17; 18) 4-segmented, length ratio of seg-
ments [-IV 1.0:1.9:2.1:1.1. respectively; segment I 1.1 as
wide at the base as long, with one pore ventro-apically;
segment II 2.3 times as long as wide, with two pores (one
dorsally, and one ventro-apically); segment III 2.5 times
as long as wide in the widest place, with three macro setae
(one ventro-laterally and two laterally), two sensory
appendages (Sa) (one club-shaped and second tiny), two

solenidia (So) and one pore ventrally; segment IV 2.5
times as long as wide at the widest place, about 2.1 times
as long as sensory appendage, with three setae and four
solenidia (So) apically. Nasale (Na) (Figs 13; 19) with 22
setae (14 macro and eight micro), two pores medially, two
olfactory organs (Og) anteriorly and two glandular pits
(Gp) posterio-laterally. Anterior margin of nasale (Fig.
19) with nine teeth divided into three distinct clusters
(one middle and two lateral), each cluster with three teeth,
paramedian teeth (Pmt) about 2.1 times as long as median
tooth (Mt). Epipharynx (Fig. 20) with four bunches of
straight, long hairs each, two olfactory organs (Og) at the
anterior margin and 14 cuticular processes posteriorly.
Mandible (Fig. 22) with uneven inner margin, two setae
on outer margin and two pores dorsally. Maxilla (Figs 23;
24): length ratio of cardo (Cd) and stipes (St) 1:1.5; cardo
1.3 times as long as wide at the base, bearing one seta
ventro-laterally; stipes 2.8 times as long as wide with
seven setae (two on outer margin, two ventrally, three at
the inner margin) and one pore. Mala (Ma) (Fig. 23) fin-
ger-shaped, with two long and two short setae apically;
length ratio of mala and segment I of maxillary palp:
1:1.4.

Palpifer (Pf) (Fig. 23) with one pore and two micro seta
ventrally. Maxillary palp (Pm) 4-segmented; length ratio
of segments [-IV: 1.5:1.9:1.7:1.0 respectively; segment I
1.8 times as long as wide, with two pores; segment II 2.4
times as long as wide, with two setae and two pores; seg-
ment III 3.9 times as long as wide, with one digitiform
sensory appendage basally on outer margin; segment IV
3.4 times as long as wide, with two pores and a few
microsensory appendages on the apex (Fig. 24).

Hypopharynx: dorsal side of labium membranous and
densely pubescent (Fig. 26). Labium (Fig. 27): ventral
side of prementum (Pmnt) sclerotized, with four setae
(two macro and micro) and two pores laterally. Ligula
(Lg) conical, 2.5 times as long as wide at base; almost as
wide as segment I of labial palp at the base; ligula almost
as long as segment I of labial palp; apex with a few
(clearly visible 2) microsensory appendages. Labial palps
(PI) 3-segmented; length ratio of segments I-III
2.1:1.4:1.0 respectively; segment I with one pore
laterally; segment III with one pore laterally and one
microsensory appendage apically.

Thorax (Figs 3; 28-30): pro-, meso-, and metanotum
with mid-longitudinal ecdysial line. Pronotum (Fig. 28)
with 46 (23 x 2) setae and eight pores; meso- (Fig. 28)
and metanotum with similar chaetotaxy, each with 44 (22
X 2) setae (ten micro), eight pores and a pair of coeloconic
sensilla (Cs) probably (Fig. 28D). Microstructure the
anterior part pro- and mesonotum as in Figs 28A, C. Cer-
vicosternum (Cr) (Fig. 29) triangular with ten setae (two
micro). Prosternal area with two sternites (Sn), each with
one seta; membranous surface between sternites and
coxal cavities (Cc) with two pair setae, and between cer-
vicosternum (Cr) and sternites (Sn) with six setae. Meso-
and metasternal areas membranous, each with 12 micro
setae: four between legs, six at the base of legs and two
anteriorly (Fig. 29). The area between pro- and mesotho-
rax with a pair of functional spiracles (Sp), one macro
seta in front of each spiracle (Fig. 29). Foreleg (Fig. 30):
femur (Fe) with 24 setae (15 spine-shaped of different
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length, nine micro, codes: 1-24) and two pores (codes: a,
b); tibia (Tb) with 18 spine-shaped setae of different
length (codes: 1-18) and one pore (code: a), tibial comb
absent; tarsungulus (Tu) with three spine-shaped setae
(codes: 1-3). Length ratio of profemur, protibia and pro-
tarsungulus 3.7:2.6:1 respectively.

Abdomen (Figs 3; 33; 34; 36; 37; 38; 40; 42): seg-
ments [-VIII each with tergite (Te) and sternite (St)
divided into two parts by membranous area until seg-
ments VII, a pair of paratergites (Pt) and a pair of paras-
ternites (Ps) laterally (Figs 33; 34; 36); on segment I
paratergites and parasternites partly fused (Fig. 34). Seg-
ment I: tergite with 34 setaec (20 macro and 14 micro,
codes: 1-17) and eight pores (codes: a-d) (Fig. 33); ster-
nite with 18 setae (four macro rod-shaped and frayed api-
cally, 14 micro, codes: 1-9) and two pores (code: a) (Fig.
36); fused paratergites and parasternites each with seven
setae (five macro rod-shaped and frayed apically, two
micro). Segments II-VIII: tergites with about 40 setae
(32-34 macro rod-shaped and frayed apically and 6-8
micro, codes: 1-20); sternites with 30-32 setae (22 macro
rod-shaped and frayed apically, 8-10 micro, codes: 1-15);
paratergites and parasternites each with four setae and six
setae (1 micro) respectively. Tergites [-IX each with a pair
of organs that are probably campaniform or coeloconic
sensillac (Ca) antero-lateraly (Figs 33B, 34). Microstruc-
ture of tergites of segments I-VIII as in Figs 33A; C-F;
tergite and sternite of segment IX with 18 setae (four
micro) and 14 setae (four micro) respectively (Figs 37;
38; 40). Microstructure of tergite and sternite of segment
IX as in Figs 37A; B; D; E. Segment IX with pair of two-
segmented urogomphi (Figs 37; 38; 40; 42); segment |
with 25 setae (codes: 4-28) and one pore (Fig. 42); seg-
ment II slightly curved with three setae, one long seta api-
cally (codes: 1-3); length ratio of segments I and II of
urogomphus and apical seta 3.5:1:2.0 respectively; seg-
ment I six times as long as wide, microstructure of
urogomphi as in Figs 42A; B. Segment X (pygopod): dor-
sal side with about 26-30 setae (Fig. 37); ventral side with
30-35 setae (Fig. 38); microstructure as in Fig. 37F. Pygo-
pod shorter than urogomphi (without seta apically) and
only slightly longer than segments I of urogomphi, length
ratio of pygopod and urogomphi (without seta apically)
1:1.2. Abdominal segments I-VIII, each with a pair of
spiracles (Sp) located between tergite and paratergites at
segment | and on lateral sides of tergites at segments II-
VIII (Fig. 34).

Second instar larva (L,)

Body length: 3.87-5.65mm (mean 4.93mm); head
width (between stemmata): 0.52-0.56mm (mean
0.54mm); head length: 0.66-0.7lmm (mean 0.69mm);
pronotum width: 0.52-0.60mm (mean 0.56mm).

First instar larva (L,)

Body length: 2.80-4.50mm (mean 3.45mm); head
width  (between stemmata): 0.46-0.48mm (mean
0.47mm); head length: 0.58-0.64mm (mean 0.60mm);
pronotum width: 0.44-0.45mm (mean 0.45mm). Colour:
head yellowish-brown, anterior part of head and mandi-
bles light brown, tergites of pro-, meso-, and metanotum
slightly darkened, antennae and legs light brownish,

abdominal sclerites colourless, setae brown, body,
urogomphi dirty white. Head about 1.3 times as long as
wide; chaetotaxy of epicranial (E) part with 28 pairs of
setac (codes: 12-14, 16-25, 27) and two pair of pores
(codes: a, c) (Fig. 12). Structure of tentorial pit and micro-
stucture of basal part of head as in Figs 15A & 15C
respectively. Antenna (Fig. 16): length ratio of segments
I-IV: 1:2.2:3.0:2.1 respectively; segment 1 1.8 times as
wide as long; segment II 1.5 times as long as wide; seg-
ment III 1.8 times as long as its maximal width, without
one solenidium occurring in L, (Figs 16-18). Maxilla
(Fig. 25): length ratio of cardo (Cd) and stipes (St) 1:1.9;
cardo 1.1 times as wide as long; stipes 2.1 times as long
as wide with five macro setae (Fig. 25). Length ratio mala
(Ma) and segment I of maxillary palp 1:1.1 respectively;
maxillary palp (Fig. 25): length ratio of segments I-IV
1.1:1.6:1.5:1 respectively; segment I 1.2 times as long as
wide; segment II about 2.1 times as long as wide.

Foreleg (Fig. 31): femur (Fe) with 11 setae (code: 1, 2,
4, 6-8, 10, 11, 13, 15, 18) and two pores (a, b); tibia (Tb)
with nine spine-shaped setae (code: 1-3, 6, 7, 12-15); tar-
sungulus (Tu) with two spine-shaped setae (code: 1, 2).

Abdomen (Figs 32; 35; 39; 41). Segment I: tergite
with 32 (2 x 16) setae (code: 1-10, 12-17) (Fig. 32); ster-
nite with 16 setae — 14 micro simple, two macro rod-
shaped and frayed (code: 1, 2, 4-9) (Fig. 35). Segments II-
VIII: tergite and sternite of each segment with 30 setae
(code: 2, 3,5,6,8,9, 11, 13-20) and 26 setae (code: 1-5,
7, 8, 10-15) respectively; microstructure of tergites I-VIII
as in Figs 32A-C. Segment IX (Fig. 39): tergite and ster-
nite each with 12 setae; microstructure as in Fig. 37C.
Segment X: microstructure and chaetotaxy as in Figs
37G; 39 respectively. Urogomphus (Ug): segment I with
18 setae (codes: 4-9, 11-13, 15, 17-20, 25-28); length
ratio of segments I, II of urogomphus and apical seta
1.8:1:1.6 respectively; segment I 4.6 as long as wide (Fig.
41); microstructure of segment I and II as in Figs 41A, B.

Pupa (Figs 44-60)

Before pupation, the mature larva constructs in the soil
an oval cocoon about 5.0mm long (Fig. 43). Body length:
3.43-3.82mm (mean 3.59mm); maximal width (between
hind knees): 1.51-1.72mm (mean 1.6mm); head width
(between eyes): 0.73-0.82mm (mean 0.78mm); maximal
width of pronotum: 0.90-1.00mm (mean 0.95mm). Col-
our: light yellow just after pupation, then orange with
darker edges, projections on pronotum and abdomen light
brown; shortly before metamorphosis pupa black except
for orange pronotum. Head 1.3 times as long as wide;
labrum relatively short and wide, 1.7 as wide at base as
long. Antennae curved, lie on the knees of fore and mid-
dle legs, reaching almost two thirds of length of elytra
(Figs 44; 45). Wings protruding beyond posterior margin
of the first clearly visible abdominal sternite (Fig. 44).
Pronotum 1.1 times as long as wide; anterior margin with
10-12 setiform projections (looking from ventral side 5/5,
5/6, 6/5, 6/6 projections on sides). Each fore and middle
tibiae with three and seven clearly visible outlines of pro-
tuberances respectively. Hind tarsi slightly protruding
posterior margin of segment IV (morphological segment
VI) clearly visible abdominal segment (Fig. 44). Abdo-
men narrowed below segment IV (Fig. 46). Abdominal
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tergite I twice as long as tergite II. Segments III-VIII,
each bearing a pair of setiform projections on sides (all
six pairs). Setiform projections on segments I11I-VI short,
spine-shaped, a least three times shorter than length of
segments (Fig. 47); setiform projections on segments VII,
VIII long, always longer than segment, with tiny proc-
esses occurring on the greater part of projections (Figs
48; 49). Microstructure of the abdominal tergite as in Figs
50-53. The first abdominal tergite with unidentified cutic-
ular structure (Fig. 54). Abdominal tergites I-IV with
tuberculate, functional spiracles (Fsp), the first pair big-
ger and situated more laterally than the rest, moderately
protruding (Figs 45; 46; 55), tergites V-VIII with exter-
nally visible, but apparently atrophied spiracles (Asp)
(Figs 45; 46; 56; 57). Terminal sternite: with well-
marked sexual dimorphism (Figs 58; 59) in female with
two well-developed ventral prolongations (Vp) terminal
prolongation (Tp) mostly with numerous, sharp cuticular
processes (Fig. 60).

2. Remarks on the ecology and biology
of Rabigus tenuis under laboratory conditions
and on its distribution

Rabigus tenuis (adult habitus and aedeagus as in Figs
61-63) is Palearctic species known from almost the entire
European region, as well as from the central part of Rus-
sia (Siberian), Caucasus, Turkey, Iran, Uzbekistan, Mon-
golia, China and Japan. In Poland it is recorded from
about twenty localities, distributed in the central and
southern part of the country (BURAKOWSKI et al., 1980;
LucHT, 1987; STANIEC, 1991 ; HERMAN, 2001 ; DERUNKOV
& MELKE, 2001). It is defined as a eurytopic, psamophil-
ous, ripicolous and phytodetriticolous species, inhabiting
exposed, moist, sandy or clayey banks of rivers, streams,
lakes, sunny clayey slopes and dirty roads. Under the cli-
mate of the south-eastern part of Poland R. tenuis dis-
tinctly prefers sunny, slightly moist places. It lives on
clayey and loess soil sparsely covered by grasses or
devoid of any vegetation. It also occurs very often in
urban areas in exposed places, on pavement sides and in

small rockeries (BURAKOWSKI et al., 1980; KocH,1989;
the first author’s observation).

During the rearing, conducted from the 26™ of April
2006, oviposition was observed for 50 days; from April
29 to June 27 (Fig. 64; Table 1). The highest intensity of
oviposition was observed in May (Fig. 64). Eggs were
laid separately, distributed in the soil in a rearing con-
tainer. During the reproductive period, a single female
laid from one to four eggs per day, exceptionally five
eggs. Six females kept in the laboratory (each kept with a
male) laid a total of 605 eggs, whereas a single female
laid 116, 83, 75, 128, 103, 100 eggs respectively; on aver-
age about 101 eggs per female. The embryonic develop-
ment at a temperature of 24°C=3 lasted on average about
six days (Table 2), the mortality rate being about 30%.

Under laboratory conditions the larvae appeared from
the beginning of May until the last ten days of June (Table
1). Development of each larval instar lasted on average
four to six days. The highest mortality rate among differ-
ent larval instars was recorded in L, (Table 2). Usually
shortly before pupation mature larvae (L,) made cocoons
with wet soil on the bottom of the containers, where pupa-
tion took place (Fig. 43). The prepupa and pupa are
motionless stages, and lasted on average about four and
seven days, respectively. Both stages showed the lowest
mortality rates; for prepupa about 19%, for pupa 11.5%
(Table 2). The prepupal and pupal stages were observed
in the laboratory from the last ten days of May until
almost the end of June. Adults of the new generation
appeared from the end of May to the end of June. Under
field conditions this period probably extended until the
end of July, because the latest laid eggs of this species
were recorded at the end of June. Out of two hundred
specimens kept in the laboratory, only 23 (11.5%) com-
pleted their development from egg to adult. At a tempera-
ture of 24°C (£3), it lasted from 23 to 41 days, on average
26 days. Under laboratory conditions the last adults of the
old generation lived until the ten-day period of July, with
females generally living longer than males (Table 1).
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Figs 1-11. — Rabigus tenuis. 1, 1A-F — Egg; 2 — 1% larval instar; 3, 4-11 — mature larva. 1 — General view with
aeropyles (Ap); 1A — distal end clubbed of posterior projection; 1B-E — microstructure with aeropyles (Ap); 1F
— anterior pole; 2 — general view; 3 — general view; 4 — simple macro seta of pronotum; 5-10 — rod-shaped and
frayed apically macro seta of abdominal tergite: I (5), IV (6), VI (7), X (8) and urogomphus (9-11).
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Figs 12-15. — Rabigus tenuis, head. 12, 15A, 15C — 1%t instar larva; 13-15, 15B, 15D — mature larva. 12, 13 — Head in dorsal aspect
(E — epicranial part, Gl — gland, Na — nasale, P — posterior part, 1, 2... — codes of setae); 14 — head in lateral aspect; 14A —
stemmata; 15 — head in ventral aspect (Ap — apotome, Tp — tentorial pit); 15A, 15B - tentorial pit; 15C, 15D — microstructure of
head.
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Figs 16-21. — Rabigus tenuis. 16 — 15 instar larva; 17-21 — mature larva. 16, 18 — Right antenna in dorsal aspect (I-IV —
antennal segments); 17 — apical part of right antenna in dorsal aspect (Sa — sensory appendages, So — solenidia, III and
IV — antennal segments); 19 — anterior part of nasale in dorsal aspect (Mt — median tooth, Pmt — paramedian tooth); 20
— epipharynx (Og — olfactory organ); 21 — apotome (Ap) and tentorial pits (Tp) (Gp - glandular pit).



Immature stages and biology of Rabigus tenuis 29

Figs 22-27. — Rabigus tenuis. 25 - 1% instar larva; 22-24, 26, 27 — mature larva. 22 — Right mandible in dorsal aspect; 23
- anterior part of stipes in dorsal aspect (Ma — mala, Pf — palpifer, Pm — maxillary palp, St — stipes); 24, 25 — right max-
illa in dorsal aspect (Cd — cardo, Ma — mala, Pf — palpifer, Pm — maxillary palp, St — stipes); 26 - hypopharynx (I-III —

segments of labial palp); 27 - labium in ventral aspect (Lg — ligula, PI - labial palp, Pmnt — prementum, I-III — segments
of labial palp).
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Figs 28-31. — Rabigus tenuis. 31 — 1% instar larva; 28-30 - mature larva. 28 - Prothorax (I) and mesothorax (II) in dorsal aspect
(Cs — coeloconic sensillum); 29 — prothorax (I), mesothorax (II) and metathorax (III) in ventral aspect (Cr — cervicosternum, Sn
— sternite, Cc — coxal cavity, Sp - spiracles); 30, 31 — fore leg in anterior aspect (a, b — codes of pores, Fe — femur, Tb — tibia, Tu
— tarsungulus, 1, 2, ... — codes of setae).
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Figs 32-36. — Rabigus tenuis. 32, 32 A-C, 35 — 1% instar larva; 33, 33 A-F, 34, 36 — mature larva. 32, 33 — Abdominal tergites
Tand Il (a, b ... — codes of pores, Ca — coeloconic sensilla, 1, 2... — codes of setae); 32 A, C - microstructure of abdominal
tergite II; 32 B — sensilla; 33 A, C, D-F - microstructure of abdominal tergite II; 33 C — sensilla; 34 — abdominal segments [
and I in lateral aspect (Ca — coeloconic sensilla, Ps — parasternite, Pt — paratergite, Sp — spiracle, St — sternite, Te — tergite, 1,
2...—code of setae); 35, 36 — abdominal sternite I and II (1, 2... — codes of setae).
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Figs 37-42. — Rabigus tenuis. 39, 37C, 37G, 41, 41A, 41B — 1% instar larva; 37, 37A, 37B, 37D-F, 38, 40, 42, 42A, 42B —
mature larva. 37, 38 — Abdominal segment IX and X in dorsal aspect (37) and ventral aspect (38) (Ug — urogomphus);
37A-E — microstructure of abdominal segment IX; 37F-G — microstructure of abdominal segment X; 39, 40 — abdominal
segment X and X in lateral aspect (Ug — urogomphus, 1, 2... — codes of setae); 41, 42 — right urogomphus in dorsal aspect
(I, IT — segments of urogomphus, 1, 2... — codes of setae), 41A, 42A — microstructure of urogomphus of segment I; 41B,
42B — microstructure of urogomphus of segment II.
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Figs 43-46. — Rabigus tenuis. 43 — cocoon; 44-46 — pupa in ventral aspect (44), lateral aspect (45), dorsal
aspect (46) (Fsp — functional spiracles, Asp — atrophied spiracles).
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Figs 47-60. — Rabigus tenuis, pupa. 47-49 — Lateral margin with setiform projection of abdominal segment
111 (47), VII (48) and VIII (49); 50-53 — microstructure of the abdomen: central part of abdominal tergite
III (50), anterior part of tergite IV (51), tergite V (52), tergite VII (53); 54 — lateral cuticular structure of
the first abdominal tergite; 55 — spiracles functional; 56, 57 — spiracles atrophied; 58, 59 — terminal ster-
nite of male (58) and female (59) (Tp — terminal prolongation, Vp — ventral prolongation); 60 — terminal
prolongation.
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Figs 61-63. — Rabigus tenuis, adult. 61 — Habitus; 62, 63 — aedeagus in ventral aspect (62) and lateral
aspect (63).



36 Bernard Staniec & Ewa Pietrykowska-Tudruj

The number of eggs

The duration of oviposition
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Fig. 64. — The intensity of oviposition of 6 females of Rabigus tenuis (at temperature of
24°C+3).

TABLE 1

Occurrence in the rearing of the different developmental stages of Rabigus
tenuis at the daily temperature of 24°C (+3) (L, larval instars, ?=possibil-

ity occurrence, NO= 0G=

new generation, old generation).

Egg

Ly

L,

L;

Prepupa

Pupa
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TABLE 2

Duration of immature stages of Rabigus tenuis at the daily temperature of 24°C £3) (N=number of specimens).

Duration (days)
Stages Range of duration Mean Mortality (%) N
Egg 2-12 6 29.5 200
L, 3-10 52 355 141
L, 3-8 5.6 429 91
L, 3-8 43 38.5 52
Prepupa 2-5 3.5 18.8 32
Pupa 5-9 6.7 11.5 26
Completed development 23-41 26 88.5 23
TABLE 3

The morphological differences between L, and L, of Rabigus tenuis (Fe=profemur, Tb=protibia, Tu=protarsungulus; Nrs=number of

setae, Nrl=number of solenidium; (/, 2,...)=codes of lacking setaec; Micr=microstructure; measurements in mm)

Character L, L, Figure
Head
Width 0.46-0.48 0.65-0.68 -
Length 0.58-0.64 0.83-0.90 -
Colour yellowish-brown brown -
Ratio length to width of head 1.3 1.2 12,13
Nrs: dorsal side-epicranial part (E) 28 (15, 26) 32 12,13
Length ratio of antennal segments: LILIII:IV respectively 1:2.2:3:2.1 1.0:1.9:2.1:1.1 16, 18
Ratio width (y) to length (x) of antennal segment I y/x 1.8 x y/x 1.1x 16, 18
Ratio length to width of antennal segment II 1.5x 2.3x 16, 18
Ratio length to width of antennal segment I1I 1.8 x 2.5x 16, 18
Nrl: antennal segment I1I 1 2 16, 18
Ratio length to width of cardo I.1x 1.3x 24,25
Ratio length to width of stipes 2.1x 2.8x 24,25
Length ratio of cardo and stipes 1:1.9 1:1.5 24,25
Length ratio of maxillary palp of segments: LILIIL:IV respectively 1.1:1.6:1.5:1 1.5:1.9:1.7:1 24,25
Nrs: stipes 5 7 23,24,25
Length ratio of mala and segment I of maxillary palp 1:1.1 1:1.4 23, 24,25
Ratio length to width of segment I of maxillary palp 1.2 1.8 24,25
Ratio length to width of segment II of maxillary palp 2.1 2.4 24,25
Thorax
Width of pronotum 0.44-0.45 0.69-0.79 -
Nrs: Fe, Tb, Tu respectively 11 (3,5,9,12,14,16,17,19-24), 24, 30, 31
9(4,5,8-11,16-18),2 (3) 18,3
Abdomen

Colour of terigite colourless grey-white -
Colour of sternite colourless yellowish-white -
Nirs: terigite | 32 (1) 34 32,33
Nrs: tergites II-VIII 30(1,4,7,10,12) 40 32,33
Nrs: sternite I 16 (3) 18 35,36
Nrs: sternites I1-VIII 26 (6, 9) 30-32 35,36
Nrs: tergite IX 12(5,8,9) 18 37, 39,40
Nrs: sternite IX 12 (5) 14 38, 39,40
Nrs: urogomphus I 18 (10, 14, 16, 21-24) 25 41,42
Length ratio of urogomphus segment I, IT and apical seta 1.8:1:1.6 3.5:1:2.0 41,42
Micr: abdominal tergites I-IX - - 32A.,C, 33A,C-F, 37A-E,
Micr: abdominal tergite X - - 37F, 37G
Micr: urogomphus - - 41A, 41B, 42A, 42B

DISCUSSION

On the basis of their morphology, the eggs of 40 Cen-
tral European species of Staphylininae Latreille, 1802,
have been categorized into nine groups (STANIEC & PIEe-
TRYKOWSKA-TUDRUJ (2007b). Following this classifica-
tion, eggs of R. tenius were included into the Philonthus

atratus group, which comprises such species as: Philon-
thus atratus (Gravenhorst, 1802), P. corvinus Erichson,

1839, P. lepidus (Gravenhorst, 1802), P. micans (Graven-
horst, 1802), P. punctus (Gravenhorst, 1802), and P.
rubripennis Stephens, 1832. Morphological characters
that distinguish the egg of R. tenius from the eggs of spe-
cies mentioned above cover a) the number of non-
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branched longitudinal ridges 35; b) aeropyles between
longitudinal ridges in 10 rows each of 6-8 aeropyles; c)
moderately widened end of posterior projection (this fea-
ture is shared with P. atratus, P. corvinus and P. lepidus);
d) ratio of the length of egg to the length of its posterior
projection 2.8-5.6:1.0; e) length: 0.90-1.04mm, similar to
the size of the egg of P. rubripennis 0.98-1.10mm.

The morphological differences between L and L, of R.
tenuis are listed in Table 3.

Out of 63 genera representing the subtribe Philonthina
Kirby, 1837 in the world, only the morphology of the lar-
val stages of species belonging to a few genera are
known so far (HERMAN, 2001). Morphological characters
distinguishing the mature larva of Rabigus from the other
described larvae of the subtribe Philonthina (PoToT-
SKAYA, 1967; KASULE, 1970; JAMES et al., 1971; Topp,
1978; BOLLER, 1983; ScHMIDT, 1994; ScHMIDT, 1996;
STANIEC, 2004 ; CHANI-POSSE, 2006) are as follows: 1)
body length: 6.10-7.10mm, head width: 0.65-0.68mm; 2)
head about 1.2 times as long as wide, almost parallel-
sided; 3) each side of head with four stemmata in the
cluster; 4) apotome slightly extending beyond tentorial
pits; 5) length ratio of anntenal segments I-IV
1.0:1.9:2.1:1.1 respectively; 6) sensory appendage of
anntenal segment III almost half as long as segment IV;
7) anterior margin of nasale with nine teeth, paramedian
teeth about 2.1 times as long as median tooth; 8) epiphar-
ynx with four bunches of straight, long hairs each and 14
cuticular processes posteriorly (Fig. 20); 9) length ratio
of segments I-IV of maxillary palp: 1.5:1.9:1.7:1.0
respectively; 10) length ratio of mala and segment I of
maxillary palp: 1:1.4; 11) length ratio of segments I-III
of labial palps 2.1:1.4:1.0 respectively; 12) ligula setose,
2.5 times as long as wide at base; almost as wide as seg-
ment I of labial palp at the base, almost as long as seg-
ment I of labial palp; 13) mandible (Fig. 22) with uneven
inner margin, without serrations; 14) tibial comb absent;
15) tarsungulus with three setae; 16) segment IX with
pair of two-segmented urogomphi; 17) length ratio of
pygopod and urogomphi (excluding apical seta) 1:1.2;
18) length ratio of segments I and II of urogomphus and
apical seta 3.5:1:2.0 respectively; 19) most setae on
abdominal segments and urogomphi rod-shaped and
frayed apically; 20) microstructure of urogomphi as in
Figs 42A; B.

Comparison of the morphological characters of the lar-
val genera of Rabigus and the other genera of the subtribe
Philonthina reveals that the mature larva of R. tenuis
shares the majority of generic characters with those of the
genus Philonthus (KRANEBITTER & SCHATZ, 2002; PIE-
TRYKOWSKA-TUDRUJ & STANIEC, 2006; STANIEC & PIE-
TRYKOWSKA-TUDRUJ, 2007a; CHANI-POSSE, 2006). The
only character that distinguishes the larva of R. tenuis
from the known larvae of the genus Philonthus is the
shape of the anterior margin of nasale: R. tenuis third lat-
eral teeth (Lt,) shorter than the first lateral teeth (Lt,);
Philonthus aerosus Kiesenwetter, 1851, P punctus
(Gravenhorst, 1802) and P. rubripennis (Stephens, 1832)
third lateral teeth (Lt;) longer than the first lateral teeth
(Lt,). However, we can assume that the shape of nasale
and the length of tooth is a variable character within the
genus. In order to confirm this hypothesis it is necessary

to perform additional morphological studies of other spe-
cies of Philonthus and Rabigus. Generally, as far as is
known now, larval data do not support a separate generic
status of Rabigus.

The morphology of the pupa for members of the genus
Rabigus had never been studied up to now. The state of
knowledge of Philonthina pupae is negligible, as is the
case with the larvae. The pupae of species belonging to
only nine genera have been described so far (Szusecki,
1965; JAMES et al., 1971; ScHMIDT, 1994; SCHMIDT,
1996; StANIEC, 2001; 2002; 2003; 2004; STANIEC &
Krrowski, 2004 ; STANIEC & PIETRYKOWSKA, 2005; STA-
NIEC & PIETRYKOWSKA-TUDRUJ, 2007a). Of these, the
descriptions of pupae of three genera: Belonuchus, Cafius
and Remus, are too superficial and inaccurate to be
included in the comparative analysis on the generic level.
Therefore, we compared these stages of R. tenuis with
those of species of closely related genera: Bisnius
Stephens, 1829, Erichsonius Fauvel, 1874, Gabrius
Stephens, 1829, Hesperus Fauvel, 1874, Neobisnius Gan-
glbauer, 1895 and Philonthus. The pupa of R. tenuis can
be separated from known pupae of Philonthina by the fol-
lowing features: a) cocoon; b) hind tarsi slightly protrud-
ing over posterior margin of segment IV (morphological
segment VI) clearly visible abdominal segment; c) six
pairs of setiform projections on abdomen (four short and
two long); d) 10-12 number of setiform projections on
pronotum; ¢) antennae reaching almost two thirds of
length of elytra; e) the structure of the atrophied
spiracles; f) body length 3.43-3.82mm; g) pronotum 1.1
times as long as wide.

One of the above-mentioned characters i.e. the length
of hind tarsi protruding over posterior margin of VI mor-
phological abdominal segment, was not observed in any
hitherto described species. In view of the current state of
knowledge of the pupae, we can consider it as a feature of
Rabigus at the genus level. The presence of a cocoon is a
common feature of Rabigus and Gabrius. However, we
should notice its shape in two genera. The cocoon in R.
tenuis is oval, while in Gabrius splendidulus (Graven-
horst, 1802) it is more roundish. However, in order to find
whether the length of hind tarsi and the cocoon shape is a
stable character within genera, the pupae of other species
of Rabigus, Gabrius as well as other genera should be
studied. Generally, the pupa of Rabigus is the most simi-
lar in morphology to the pupa of Philonthus (STANIEC &
PIETRYKOWSKA-TUDRUJ, 2007a).
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Light thresholds for colour vision in workers of the ant Myrmica sabuleti
(Hymenoptera, Formicidae)
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ABSTRACT. Previous studies suggested that workers of the ant species Myrmica sabuleti have different light thresholds for distin-
guishing different colours. Here we assess these thresholds and find that the light thresholds required to distinguish colours from
grey are lower than those necessary to discriminate between two colours. The two thresholds are somewhat lower for ants trained
under low versus high light intensity. In every case, the ants’ threshold decreases from red to violet. All these thresholds are lower
than those required for perceiving shapes. The visual system of workers of M. sabuleti under very low light intensity may thus con-
sist of discriminating only coloured spots from grey and under slightly higher light intensity, differently coloured elements where
the eyes are used in superposition mode. Under high light intensity, these ants see (although not sharply) shapes and lines, using
their eyes in apposition mode. Moreover, workers of this species demonstrated their best colour discrimination in seeing the colours
yellow and blue under high light intensity, and green and violet under low light intensity. Therefore, these ants’ visual system may

be adapted to the quantitative and qualitative variations in natural light during the day.

KEY WORDS : colour vision, eyes, Myrmica sabuleti, perception threshold, vision

INTRODUCTION

Though ants primarily use chemical signals to perform
most of their tasks (communicating, following a trail, per-
ceiving marked areas), they also need some visual percep-
tion to accomplish several activities (foraging, returning
to the nest after having discovered a new food source or
new nest site) (OLIVEIRA & HOLLDOBLER, 1989; CHAM-
ERON et al., 1998 ; SALO & ROSENGREN, 2001 ; PASSERA &
ARON, 2005). Insect vision has previously been studied in
detail, but most authors have worked on insects with large
eyes and good vision (Odonata, Lepidoptera, Diptera,
Hymenoptera such as wasps, bees etc...) (WEHNER, 1981
and references therein). In ants, this field of study is in its
infancy and tends to be physiological in nature, e.g.,
JANDER (1957), VOWLES (1965) and Voss (1967). Gener-
ally, the ants studied so far have large eyes (e.g. Formica
sp., Cataglyphis bicolor, Gyganthyops destructor) (WEH-
NER, 1981). The visual system in ants with (compara-
tively) small eyes has scarcely been studied. Given that
ethological studies have already been conducted on Myr-
mica sabuleti Meinert 1861 (CAMMAERTS & CAMMAERTS,
1980), we decided to investigate this species’ visual per-
ception (CAMMAERTS, 2004 a; 2005; 2006; 2007 a; b).
During the study of colour perception in workers of M.
sabuleti, it was found that, under high light intensity,
these ants were sensitive essentially to yellow and blue,
while under low light intensity their highest sensitivities
occurred for green and violet. Consequently it was pre-
sumed that these workers may have different light thresh-
olds for different colours (i.e. different minimum light
intensities necessary to perceive different colours). In the
present paper, we investigate this issue, connect the
results to previous ones, propose a visual system for
workers of M. sabuleti, and compare our conclusions to
those of other authors. This may be of interest because
visual thresholds have not yet been precisely assessed in

insects even if many studies have been conducted on their
visual perception (for instance CHITTKA, 1996; GIURFA et
al., 1996; 1997; WEHNER, 1981; BRISCOE & CHITTKA,
2001; VOROBYEV et al., 2001 ; KELBER et al., 2003).

MATERIALS AND METHODS

Collection and maintenance of ants

Colonies of M. sabuleti were collected from Hoghe
Martelingen (Luxembourg; 49° 40’ 30” N, 5° 45” 00” E)
and from the Aise valley (Belgium; 49° 49’ 39” N, 5° 15’
26” E). They were divided into a total of 30 smaller
experimental colonies (5 series, labelled A to E), of six
colonies (numbered 1 to 6), demographically similar,
each containing about 250 workers, a queen and brood.
These colonies were maintained in a laboratory, in a win-
dow-less room, at constant temperature (20°C+1°C) and
humidity. Light was provided by OSRAM concentra
lamps (60W) attached to the ceiling. The spectrum of this
light was measured using a grating spectrograph (an
Acton Spectrapro-500i) with CCD camera (Princetin
Instrument TEA/CCD-1100-PF) detection and an optical
fibre probe. The slit opening was 100um and the grating
was 600grooves/mm (500nm blaze). The spectrum was
obtained by registering successive sections of 80nm, with
an overlap of 45nm, the probe being maintained in front
of an OSRAM concentra lamp, after these sections were
assembled. The entire resulting broadband spectrum
(shown in Fig. 2) revealed that the illumination contained
all wavelengths of visible light and almost no UV light.
The light intensity was assessed using a luxmeter (a Tes-
toterm 0500 luxmeter built by Testoterm GmbH & Co (D-
7825, Lenzkirch)). Two light intensities, 10,000 lux and
600 lux, were used in the course of our study. Light inten-
sity was adjusted using a dimmer such that the intensity
of illumination and not the shape of the wavelength spec-
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trum was changed. These light intensities were previously
used to reveal the capability of workers of M. sabuleti to
discriminate colours from greys and from one another
(CAMMAERTS, 2007 a).

The ants nested in one or two glass tubes half-filled
with water, a cotton plug separating the ants from the
water (Fig. 1). The glass tubes were deposited into a poly-
ethylene tray (47cm x 22cm x 7cm) whose borders were
covered with talcum and the tray served as a foraging
area. Sugared water was permanently provided in a small
glass tube closed by a cotton plug. Pieces of dead cock-
roach were provided twice a week on a small piece of
glass when no experiments were planned or performed,
since this meaty food was used as a reward during the
training phases of each experiment (see experimental pro-
tocol).

Experimental apparatus

Experimental apparatuses were built of paper (Canson
®) of the following colours: grey, red, yellow, green,
blue, and violet, these names being the ones given by
Canson, and expressing only how these colours appear to
the human eye. The spectra of the broadband emission of
the light reflected by (or transmitted through) each col-
oured paper were measured using the above- described
spectrograph (with CCD camera detection and an optical
fibre probe) by holding the probe in front of a piece of
paper of each colour with a lighted OSRAM concentra
lamp being located either above or, more easily behind,
the paper. These measurements were difficult because
very little light reached the fibre probe. Nevertheless, the
light spectra reflected by (or transmitted through) the grey
paper had no maximum whereas those by (or through) the
other coloured papers yielded maxima around 640nm
(red), 550nm (yellow), 525nm (green), 425nm (blue),
445nm and 375nm (violet), the last extending up to about
360nm. To confirm these measurements, pieces (2cm X
2cm) of paper of each colour were boiled for 5 minutes in
10mL of water, tingeing the water in the respective col-
our. We checked that the colours of the tinged waters
were exactly the same as those of the corresponding
boiled papers. Then, the spectra of the light absorbed by
the different coloured waters were obtained using a CARY
50-varian UV-visible spectrophotometer (Cary, USA;
sensitivity range: 200-1,000nm; maximum scan rate of
24,000nm per minute; Xenon lamp) and the Cary Win
UV software. Next, based on the spectrum of the deliv-
ered light (Fig. 2, upper graph) and of the spectra of the
light absorbed by the waters tinged by the papers, the
spectra of the light reflected by each of the coloured
papers were calculated using the relation Lr(=t)=Lo/10L2
where Lr(=t) is the reflected (or transmitted) light, Lo is
the delivered light and La is the absorbed light. These cal-
culated spectra are shown in Fig. 2 (lower graphs, above
the photo of the apparatus) and are in agreement with the
spectra obtained using the grating spectrograph. Small
differences are likely due to the differences between the
xenon lamp in the spectrophotometer and the OSRAM
lamp used with the grating spectrograph. The light inten-
sity reflected by grey and each coloured paper was meas-
ured using the luxmeter as detailed above and was the
same for all the papers under low light intensity, and

nearly identical under high light intensity. Evidently, the
light intensity reflected by the used papers varied with the
intensity of the delivered light, which was therefore
standardised for all the manipulations (600 or 10,000 lux
as stipulated in the above paragraph).

Each experimental apparatus consisted of a disk (diam-
eter=8cm) made of two half-disks of two differently col-
oured papers attached by means of a piece of glued paper
(Fig. 2). To determine the ants’ thresholds that allow dis-
crimination between grey and colour, one half-disk was
made of grey paper and the other of either red, yellow,
green, blue, or violet paper. To determine thresholds that
allow ants to distinguish between two colours, the two
half-disks were made of two differently coloured papers.
The combinations used were red and yellow, yellow and
green, green and blue, blue and violet, and violet and red
(Fig. 2).

Each experiment was performed simultaneously on six
colonies; identical but other (new) apparatus were used
on the one hand for training the ants and on the other for
testing them (see experimental protocol). Thus, a total of
12 experimental apparatuses were built to perform a sin-
gle experiment.

Experimental protocol
(Appendix, upper part)

The protocol used the differential operant conditioning
system to obtain the ants’ conditioned response to a col-
our in the presence of grey or of another colour. This sys-
tem, like the operant conditioning one (CAMMAERTS, 2004
c), generally consists of initially performing a control
experiment before any training, then placing the animals
in a situation where they are rewarded each time they give
the correct response. Progressively, the animals associate
the correct response to the presence of a reward. The sys-
tem finishes by a test experiment to check the acquisition
of the conditioning by the animals. After successful con-
ditioning, the threshold (in our case the minimum light
intensity necessary) to elicit the conditioned response (i.e.
for responding to the correct colour) could be assessed by
testing the animals under stepwise increases in stimula-
tion. In the present work, the timing of the successive
steps of the protocol is identical to that used to reveal the
ants’ light and dark adaptation (CAMMAERTS, 2005).

The experiments were conducted either under 10,000
lux or under 600 lux, each time simultaneously on the six
colonies of a series maintained for four days under the
respective experimental light intensity and having
received no meat during these four days. The ants’ visual
thresholds for distinguishing colours from grey as well as
colours from one another were assessed under the two
light intensities, yielding a total of four series of experi-
ments (each series involving five experiments: see
tables). All the threshold assessments followed the same
protocol. First, an experimental apparatus was deposited
horizontally, on the tray of each of the six colonies of a
series (an identical apparatus was used for each colony)
and a control experiment was performed (see below:
quantification of the ant response). Immediately thereaf-
ter, the apparatus was removed from the tray of each col-
ony, and identical ones (those designed for the training
phases) were deposited, also horizontally, on each tray. A
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piece of dead cockroach was deposited, on a small piece
of glass, on one of the two half-disks of the apparatus; the
half-disk of the same colour for each colony; which is
hereafter referred to as the “correct half-disk” (the one
associated with the reward) (Fig. 1). This protocol ena-
bled the ants to go through differential operant condition-
ing within six days. During that 6-day training period, the
apparatuses were turned and relocated 6 to 12 times in
order to avoid some efficient pheromone deposit by for-
agers as well as spatial learning by the ants (i.e. the learn-
ing of a localisation) (CAMMAERTS, 2004 b). Meat was
replaced whenever necessary but not periodically to avoid
temporal learning (i.e. learning of a given hour or perio-
dicity) (CAMMAERTS, 2004 b). During this training phase,
the ants progressively associated the “correct half-disk”
to the presence of meat. After this training phase, the
experimental apparatuses were removed from the forag-
ing area, and those used during the control (those
designed for the tests, free from any pheromonal deposits)
were presented (at places differing from those where the
apparatuses were located at the end of the training phase).
A test was then conducted (see below: quantification of
the ants’ responses). Thereafter, the ants were conditioned
again over three more days in the presence of the appara-
tus designed for training, the apparatus being once more
randomly and not periodically turned and relocated three
to six times during the three training days. After this sec-
ond training phase, a second test was performed using the
appropriate apparatus. Next, the ants were conditioned
again for one day, and the following day was used to
assess the visual threshold necessary for discriminating
the “correct half-disk” from the other (grey or coloured)
one. Here, the light intensity was lowered to 1 or 0.5 lux
(this being nearly darkness) and a first test was per-
formed. Then, the light intensity was progressively
increased, step by step (Tables 1 to 4, column 1), and a
test was conducted at each step. The experiment ended
when at least as many ants responded correctly as had
correctly responded during each of the two previously
conducted tests (see above, conditioning protocol).

Quantification of the ant response
(Appendix, lower part)

During the control, during the two tests (to assess the
ants’ conditioning) and during each test made with
increasing light intensity (to assess the ants’ threshold),
the ants present on each half-disk presented to the six col-
onies were counted once for each colony, as quickly as
possible (usually in 12 seconds) to avoid light adaptation,
this process being then immediately repeated 14 more
times, yielding a total of 180 counts (2 x 6 x 15, usually in
three minutes). What we counted was the ants’ responses,
one ant being thus able to give several responses in the
course of the counting time. The mean value of the fifteen
counts was established separately for each half-disk, for
each of the six colonies. Two mean values were thus
obtained for each colony (see the table in the appendix).
These 12 mean values allowed statistical analysis of ant
response as follows: the difference between the mean
value corresponding to the “correct half-disk” and that
corresponding to the “wrong one” was calculated for each
colony (for each test) and for the corresponding control.
Then, the six differences obtained for a test were com-
pared to the six corresponding differences obtained for
the previously performed control by using the non-para-
metric Wilcoxon rank test (SIEGEL & CASTELLAN, 1988).
The ants’ responses were considered to be significant at
P<0.05. This level of probability indicated that the ants
can see the difference between the “correct and the wrong
half-disk”, enabling us to detect the lowest light intensity
the ants required to see this difference (i.e. the ants’ light
threshold).

Additionally, the mean of the above-mentioned six
mean values was calculated for each half-disk, for the
control and for each of the tests. Tables 1 to 4 give these
‘global means’ as well as the calculated proportion of ants
present on the “correct half-disk”, for each control and
each tests.

Common legend to Tables 1 to 4: Under either 10,000 lux or 600 lux, the ants (of series A to E, each consisting of six colonies)
were trained to find food on a coloured half-disk (in bold in the tables) versus the other, differently coloured half-disk, as detailed
in ‘Materials and Methods’ and summarised in the appendix. During the control (before the training), the test 1 (after 6 training
days), the test 2 (after 3 more training days) and each of the tests conducted with increasing light intensity in order to assess thresh-
olds, the ants were confronted with the two differently coloured half-disks free of food and of any ant secretions. Their responses
were quantified via 15 counts for each half-disk (see ‘Materials and Methods’ and the appendix) by: - columns 2 and 3: their mean
numbers present on each coloured half-disk; - column 4: the proportion of ‘correct’ responses; - column 5: the results of non-para-

metric Wilcoxon tests applied to the counted numbers of ants.

NS: non-significant result at P=0.05; = indicates the ants’ threshold, with [ when lying between two values.



Thresholds for colour vision in an ant

43

glass tube
experimental
" apparatus
sugared water ; y 9 ik piece of dead

.“ % € . .,; ) cockroach

Fig. 1. — Experimental design. An experimental colony during a training phase.
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Fig. 2. — Spectra of the delivered light (upper left graph) and of the light reflected by
the coloured papers (upper right coloured graphs). Experimental apparatus used to
assess the ants’ light thresholds for distinguishing colours from grey (lower left disks)
and for distinguishing two colours (lower right disks).
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Fig. 3. — Examples of ant responses while assessing the lower light intensities
they need to distinguish between colours and grey or between two colours.
Upper left: responses to yellow versus grey, after training under 10,000 lux
Upper right: responses to violet versus grey, after training under 600 lux
Lower left: responses to blue versus green, after training under 10,000 lux
Lower right: responses to green versus yellow, after training under 600 lux
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TABLE 1 TABLE 2
Ants’ light thresholds for distinguishing colours from grey, after Ants’ light thresholds for distinguishing colours from grey, after
training under 10,000 lux training under 600 lux.
Series steps Mean numbers % correct P Series Steps Mean numbers on % correct P
on each colour responses each colour responses

A grey scarlet A grey scarlet
Control 3.25 4.05 55 - Control 3.72 423 57 -
Test 1 4.51 8.09 64 0.031 Test 1 2.82 7.24 72 0.016
Test 2 2.34 6.16 72 0.016 Test 2 3.79 6.39 63 0.031
Lux 1 3.22 3.39 51 NS Lux 1 3.89 4.56 54 NS

1.5 522 4.22 45 NS 1.5 4.39 4.78 52 NS
2 5.89 5.00 46 NS 2 4.28 4.83 53 NS
25 5.00 7.06 59 NS 2.5 5.78 5.50 49 NS
3 5.00 5.72 53 NS 3 7.22 7.22 50 NS
35 539 7.80 59 NS 3.5 7.28 8.89 55 NS
4 538 8.89 62 NS >4 5.95 11.28 65 0.016
6 6.11 9.11 60 NS 6 5.95 10.06 63 0.031
->8 6.17 9.83 61 0.031 B grey yellow
10 6.00 10.03 63 0.016 Control 337 3.25 49 -

B grey yellow Test 1 1.78 2.87 62 0.016
Control 1.96 2.16 52 - Test 2 291 4.86 63 0.016
Test 1 0.83 3.01 78 0.016 Lux 1 2.94 2.33 44 NS
Test 2 0.44 1.99 82 0.016 1.5 2.83 2.89 50 NS
Lux 1 3.28 3.34 50 NS 2 2.00 2.94 60 NS

1.5 2.78 278 50 NS 225 1.00 2.33 70 0.016
2 233 2.00 46 NS 3 1.33 2.83 68 0.016
2.5 1.67 2.72 62 NS C grey green
g S };2 g-ig o 11:]12 Control 1.96 1.85 49 ;
94' 1'33 3'11 70 0.016 Test 1 1.49 434 74 0.016
6 1.83 3'50 66 0.016 Test 2 2.05 491 71 0.016
’ ' ' Lux 1 2.78 3.06 52 NS

C grey green 1.5 3.95 4.56 54 NS
Control 6.17 4.78 44 - >2 2.83 4.72 63 0.016
Test 1 1.22 3.32 60 0.031 2.5 2.56 4.95 66 0.016
Test 2 1.81 433 68 0.016 D grey blue
Lux i S ;?2 %2 2‘9‘ ES Control 1.56 1.49 49 ;

2‘ 2'“ 3‘44 & NS Test 1 0.97 2.11 69 0.016
25 3'00 4'33 59 NS Test 2 0.82 1.89 70 0.016
>3.5 1.95 3.33 63 0.016 L5 2.06 3.72 64 0.016
2 1.61 4.39 73 0.016

D grey blue E olet
Controle 234 1.98 46 - grey viere
Test 2 1.26 2.93 70 0.016 Test 1 0.56 226 80 0.016
Lux 1 333 3.89 54 NS Test 2 0.83 2.11 72 0.016

15 1.94 256 57 NS Lux 05 1.33 1.72 56 NS
) 239 356 5 NS >1 0.67 122 65 0.031
3 1.89 3.61 66 0.016

35 1.28 2.83 69 0.016

4 1.72 3.06 64 0.016

6 1.34 2.78 67 0.016

E grey violet

Control 1.49 1.12 43 -
Test 1 1.33 2.76 67 0.031
Test 2 1.43 2.87 67 0.016
Lux 1 1.45 1.00 41 NS

1.5 1.28 1.45 53 NS
22 0.78 2.28 75 0.016

2.5 0.56 2.00 78 0.016

3 0.50 1.78 78 0.016
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TABLE 3 TABLE 4
Ants’ light thresholds for distinguishing between two colours, Ants’ light thresholds for distinguishing between two colours,
after training under 10,000 lux. after training under 600 lux.
Series Steps Mean numbers on % correct P Series steps Mean numbers on % correct P
each colour responses each colour responses
A scarlet yellow A scarlet yellow
Control 4.11 3.35 45 - Control 6.20 5.53 47 -
Test 1 3.53 6.68 65 0.016 Test 1 4.25 6.27 60 0.031
Test 2 2.64 5.64 68 0.016 Test 2 2.25 3.99 64 0.016
Lux 1 3.17 3.00 49 NS Lux 1 2.83 3.11 52 NS
1.5 3.61 3.78 51 NS 1.5 445 545 55 NS
2 2.50 2.67 52 NS 2 3.50 3.28 48 NS
2.5 3.17 3.00 49 NS 2.5 3.22 4.11 56 NS
3 3.67 3.28 47 NS 3 3.17 433 57 NS
3.5 3.78 3.39 47 NS 3.5 3.06 4.95 62 NS
4 3.33 3.61 52 NS 4 2.94 439 60 NS
6 2.78 4.17 60 NS 2>/6 3.11 5.22 63 0.016
->8 2.61 8.72 77 0.016
10 3.00 5.72 66 0.016 B yellow  green
Test 1 3.65 6.38 64 0.031
B yellow green Test 2 2.07 5.44 72 0.016
Control 2.26 1.58 41 - Lux 1 4.06 4.99 55 NS
Test 1 1.28 2.36 65 0.016 1.5 2.34 2.39 50 NS
Test 2 1.82 3.13 63 0.016 2 2.50 2.67 52 NS
Lux 1 222 2.95 57 NS 2.5 2.00 2.72 58 NS
1.5 345 3.56 51 NS 3 2.61 3.72 59 NS
2 2.89 3.56 55 NS 235 1.00 2.89 74 0.016
2.5 3.39 433 56 NS 4 1.28 3.39 73 0.016
3 322 3.06 49 NS 6 1.84 4.06 69 0.016
3.5 3.56 3.44 49 NS c green blue
4 2.67 3.17 54 NS
>6 1.78 3.56 67 0.016 Control 4.25 3.60 46 -
Test 2 2.33 4.90 68 0.016
¢ green blue Lux 1 122 2.05 63 NS
Control 3.35 3.66 52 - 1.5 2.28 2.89 56 NS
Test 1 0.94 2.44 72 0.016 ) 1.72 2.95 63 NS
Test 2 0.89 2.92 77 0.016 325 1.17 3.50 75 0.016
Lux 1 3.00 2.28 43 NS 3 1.72 3.33 66 0.031
1.5 3.00 2.78 48 NS 3.5 1.78 3.83 68 0.016
2 2.61 2.78 52 NS .
25 2.39 1.94 45 NS b blue violet
9[ 6 1.89 4.42 70 0.016 Lux 0.5 1.89 1.89 50 NS
8 1.44 3.94 67 0.016 1 1.22 1.28 51 NS
D blue violet 1.5 1.61 1.83 57 NS
22 0.78 2.22 74 0.016
Control 1.40 1.22 47 - 25 0.67 2.11 76 0.016
Test 1 0.53 1.41 72 0.016 .
Test 2 1.04 1.98 72 0.016 E violet  scarlet
2.5 1.83 1.56 46 NS Lux 0.5 0.84 0.95 53 NS
3 1.67 1.56 48 NS 1 0.56 0.72 56 NS
235 1.00 2.06 67 0.031 215 0.67 1.17 64 0.031
4 1.33 4.11 76 0.016 2 0.61 1.95 76 0.016
6 0.50 1.89 79 0.016 2.5 0.61 1.89 76 0.016
8 0.45 2.22 83 0.016 3 0.39 1.61 81 0.016
E violet scarlet
Control 1.11 1.23 53 -
Test 1 0.47 1.86 80 0.016
Test 2 0.89 2.72 75 0.016
Lux 1 2.22 245 52 NS
1.5 1.17 1.17 50 NS
2 1.45 1.45 50 NS
>2.5 0.83 2.28 73 0.016
3 0.67 1.95 74 0.016
3.5 0.72 2.17 75 0.016
4 0.72 2.00 74 0.016
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RESULTS

Thresholds for distinguishing colours
from grey

After training under high light intensity, the ants could
distinguish each presented colour from grey (Table 1).
The lowest light intensities (=thresholds) required to per-
form this distinction were very low in general: about 8 lux
for red, 4 lux for yellow (Fig. 3, upper left photo), 3.5 lux
for green, 2.5 lux for blue and 2 lux for violet (Table 1).
The threshold for discriminating a colour from grey thus
decreased from red to violet.

After training under low light intensity, the proportion
of ants having distinguished a colour from grey were gen-
erally lower than those having done so after training
under high light intensity (Table 2). On the other hand,
the lower light intensities required to see colours other
than grey were generally smaller than those previously
assessed (see above) but the same decrease from red to
violet was observed. Indeed, the values were about 4 lux
for red, 2.5 lux for yellow, 2 lux for green, 1.5 lux for blue
and 1 lux for violet (Fig. 3, upper right photo) (Table 2).

Thresholds for distinguishing two colours
from one another

After having been trained under high light intensity,
workers of M. sabuleti were able to discriminate all the
presented colours from one another with nearly the same
efficiency (Table 3). The lower light intensities (=thresh-
olds) required to correctly respond to two presented col-
ours were somewhat higher than those needed to see a
colour other than grey; again, these light thresholds
decreased from red to violet. More precisely, the thresh-
olds for colour discrimination were about 8 lux for yellow
versus red, 6 lux for green versus yellow, 5 lux for blue
versus green (Fig. 3, lower left photo), 3.5 lux for violet
versus blue and 2.5 lux for red versus violet (Table 3).

After training under low light intensity, the ants also
distinguished each colour from another one, but the mean
proportions of ants doing so were lower than those
observed after having trained the ants under high light
intensity (Table 4). The lower light intensities required to
respond correctly to the two presented colours were all
smaller than those required for correct responses after
training under high light intensity; again, the values
decreased from red to violet. In fact, the corresponding
thresholds were about 5 lux for yellow versus red, 3.5 lux
for green versus yellow (Fig. 3, lower right photo), 2.5
lux for blue versus green, 2 lux for violet versus green and
1.5 lux for red versus violet (Table 4).

DISCUSSION

The present work attempts to measure the lowest light
intensities (the light thresholds) that workers of M. sabu-
leti require to be able to see colours other than grey and to
be able to discriminate between two colours. These
thresholds are very low, and those allowing discrimina-
tion between colours and grey are lower than those
required to distinguish between two colours. After train-

ing under high light intensity, the ants’ thresholds are
higher than those acquired after training under low light
intensity. The lower thresholds observed after mainte-
nance and training under low light intensity are in agree-
ment with the light and dark adaptation previously
revealed for the species (CAMMAERTS, 2005). In every
case (colour versus grey or colour versus another colour;
training under high or under low light intensity), the ants’
thresholds decreased from red to violet.

Even if our experimental protocol and method of quan-
tification may have their limitations, the conclusions
remain valid since potential limitations are identical for
all the experiments (use of same papers, lamps, instru-
ments etc...) and the conclusions are qualitative and com-
parative in nature. Although one might criticise our
experiments because of a potential bias due to ant phe-
romones, we believe this to be unlikely as the experimen-
tal apparatuses were often relocated in the ants’ foraging
areas. Consequently, olfactory cues were likely not used
by foragers when making their choices between two col-
ours.

In a keystone paper on ant vision (especially colour
vision), KReTZ (1979) showed that, for a given light
intensity, the visual response varies with the wavelength
used, i.e. increases from longer wavelengths (red) to
shorter ones (violet). To obtain a similar response for red
and violet, the author would need to decrease the light
intensity (from red to violet); accordingly, the ant’s visual
thresholds would be higher for red and lower for violet, as
is in agreement with our results.

On the other hand, it was previously shown (CAMMAE-
RTS, 2007 a) that the ability of workers of M. sabuleti to
discriminate a colour from grey or one colour from
another one was highest for blue and yellow under 10,000
lux and for violet and green under 600 lux. This observa-
tion is confirmed by the proportions of ants correctly
responding during the two tests made before assessing the
ants’ thresholds obtained in the present work, and after
having trained these ants under either 10,000 lux (Table
1) or 600 lux (Table 2). In these two mentioned tests as
well as in the previous work on the subject (CAMMAERTS,
2007 a), the assessment concerned the ants’ ability to dis-
criminate between two broadband spectra. This is similar
to the determination by vVON HELVERSEN (1972, second
part of his work) of the bee’s abilities to discriminate
between wavelengths. By detecting light thresholds for
colour perception in ants, we estimate the spectral sensi-
tivity of ants, similar to the measurements made by VON
HELVERSEN (1972, first part of his work, Figs 6; 9; 11).
Our results and those of VON HELVERSEN are in agree-
ment: ants and bees present the best abilities for two
wavelengths of the visible light and their sensitivity to
wavelength increases from red to violet: i.e. with the light
frequency.

Our results can also be compared to those of HORI et al.
(2006) and of NEUMEYER (1981). Hori et al. (2006)
trained bees with monochromatic lights associated with a
reward of sucrose solution delivered to the antennae and
proboscis for eliciting the proboscis extension reflex. The
authors found that bees conditioned with a 540nm light
stimulus also responded to a 618nm but not to a 439nm
light stimulus, reacting, however, when this last stimulus
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was switched off. According to the authors, this shows
that the tested insects were not conditioned to increases in
light intensity or temperature but effectively to colours (a
fact we judge also true for our experiments) and that their
results are in agreement with those of NEUMEYER (1981).
This last author investigated successive colour contrast as
well as colour constancy in bees by training freely flying
insects to land on one of nine differently-coloured test
fields. The author tested bees under various yellow and
blue illuminations. In doing so, NEUMEYER (1981)
revealed the bee’s colour constancy and pointed out the
chromatic adaptation of these insects, the most probable
mechanism allowing colour constancy. In the present
work, we show light adaptation for colour vision in work-
ers of M. sabuleti and we obtained qualitatively identical
colour discrimination under two light intensities, in
favour of a colour constancy in this species.

CAMMAERTS (2005) measured light thresholds needed
by workers of M. sabuleti to see an object. These “form
thresholds” depend on the light intensity under which the
ants are maintained. If maintained under 10,000 lux, the
ants present a light threshold of 165 lux (an experimen-
tally-assessed value); if maintained under 600 lux, they
acquire a light threshold of 22.44 lux (a calculated value
using the set up by CAMMAERTS (2005) function:
thr=11.6xe%%27). The present study goes beyond the per-
ception of form and tests the ants’ perception of colours
other than grey as well as their distinction between two
colours. The “form thresholds” (CAMMAERTS, 2005) are
higher than the “grey/colour” and the “two different col-
ours” thresholds. This suggests that, for precisely seeing
form, the ants may use their eyes in apposition mode
(WEHNER & GEHRING, 1999 p. 424), requiring higher light
intensity. In contrast, superposition mode (WEHNER &
GEHRING, 1999 p. 424) may be used to discriminate col-
ours from grey or different colours, consequently requir-
ing lower light intensity. In other words, superposition
mode allows grey/colour distinction under very low light
intensities, and colour/colour distinction under slightly
higher light intensities. Under high light intensities, appo-
sition mode allows ants to see lines and shapes (never
very sharply because they fail in discriminating some
lines and shapes from one another, CAMMAERTS, 2006).
This succession of capabilities depending on light inten-
sity differs from that of mammals, which perceive shapes
and lines under low light intensities and distinguished
colours only under rather high light intensities (WEHNER
& GEHRING, 1999 p. 420). Under high light intensity, the
ants’ best abilities occur for yellow and blue; under low
intensity, their best abilities are for green and violet
(CAMMAERTS, 2007 a). Their colour perception ability
shifts thus towards shorter wavelengths in response to
decreasing light intensity. This allows for their colour
vision to be adapted to shifting natural light conditions
during the day. In other words, colour vision in ants may
be qualitatively identical and quantitatively similar
throughout the day.

Another, even lower light threshold might exist for
ants: one in which they might see that something differs
from darkness. Ants may be confronted with such a very
low light threshold inside their nest, enabling them to ori-
ent themselves either towards the outside or the inside of
the nest.

After having been maintained under low light intensity,
the ants acquire a lower light threshold (CAMMAERTS,
2005; present paper). They thus became more sensitive to
light after maintenance under low light intensity and even
more so in darkness. Accordingly, the ants likely perceive
being shifted from a bright environment to being placed
under a red filter as being in near-darkness. On the other
hand, a shift from darkness to red light would not be per-
ceived as complete darkness. This resolves the polemic
between authors about ants’ sensitivity to red light and
explains the results of DEPICKERE et al. (2004).

Light and dark adaptation (as conducted in the labora-
tory on M. sabuleti: CAMMAERTS, 2005 and present work)
has been studied under natural conditions on Formica
polyctena by MENZEL & KNAUT (1973). Those authors
revealed two adaptations. A first adaptation occurs at sun-
rise while light intensity is still low and involves a major
modification of pigment arrangement. A second light
adaptation occurs thereafter, when light intensity
increases. This cytological observation leads to the specu-
lation that, during sunrise, the ants’ eyes initially function
in superposition mode and undergo some adaptation; they
then change and function as apposition ones, once again
undergoing some light adaptation. This interpretation
agrees with our work (CAMMAERTS, 2005 and present
study).

MENZEL & KNAUT (1973) studied the chromatic adap-
tation for several wavelengths in response to increasing
light intensity, cytologically, in F. polyctena. This adapta-
tion occurs in different cells and differs according to
wavelength. This would explain one of our present
results: thresholds for colour perception of workers of M.
sabuleti depend on the colour and therefore on wave-
length.

In one of his numerous works on bee visual perception,
MENZEL (1981) demonstrated two thresholds in the detec-
tion of spectral stimuli: a lower one for the absolute
detection of the stimulus and a higher one for the percep-
tion of colour hue. These observations echo those
reported here for M. sabuleti. MENZEL (1981) termed the
range lying between the two thresholds (the achromatic
lower one and the chromatic higher one) the achromatic
interval. The author concluded that, at light intensities
near visual threshold, bees use neurally-derived achro-
matic signals: under such low light intensities, the output
of all receptors from a single ommatidium is pooled in a
neural strategy that produces achromatic signals. This
deduction is also supported by the present results: work-
ers of M. sabuleti use their eyes as superposition ones
under light intensities nearly equalling the visual thresh-
old values.

The capability of workers of M. sabuleti to distinguish
colours versus grey on one hand, and different colours on
the other, can be compared to the bee’s ability to detect
and discriminate coloured patterns (HEMPEL DE IBARRA et
al., 2001; 2002). The summation of photoreceptor cell
signals in bees under light intensity approaching thresh-
olds values is corroborated by the study of VOROBYEV et
al. (2001). At such low light intensities, the authors found
that some experimentally-measured thresholds were
lower than the theoretically-calculated ones. This is
because, under very low light intensities, several photore-
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ceptors ‘work together’ (i.e. their neural signals are
pooled), yielding good visual perception, as also illus-
trated by the work of WARRANT et al. (1996).

Nonetheless, ants are not bees, and even if similarities
with the bee visual system exist, ants present specific vis-
ual characteristics. As formulated in the review by MEN-
ZEL & BACKHAUS (1991), insects have specific adapta-
tions in their colour vision systems, and research should
concentrate on these species-specific adaptations. The
present study, together with previous ones (CAMMAERTS,
2005; 2007 a), provides detailed information on the sub-
ject, supporting and expanding upon earlier knowledge.
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Appendix: experimental protocol
and quantification of ant responses

Protocol of an experiment

Performed on six colonies successively:

a 4-day period of starvation and light intensity adapta-
tion

a control (with the apparatus designed for tests)

a 6-day period of training (with the apparatus designed
for training)

a first test (with the apparatus designed for tests)

a 3-day period of training (with the apparatus designed
for training)

a second test (with the apparatus designed for tests)

a 1-day period of training (with the apparatus designed
for training)

the assessment of the ants’ threshold for the “correct”
colour versus either grey or another colour by conducting
successive tests (with the apparatus designed for tests)
with stepwise increases in light intensities.

Quantification
of ant responses

An example: threshold for green (gr) (the “correct”
colour) versus yellow (ye) after adaptation and training
under 600 lux.

Columns 2 to 7: mean numbers of ants present on each
half-disk

Column 8: mean (=global mean) of the previous means

Column 9: proportion of “correct” responses

Column 10: results of non-parametric Wilcoxon tests
applied to the mean numbers (specifically to the differ-
ences between the “correct” and the “wrong” mean num-

bers). N, T, P according to the nomenclature of SIEGEL &
CASTELLAN (1988).

Colonies 1 2 3 4 5 6 Mean % N T P

Colours Ye er Ye er Ye er Ye er Ye er Ye er Ye er

Control 1.80 147 0.67 0.67 247 207 680 680 1.13 1.13 220 3.07 251 254 50

Test 1 4.60 7.13 0.00 200 267 547 11.6 165 033 200 267 513 3.65 638 64 6 21 0.016

Test 2 140 467 033 267 200 493 640 131 1.00 333 126 393 207 544 72 6 21 0.016

Threshold assessment

Lux 1 267 533 267 533 6.67 833 567 433 300 233 367 433 406 499 55 6 15 NS
1.5 1.67 133 2.00 233 267 233 367 267 067 200 333 3.67 234 239 50 5 8 NS
2 233 600 1.00 1.67 5.00 3.00 3.67 267 1.00 100 200 167 250 267 52 5 -9 NS
2.5 3.00 433 133 267 1.00 233 4.00 433 1.00 100 167 167 200 272 58 5 13 0.094
3 267 500 1.67 200 433 3.67 233 467 1.00 133 367 567 261 372 59 6 20 0.031
35 133 366 033 133 167 500 1.67 500 100 1.00 0.00 133 1.00 289 74 5 15 0.031
4 0.00 267 000 1.00 267 5.00 200 433 233 500 067 233 128 339 73 6 21 0.016
6 1.00 433 0.00 1.00 2.00 4.67 1.67 433 267 4.67 3.67 533 184 406 69 6 21 0.016

The ants’ threshold lies between 3 and 3.5 lux.
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ABSTRACT. Corynactis carnea is a common corallimorpharian in the southwestern Atlantic Ocean, particularly in the Argentine
Sea, and possesses spherical structures called acrospheres at the tips of its tentacles, characterized by particular cnidae. Twelve
specimens were collected to identify and measure the types of cnidae present in the acrospheres, to estimate their abundance and to
study the biometry of the different types. The cnidae of the acrospheres are spirocysts, holotrichs, two types of microbasic b-mas-
tigophores and two types of microbasic p-mastigophores. Spirocysts were the most abundant type, followed by microbasic p-mas-
tigophores and microbasic b-mastigophores; holotrichs were the least abundant. The size of only the spirocysts fitted well to a nor-
mal distribution; the other types fitted to a gamma distribution. A high variability in length was observed for each type of cnida. R
statistical software was employed for statistical treatments. The cnidae of the acrospheres of C. carnea are compared with those of

other species of the genus.

KEY WORDS : cnidocysts, biometry, acrospheres, Corallimorpharia, Argentina.

INTRODUCTION

The Corallimorpharia form a relatively small, taxo-
nomically-neglected group of skeletonless Anthozoa
comprising no more than 40-50 species (DEN HARTOG et
al., 1993). They are most closely related to the scleractin-
ian corals and may even be considered as such. The tax-
onomy of the group is not well established and there is no
concensus about the number of genera and families. In the
most literal view, there are four families, one of which,
Corallimorphidae, has three genera: Corallimorphus
(Moseley, 1877), Corynactis (Allmann, 1846), and Pseu-
docorynactis (den Hartog, 1980). These are represented
in both shallow coastal waters and the deep sea, and all
three genera occur in the eastern Atlantic.

Corynactis carnea (Studer, 1878) is common in the
southwestern Atlantic Ocean, mainly in the Argentine
Sea, and its distribution was mentioned by many authors
(CARLGREN, 1927; RIEMANN-ZURNECK, 1986; DEN HAR-
TOG et al., 1993; GENzZANO et al., 1996; ZAMPONI et al.,
1998). This sea anemone forms pseudocolonies due to its
asexual reproduction (DEN HARTOG, 1980; DEN HARTOG
et. al., 1993) and is characterized by a high colour varia-
tion. Spherical structures called acrospheres are found at
the tips of its tentacles, and are diagnostic of the family
Corallimorphidaec (RIEMANN-ZURNECK & IKEN, 2003).
Such structures have adhesive batteries extremely effec-
tive in the capture of zooplankton, mainly crustaceans
(ROBSON, 1988). The acrospheres have cnidae (all types
of cnidocysts present in a particular structure or species)
composed of at least four different types of cnidocysts,
while in tentacles only the spirocysts are present. The cni-
docysts (nematocysts, spirocysts and ptychocysts) are
subcellular structures characteristic of the phylum Cni-

daria. They vary in terms of their morphology and their
functions, which include defence, aggression, feeding and
larval settlement (FrRANCIS, 2004). Cnidocysts also are
important in the taxonomy of the group, and their descrip-
tion is necessary in any systematic work. The cnidae of C.
carnea were incompletely documented by CARLGREN
(1927), who did not distinguish the different types of
cnida or describe the biometry of the capsules. ACUNA et
al. (2003; 2004 and 2007) provided important informa-
tion on the size distribution of different types of cnido-
cysts, and also on modern statistical tools (generalized
linear models) that allow statistical comparisons of non-
normal size distributions, using more powerful proofs
than traditional non-parametric tests. The goals of this
paper are to study the composition, abundance and biom-
etry of the cnidae of the acrospheres of the sea anemone
C. carnea from the Argentine Sea.

MATERIALS AND METHODS

Specimens of C. carnea were collected during a survey
performed by the “Oca Balda” (10/9/88) (expedition 04-
88). The individuals came from 38°11’S - 57°03°W, at a
depth of 59m, temperature 10.3°C, salinity 33.7%o. Sam-
ples were fixed in 5% formaldehyde and subsequently in
ethanol. In the laboratory, squashes of acrospheres from
12 individuals were made to identify and measure the
length of cnidocysts, using a Zeiss Axiolab microscope
with oil immersion at 1000x magnification. The cnido-
cysts were classified according to ENGLAND (1991). A
microscope with a digital camera attached also was used
for photography of the cnidae.
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For estimation of cnidocyst abundance, four randomly-
selected zones in each of the 12 squashes (one per indi-
vidual) were chosen, and all identified capsules were
counted. For statistical analyses, 30 capsules of each type
from the acrospheres were measured. A total of 2160
measurements (30 capsules x 6 types of cnida x 12 indi-
viduals) were taken. Statistically-descriptive parameters,
such as the types of size distribution and the cnidocyst
sizes, were compared among individuals. Normality of
size distribution was tested for each cnidocyst by means
of a Shapiro-Wilks test (0=0.05). If normality was con-
firmed, an ANOVA was carried out in order to compare
the cnidocyst sizes among specimens. In cases with non-
normal distribution, a model with different distribution
errors and other functional relationship between lengths
and individuals for each cnidocyst type was evaluated. In
this way, a Generalized Linear Model (GLM) with
gamma errors was fitted, using the R program (EVERITT,
2005). The model form was:

g (length)=B+B, individual+e

Then, in order to evaluate possible differences in the
sizes of each cnida among individuals, a t-test was per-
formed for the coefficients of the model (B)).
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RESULTS

Cnidae composition

The cnidae of the acrospheres of C. carnea are com-
posed of the following types: spirocysts with an elongated
capsule and no spines distinguishable, spirally-coiled
thread (Fig. 1a); holotrichs with a quite wide capsule and
a thread with spines along whole length (Fig. 1b); micro-
basic b-mastigophore 1 with an elongated capsule and a
thread with two distinct parts, a terminal tubule and a
basal shaft with a length about 1/3 the length of the cap-
sule, and a parallel-sided shape of the undischarged
thread (Fig. 1c); microbasic b-mastigophore 2 with the
same features as the previous type, except that the shaft
has a length equivalent to 1/8 the length of the capsule
(Fig. 1d); microbasic p-mastigophore 1 with an oval cap-
sule and a thread with a terminal tubule and a basal shaft
with a V-shape of the undischarged thread, which has a
length equal to 1/2 the length of the capsule (Fig. 1e); and
finally, microbasic p-mastigophore 2 with the same fea-
tures as p-1, with the exception that the capsule has a
more elongated shape and the length of the shaft is less
than 1/4 the length of the capsule (Fig. 1f).

Fig. 1. — Cnidae of the acrospheres of C. carnea. (a) spirocyst, (b) holotrich,
(c) microbasic b-mastigophore 1, (d) microbasic b-mastigophore 2, (e)
microbasic p-mastigophore 1, (f) microbasic p-mastigophore 2. Bar: 10pum.
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Fig. 2. — Abundances of the different cnidocyst types.

Size ranges of spirocysts were 22-80 x 2-4um in length
and width respectively, the holotrichs between 54-98 x
13-31um, the microbasic b-mastigophores 1 between 31-
70 x 4-6um, the microbasic b-mastigophores 2 between
30-86 x 5-8um, the microbasic p-mastigophores 1
between 20-55 x 5-10um and the microbasic b-mastigo-
phores 2 between 43-88 x 4-8um.

Abundance of different cnidocysts

The pooled data of abundances for all types of cnido-
cysts in the 12 individuals are shown in Fig. 2. Clearly,
the spirocysts are the most abundant cnida, followed by
the microbasic p-mastigophores 1 and 2, and microbasic
b-mastigophores 1 and 2, while the least abundant were
the holotrichs, which were found in only five of the speci-
mens.

Biometry

Statistically-descriptive parameters

The statistically-descriptive parameters for each cnida
from the 12 analyzed individuals are shown in Tables 1-4.
It can be observed that the holotrichs are the largest type
(Table 2), while the microbasic p-mastigophores 1 are the
smallest (Table 4).

TABLE 1

Descriptive statistical parameters of spirocysts

Indiv. N° mean std. dev. (6A% min. max.
1 47.76 7.63 0.16 35 63
2 49.16 12.52 0.25 29 74
3 48.23 9.24 0.19 22 64
4 51.06 11.13 0.22 30 67
5 47.43 10.56 0.22 33 73
6 51.30 1091 0.21 29 68
7 46.56 10.01 0.21 28 67
8 58.16 12.30 0.21 30 80
9 53.46 13.33 0.25 30 80

10 51.03 11.01 0.22 27 80
11 52.76 9.13 0.17 37 74
12 55.16 9.82 0.18 31 70

TABLE 2
Descriptive statistical parameters of holotrich
Indiv. N° mean std. dev. Cv min. max.
1 74.50 7.55 0.10 55 89
2 75.50 7.62 0.10 61 87
3 75.76 6.21 0.08 65 88
4 76.26 7.74 0.10 57 91
5 84.63 6.85 0.08 72 98
6 72.60 8.98 0.12 54 89
7 82.26 6.37 0.08 65 95
8 79.40 7.00 0.09 66 90
9 86.80 7.64 0.09 67 98
10 76.60 5.51 0.07 61 85
11 79.03 5.62 0.07 68 92
12 78.76 7.93 0.10 62 94

Mean, standard deviation (std. dev.), minimum (min.) and maximum
(max.) in um. CV (coefficient of variation).

TABLE 3

Descriptive statistical parameters of microbasic b-mastigo-
phores

Type Indiv. N° mean std. dev. Ccv min.  max.
1 1 42.83 3.98 0.09 38 54
2 41.30 3.36 0.08 33 47
3 40.00 4.41 0.11 32 49
4 39.96 3.89 0.10 32 46
5 42.00 4.82 0.11 35 59
6 40.26 4.26 0.11 31 46
7 45.90 6.74 0.15 38 70
8 43.33 4.17 0.10 36 50
9 40.96 3.09 0.08 35 46
10 40.83 3.54 0.09 32 46
11 39.10 3.77 0.10 31 45
12 41.00 2.57 0.06 35 46
2 1 48.00 5.27 0.11 42 61
2 51.33 8.14 0.16 40 65
3 51.93 12.84 0.25 37 86
4 43.30 5.05 0.12 31 53
5 43.70 6.69 0.15 30 53
6 44.40 6.30 0.14 35 64
7 59.76 10.08 0.17 40 76
8 53.10 5.56 0.10 44 66
9 61.80 12.01 0.19 43 83
10 51.73 7.95 0.15 41 74
11 45.73 4.94 0.11 40 59
12 51.50 8.73 0.17 31 72

Mean, standard deviation (std. dev.), minimum (min.) and maximum
(max.) in um. CV (coefficient of variation).

Mean, standard deviation (std. dev.), minimum (min.) and maximum
(max.) in um. CV (coefficient of variation).
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TABLE 4
Descriptive statistical parameters of microbasic p-mastigo-
phores
Type Indiv.N° mean std. dev. CV min max.
1 1 33.23 1.83 0.06 30 38
2 31.36 4.68 0.15 21 41
3 36.36 5.35 0.15 27 46
4 3143 493 0.16 20 43
5 40.60 7.81 0.19 27 55
6 30.83 3.29 0.11 23 36
7 3443 5.68 0.16 25 45
8 35.40 6.28 0.18 26 48
9 31.86 2.73 0.09 26 38
10 31.83 3.47 0.11 26 39
11 31.80 4.52 0.14 23 41
12 29.56 3.69 0.12 21 35
2 1 69.30 7.42 0.11 56 88
2 59.73 6.57 0.11 43 70
3 67.26 7.85 0.12 55 82
4 69.76 7.10 0.10 53 79
5 61.76 6.12 0.10 50 73
6 59.23 6.71 0.11 45 70
7 75.56 5.98 0.08 57 84
8 69.13 5.39 0.08 58 78
9 72.50 6.58 0.09 60 85
10 59.86 5.17 0.09 51 70
11 60.56 6.18 0.10 48 70
12 65.36 6.29 0.10 52 75

Mean, standard deviation (std. dev.), minimum (min.) and maximum
(max.) in um. CV (coefficient of variation).
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Normality test

According to the analyses of residuals, normality of
size distribution was accepted for the spirocysts
(p=0.653). However, for the holotrichs (p=0.003), micro-
basic b-mastigophores 1 (p<0.001), microbasic b-mastig-
ophores 2 (p=0.001), microbasic p-mastigophores 1
(p=0.024) and microbasic p-mastigophores 2 (p=0.017), a
normal distribution of the capsule sizes was rejected. Fig.
3 shows the Q-Q plots of residuals vs. normal expected
values of each cnida.

ANOVA

An ANOVA test revealed that the sizes of spirocysts
varied significantly among the 12 individuals (F=3.11,
p<0.0005). These differences are illustrated with box-
plots (Fig. 4).
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Fig. 3. — Q-Q plots of residuals vs. normal distribution.
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Generalized Linear Models (GLM)

(Tables 2-4), despite the variation of the mean (ACUNA et

al,, 2007). The sizes of the above cnidocysts also varied

significantly between individuals (Table 5 and Fig. 4).

Sizes of holotrichs, microbasic b- mastigophores 1 and
2, and microbasic p- mastigophores 1 and 2 fitted very

well to a GLM with gamma errors (Fig. 5). This was con-



The cnidae of the acrospheres of the corallimorpharian Corynactis carnea (Studer, 1878)

Nomel -0 MNorma G-Q
. (b) .
<7 -
o143
; ; o148
@ A ;
o =
= =
& &
e E o-
Ly I S
! i I
T T T T T L] T : T T T T T L]
3 .2 -1 0 1 2 3 3 -2 -1 0 1 2 3
Theoretical Quartiles Thacrencal Quandles
IMLONG ~ INDIV) SIM[LONG ~ NDXV)
Nomal G-Q Nomel -0
o) - T -
(©) . (d e |
o~ - b o =
el ‘,o?o
T - - o & 4
3 &g
3 °7 5
: e
o
o o - .
'moo 0°°°
N 7 o omt
I T T L] T T 1] T ] L] 1 T T ]
3 2 1 0 1 2 3 3 2 A 0 1 2 3
Thacrencal Quarndles Theoretical Quartiles
Sim{LONG ~ INCIV) DMLOMNG ~ DIV
Narmal Q-Q
«
(C) one ©
N -
g‘ —
-3
@
g o
&
o cf,
u'nfw
<o
T T T T T T 1]
3 -2 -1 0 1 2 3

Fig. 5. — Q-Q plots of residuals vs. theorical quantiles of GLM. (a) holotrich, (b) microbasic b-mastigophore 1, (c)

Thaorencal Quanles
gim|LONG ~ INCAV)

microbasic b-mastigophore 2, (d) microbasic p-mastigophore 1, (¢) microbasic p-mastigophore 2.




56 Fabian H. Acufla & Agustin Garese

TABLE 5
P values of't test for the coefficients of the model (B1). The individual N° 1 is not shown because it was utilized to carry out the com-
parisons
holotrich microbasic microbasic microbasic microbasic
b-mastigophore 1 b-mastigophore 2 p-mastigophore 1 p-mastigophore 2
2 0.575 0.157 0.100 0.110 <0.0001***
3 0.478 0.008 ** 0.054 0.013 * 0.246
4 0.324 0.007 ** 0.012 * 0.124 0.793
5 <0.000] *** 0.445 0.022 * <0.0001 *** <0.0001 ***
6 0.277 0.017 * 0.056 0.040 * <0.0001 ***
7 <0.0001 *** 0.007 ** <0.0001 *** 0.326 0.0008 ***
8 0.008 ** 0.652 0.014 * 0.081 0.925
9 <0.0001 *** 0.084 <0.0001 *** 0.245 0.079
10 0.242 0.064 0.066 0.234 <0.000] ***
11 0.013 * <0.0001 *** 0.235 0.222 <0.0001 ***
12 0.020 * 0.090 0.084 0.001 ** 0.023 *

significant at levels '***' 0.001 **' 0.01 "*' 0.05 respectively.

DISCUSSION

Fourteen species within the genus Corynactis are con-
sidered valid according to FAUTIN (2006). The morpho-
logical differentiation of these species is very compli-
cated, due to the difficulty of distinguishing the
morphological characters usually used in sea anemone
taxonomy (CARLGREN, 1927). Besides, the descriptions of
several species are incomplete, mainly in terms of the
composition of their cnidae. In the case of C. carnea,
CARLGREN (1927) only mentioned some types without
providing data related to their biometry. In this paper, we
examined in detail the cnidae of the acrospheres of many
individuals of this corallimorpharian species, and we
clearly differentiated the following cnidocysts: spirocysts,
microbasic b-mastigophores 1 and 2, microbasic p-mas-
tigophores 1 and 2, and holotrichs. Within the 14 valid
species mentioned by Fautin in her database, there are
detailed descriptions of the cnidae of only three species:
C. viridis (Allman, 1846) (DEN HARTOG et al., 1993), C.
californica (Calgren, 1936) (HAaND, 1955) and C. denhar-
togi (Ocafia, 2003). The cnidae of C. carnea are very sim-
ilar to those of C. viridis from the Northern Hemisphere.
Although DEN HARTOG et al. (1993) used a different
nomenclature, this similarity in cnidae also occurs when
applying the nomenclature used in this paper (ENGLAND,
1991). In the corallimorpharian C. californica, the cnidae
composition within the acrospheres also is very similar,
but only a single type of microbasic b-mastigophore is
recognized. HAND (1955) does not differentiate the cnidae
of the acrospheres and tentacles. In the same way, OCANA
(2003) detailed the cnidae of the acrospheres and tenta-
cles of C. denhartogi combined, recognising spirocysts,
two holotrichs, two microbasic b-mastigophores and two
microbasic p-mastigophores. It is interesting to mention
that in other corallimorpharians such as Rhodactis rho-
dostoma (Ehrenberg, 1934), the marginal tentacles con-
tain similar types of nematocysts (types 1 and 2 holot-
richs, microbasic p-mastigophore, types 1 and 2
microbasic b-mastigophore) but not spirocysts (LANG-
MEAD & CHADWICK-FURMAN, 1999).

The abundances of the cnidocysts of C. carnea and C.
viridis follow a similar pattern: the spirocysts are clearly

the most abundant, while the other types occur at a low
frequency. However, a difference was observed concern-
ing the holotrichs, which in C. carnea is the least abun-
dant type, but in C. viridis is the second most abundant
type. It is interesting to note that in scleractinian corals
[closely related to the order Corallimorpharia and sharing
the same categories of cnidocysts (DEN HARTOG, 1980;
DEN HARTOG et al., 1993; PIRES, 1997)], there are modi-
fied tentacles (sweeper tentacles), whose tips are referred
to as acrospheres and that contain a different proportion
among the different cnidocyst types in comparison with
C. carnea. For example, the tips of the tentacles of Mon-
tastrea cavernosa (Linnaeus, 1766) have 63% holotrichs
(DEN HARTOG, 1977), while in Galaxea fascicularis (Lin-
naeus, 1758) the microbasic b-mastigophores make up
50% and the spirocysts 40% of the cnidae (HIDAKA &
Mivazakl, 1984 ; HIDAKA & YAMAZATO, 1984).

Some authors have found a normal distribution of the
capsule lengths of cnidocysts (WILLIAMS, 2000; ARDE-
LEAN & FAUTIN, 2004; Francis, 2004), but others have
not, at least for acontiarian sea anemones, the actiniarian
Oulactis muscosa (Drayton in Dana, 1846) and zoanthids
(AcuNa et al., 2003; 2007 and references therein). THO-
MASON & BROWN (1986) showed clearly that generaliza-
tions cannot be made concerning the statistical distribu-
tion of the cnidae in scleractinian corals. In C. carnea,
normality of size distributions was rejected for five of the
six types of cnidocysts. However, a normal model fitted
very well to the spirocysts, this being coincident with the
results obtained by Francis (2004) for the sea anemone
Anthopleura elegantissima (Brandt, 1835). According to
our results and those of other authors, we conclude that a
normal distribution is uncommon, and the statistical dis-
tribution of cnidae size must be tested before any biomet-
ric analysis.

Sizes of the cnidocysts of C. carnea varied between
individuals. Studies carried out in the acontiarian sea
anemones Haliplanella lineata (Verrill, 1869), Tricnidac-
tis errans (Pires, 1988), Anthothoe chilensis (Lesson,
1830) and the actiniarians O. muscosa and A. elegan-
tissima (ACUNA et al., 2003; 2007; Francis, 2004), also
showed intraspecific variation in capsule sizes. This vari-
ability reduces the taxonomic value of cnidocysts, and
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could be explained by the supply and demand of cnido-
cysts for the sea anemones (ROBSON, 1988).

According with the results obtained here, the cnidae of
the acrospheres of C. carnea are similar to those of other
species of the genus. This species is part of the C. viridis-
complex, along with C. viridis, C. annulata (Verrill,
1866); C. chilensis (Carlgren, 1941) and C. delawarei
(Widersten, 1976), because of their distribution (Atlantic
Ocean and Pacific of South America) and morphological
similarity (DEN HARTOG et al., 1993). Because of this sim-
ilarity and high intraspecific variability (colour and cni-
docyst sizes), it is clearly necessary to revise the genus
Corynactis and this species complex, perhaps using
molecular characters that are useful especially when the
morphological ones are obscure or difficult to distinguish.
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ABSTRACT. The synthesis of specific keratins in differentiating amphibian epidermis has been studied by autoradiography after
tritiated histidine injection, immunocytochemistry and immunoblotting. Most labeling is present in upper spinosus and corneous
layers suggesting higher protein synthesis in these differentiating keratinocytes. In the epidermis of the toad Bufo viridis and of the
newt Triturus vulgaris most of the synthesized epidermal proteins are keratins of acidic-neutral type, including K6, K16, and K17-
like keratins of 45-60kDa. Proteins of lower molecular weight and with basic pl are present in very low amounts or are absent.
Ultrastructural immunolabeling for K6 and K16 keratins shows that they are associated with dense material among keratin fila-
ments and with dense mucous granules, but not with tonofilament bundles of differentiating keratinocytes. After the release of
mucous granules in upper keratinocytes of the intermediate layer and in pre-corneous keratinocytes, the immunolabeling for the
above keratins is localized along the plasma membrane of maturing keratinocytes. This distribution is similar to that of actin, and
suggests that actin together with K6, K16, and K17-like keratins may be involved in the process of extrusion of mucous-containing

glycoproteins from differentiating amphibian keratinocytes.

KEY WORDS : Amphibian epidermis; Mucous granules; Ultrastructure ; Immunocytochemistry; Wound keratins.

INTRODUCTION

The adult amphibian epidermis comprises a basal layer,
3-5 intermediate cell layers, and a stratum corneum that
generally consists of a single layer of dead keratinocytes
(Fox, 1994 ; WARBURG et al., 1994; ALIBARDI, 2001). The
limited cornification of superficial cells in amphibian epi-
dermis allows for cutaneous respiration before the cor-
neous layer is replaced (Bupz, 1977). These studies have
shown two types of submicroscopic granules, one type of
0.4-0.9um diameter and another type of 0.1-0.2pm diam-
eter, in differentiating keratinocytes (BANI, 1966;
CERESA-CASTELLANI, 1969; LoD1 & BANI, 1971 ; LAVKER,
1972; 1974).

The smaller granules probably contain mainly mucous
or glycoproteins while some of the larger ones contain
glycoproteins and perhaps other proteins involved in the
process of keratinization and coating of the cell mem-
brane of superficial keratinocytes (BUENO et al., 1981;
NAvVAS et al., 1987). The latter ultrastructural studies cou-
pled to lectin histochemistry have indicated that at least
some small mucous granules may represent the equiva-
lent of the “membrane coating granules” or multilamellar
bodies present in mammalian keratinocytes (MENON &
NORLEN, 2002).

Mucous and sparse lipid-like bodies are either extruded
extracellularly (small granules) or dispersed intracellu-
larly (some of the large granules). Lipids contribute to
limiting water-loss from the epidermis, especially in more
terrestrial amphibians such as hylids and bufonids
(LAVKER, 1972; 1974 ; LILLYWHITE & MADERSON, 1982;
ToLEDO & JARED, 1993). Glycoproteins coat the plasma
membrane of maturing keratinocytes of the pre-corneous
or replacement layer and of the corneous layer, like lipids
coat the cornified cell envelope of mammalian corneo-

cytes. High amounts of glycoproteins are produced in the
epidermis and they are secreted extracellularly. The extru-
sion of mucous granules probably requires the production
of specific cytoskeletal proteins.

The large granules may also release, apart from glyco-
proteins, some matrix proteins that contribute to the proc-
ess of maturation of the corneous layer (LAVKER, 1972;
1974; Fox, 1994; ALIBARDI, 2001). The molecular nature
of inter-keratin or matrix material in amphibian keratinoc-
ytes, however, remains unsolved. Matrix proteins in
mammalian epidermis, including the histidine-rich filag-
grins, are essential for the formation of the corneous
material present within mature keratinocytes and along
cornified cell membranes (RESING & DALE, 1991;
KALININ et al., 2002).

Previous studies have shown that tritiated histidine is
incorporated in amphibian epidermis, from newt, frog and
toad (ALIBARDI, 2002; 2003; ALIBARDI et al., 2003).
These studies have indicated that keratins (alpha- or inter-
mediate filament keratins) and a small amount of proteins
incorporating histidine are synthesized in the upper cells
of the intermediate layer and of the replacement layers in
amphibian epidermis. Other studies have shown that a
slightly basic keratin of 63kDa is a major protein of adult
epidermis in Xenopus laevis (NISHIKAWA et al., 1992).
Immunocytochemical studies have, however, shown that
in adult epidermis more acidic than basic keratins are
present (ALIBARDL, 2001; 2002) but the specific types are
not known.

Among acidic keratins, mammalian K16 and K17 are
known to be upregulated during epidermal wounding and
regeneration (MCGOWAN & COULOMBE, 1998a;b). This is
also likely for reptilian epidermis covering the amputated
tail or limbs (ALIBARDI & TONI, 2005). As amphibian epi-
dermis is capable of extensive regeneration to cover
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amputated limbs or broad areas of injured skin, it would
be interesting to evaluate the presence of K16 and K17
acidic keratins, and of K6, a basic keratin also upregu-
lated in regenerating epidermis.

In the present study, the specific nature of some of the
keratins produced during epidermal differentiation has
been analyzed using autoradiography, immunocytochem-
istry, and immunoblotting for wound keratins (K6, K16,
and K17) and for actin, a ubiquitous cytoskeletal protein
associated with cell motility and cytoskeletal re-arrange-
ment.

MATERIALS AND METHODS

Animals and experiments

Adult specimens of toad (Bufo viridis; n=9) were
injected with 3-4uCi/g body weight of tritiated histidine
(L-2,5-3H-Histidine, specific activity 53.0Ci/mmol, Ge
Healthcare, UK) diluted in saline. Adult specimens of
newt (Triturus vulgaris; n=17) received 6-8uCi/g body
weight of tritiated histidine as previously reported (ALI-
BARDI, 2003). This allowed evaluation of protein synthe-
sis in the main epidermal layers.

Five newts received 2-3uCi/g body weight of tritiated
thymidine (3H-TdR, Amesham, specific activity 70-90Ci/
mM). This treatment allowed evaluation of the sites of
cell proliferation and time of migration through the epi-
dermal layers.

After sacrifice of the animals by decapitation, the skin
from ventral trunk, tail and digits areas in both species
was collected at 4 and 8 hours post-injection, and pre-
pared for autoradiography. From the specimens that
received tritiated thymidine, samples were collected at 4-
5 hours (n=5), 4 days (n=2), and 6-7 days (n=3) post
injection.

Fixation, immunocytochemistry
and autoradiography

Skin fragments of 2 by 4mm were fixed for 3-5 hours
in 4% paraformaldehyde in 0.1M phosphate buffer at pH
7.4, dehydrated, and embedded in Durcupan or Bioacryl
resins (ScaLA et al., 1992) as previously detailed (ALI-
BARDI, 2001; 2002). Other tissues were fixed in 2.5% glu-
taraldehyde in 0.1M phosphate buffer for 5 hours, post-
fixed in 2% osmium tetroxide, dehydrated and embedded
in Durcupan resin. The latter tissues were studied under
the electron microscope for routine ultrastructural analy-
sis of the epidermis.

Tissues were sectioned with an ultramicrotome in order
to obtain sections of 2-5um in thickness. Sections from
Araldite- or Bioacryl-embedded tissues were stained with
0.5% toluidine blue and studied under the light micro-
scope. Sections from Bioacryl-embedded tissues were
collected over chromoalume-albumin coated slides for
the following application of immunocytochemical reac-
tions.

Immunocytochemistry was performed using the anti-
cytokeratin antibodies to K6, K16 and K17 (generous gift
from Dr. P. Coulombe, Johns Hopkins University, USA).
These are rabbit polyclonal antibodies that recognize spe-

cific epitopes of mouse keratins 6 and 16 (data in TAKA-
HASHI et al., 1994; McGowaN & COULOMBE, 1998a;b).
The anti-total actin here employed is a general antibody
against actin produced in rabbit.

Semithin sections were pre-incubated for 30 minutes at
room temperature with 2% BSA in 0.05M Tris/HCI buffer
at pH 7.6 containing 5% normal goat serum. The sections
were later incubated overnight at 0-4°C in the primary
antibody diluted in the Tris buffer (1:200 for the K6, K16,
or K17 antibodies and actin antibody). In controls, the
primary antibody was omitted. Sections were rinsed in
buffer and incubated with secondary HRP-conjugated
antibody (SIGMA, anti-rabbit for K6, K16, K17-incu-
bated tissues) at 1:50 dilution. Detection was performed
using a DAB-hydrogen peroxide reaction.

Other sections of 40-90nm thickness were collected
with the ultramicrotome on nickel grids, and incubated in
the primary antibody medium with Tris buffer and 1%
Cold Water Fish Gelatin as reported above (no primary
antibodies were used in controls). The dilution for K6,
K16 and anti-actin was 1:200. After being rinsed in the
buffer, sections were incubated for 1 hour at room tem-
perature in the secondary antibody (anti-mouse IgG anti-
rabbit, conjugated with 10nn gold particles to be visual-
ized under the electron beam) diluted 1:40 in the Tris
buffer. After rinsing, sections on grids were stained for 5
min in 2% uranyl acetate, and then observed under a
Philips CM-100 electron microscope.

For light and ultrastructural autoradiography (see
details in ALIBARDI, 2003), sections of 2-5pum thickness
were attached to glass slides and then coated with Nuclear
emulsion for light microscopic autoradiography (Ilford
K5), developed and fixed 1-2 months after exposure. Thin
sections (40-90nm thick) were coated with Nuclear emul-
sion for electron microscopic autoradiography (Ilford
L4), developed and fixed after 3-4 months of exposure.
Thin sections were lightly stained with uranyl acetate and
lead citrate, and observed under a CM 100 Philips elec-
tron microscope operating at 60-80kV.

Electrophoresis, autoradiography
and immunoblotting

The remaining skin from the whole body of injected
animals was frozen in liquid nitrogen and stored at -80°C
before protein analysis (SYBERT et al., 1985). Tissues
were incubated in SmM EDTA in phosphate buffered
saline (PBS) for S5Smin at 50°C and 4min in cold PBS, then
the epidermis was separated from the dermis by dissec-
tion under the stereomicroscope. The epidermis was
homogenized in 8M urea/50mM Tris-HCI (pH 7.6)/0.1M
2-mercaptoethanol/ImM  dithiothreithol/ImM  phenyl-
methylsulphonyl fluoride. The particulate matter was
removed by centrifugation at 10,000g for 10min. Protein
concentration was assayed by the Lowry method before
electrophoresis.

For monodimensional electrophoretic analysis, pro-
teins were denatured by boiling the extracted solution in
the Sample Buffer for Smin. Then, 50-100ug of protein
was loaded in each lane and separated in 10% or 12%
SDS-polyacrylamide gels (SDS-PAGE) according to
LaemMLL (1970). For two-dimensional electrophoretic
analysis, the Ettan [PGphor III IEF System (Ge Health-
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care, U.K.) was used for the isoelectrofocusing (IEF). An
80ug protein sample (containing 2% CHAPS (Sigma,
USA) and 1% carrier ampholyte mixture, pH 3,5-10 (Ge
Healthcare, U.K.)) was loaded onto a 7cm (pH 3-10) strip
(Ge Healthcare, U.K.). Application of the strips and the
running procedure were carried out as described by the
manufacturer. The following protocol was used. Rehy-
dratation was performed for 12h at room temperature and
was followed by the IEF, step by step, from 0.5h 500V,
0.5h 1000V, 0.5h 5000 gradually, and for 1h at 5000V.
Strips were kept at S0V until loaded on the second dimen-
sion. Before starting the second dimension, the strips
were equilibrated for 10min in 6M urea, 30% glycerol,
50mM Tris, pH 6.8, and 2% DTT. Afterward, strips were
briefly rinsed with double distilled water and equilibrated
in 6M urea, 30% glycerol, 50mM Tris, pH 6.8, and 2.5%
iodoacetamide for an additional 10min. The second
dimension was carried out in 12% SDS-polyacrylammide
gels by using the MiniProtean III electrophoretic appara-
tus (Bio-Rad). After electrophoresis gels were immunob-
lotted on nitrocellulose paper or exposed for autoradiog-
raphy.

For autoradiography experiments, gels were fixed in 2-
propanol:distilled water:acetic acid (25:65:10) solution
for 30 minutes. The gels were incubated in Coomassie
blue, a staining solution designed for the detection of pro-
teins separated in polyacrylamide gels. Afterwards, the
gels were incubated in Amplify solution (Ge Healthcare,
UK) for 15min and dried with a gel dryer (BioRad, USA)
for about two hours at 80°C. Finally, gels were exposed to
X-ray film (X-Omat LS, Kodak, USA) at —80°C for 3-4
weeks, in autoradiographic boxes equipped with intensi-
fying screens, and films were developed to obtain final
fluorographs.

For western blotting, the proteins separated in SDS-
PAGE were transferred to nitrocellulose paper. Ponceau
red, a reversible staining solution designed for rapid (5
minutes) staining of protein bands on nitrocellulose mem-
branes, was used after western blot to verify the protein
transfer. The membranes were then incubated with pri-
mary antibodies directed against keratins K6 (diluted
1:1000), K16 (diluted 1:2000) and K17 (diluted 1:5000).
Detection was performed using the enhanced chemiolu-
minescence procedure developed by Amersham (ECL,
Amersham, UK). In electrophoresis experiments, Wide
Range (MW 6500-20 500) molecular weight markers
(Sigma, USA) were used.

RESULTS

Autoradiography and immunocytochemistry

Thymidine-labeled nuclei in the epidermis of 7. vul-
garis were mainly present in sparse cells of the basal and

sometimes also in the first suprabasal layers at 4 hours
post-injection (Fig. 1A). Numerous silver grains were
present over the nuclei of these cells (data not shown). At
four days post-injection, sparse cells with labeled nuclei,
with variable numbers of silver grains per cell, were still
present in the basal layer and in suprabasal layers but not
in the corneous layer (Fig. 1B). At six days post-injection,
cells in suprabasal layers and some in the corneous layer
were seen (Fig. 1C). In both species, the corneous layer
appeared as a thin superficial coat of the epidermal sur-
face (Figs 1C-D). This was confirmed by the electron
microscopic analysis on the epidermis of 7. vulgaris,
which showed a very thin corneous layer above a strati-
fied epithelium (Fig. 1E). Detailed observation of the pre-
corneous (replacement) layer in the epidermis of both the
newt T vulgaris and toad B. bufo disclosed large amounts
of mucous-like granules, many of which appeared to be
releasing material into the extracellular space facing the
corneous layer (Fig. 1F). The latter was denser than the
inner epidermal layers and contained a thick meshwork of
keratin filaments and a dense cornified cell membrane.

Autoradiographic analysis of the epidermis 4 and 8
hours after histidine injection in 7. vulgaris and in B.
viridis showed that silver grains were mainly localized
over the cytoplasm of pre-corneous layers (Figs 2A-C).
Grains were more frequently observed in the cytoplasm
of these cells, often associated with denser areas among
keratin filaments (Fig. 2D). Silver grains were also
present in dense areas among packed keratin filaments in
cells forming the corneous layer and in dense material
associated with the plasma membrane (Fig. 2D).

The immunolabeling for cytokeratins K6 and K16 was
weak in the epidermis of T. vulgaris using light micro-
scopic immunocytochemistry, but immunoreactive sites
were only detected in upper pre-corneous and corneous
layers (Fig. 3A). Under the electron microscope, K6 and
K16 antibodies applied to the epidermis of 7. vulgaris
showed a similar pattern of labeling. They showed a
scarce or diffuse immunolabeling over tonofilaments of
cells of the upper intermediate and pre-corneous keratino-
cytes. Most of the labeling was instead associated with
mucous and dense granules, or with a dense material not
limited by a membrane, that was present in localized
areas of the cytoplasm of differentiating and pre-corneous
keratinocytes (Figs 3B-C). Gold labeling was also more
intense along the plasma membrane and the periphery of
desmosomes in pre-corneous and corneous cells (Figs
3C-D), where dense material resembling that of mucous
granules was present (Fig. 3E). No significant labeling
was seen over tonofilament bundles of desmosomes or
among the packed keratin filaments of the corneous layer.
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Fig. 1. — Light autoradiography for thymidine in the tail epidermis of 7. vulgaris (A-C), for the digit epidermis of B.
viridis (D) and ultrastructure of the tail epidermis of 7. vulgaris (E-F). A, mitosis in still-labeled basal cell (arrowhead)
at 4 days post-injection. Bar 10um. B, labeled cell (arrow) in upper spinosus layer 4 days post-injection. The arrow-
head points to a likely phagocyte. Bar 10um. C, labeled cells in upper (arrow) and pre-corneous layer (arrowhead) 4
days post-injection. Bar 10pm. D, epidermis of the toad B. viridis with indicated the corneous layer (arrows). The
arrowhead points to melanophores. Bar 10um. E, general view of newt tail epidermis with polygonal basal cells (the
arrowhead points to a mitotic cell) and forming precorneous (replacement) layer. Bar 10um. F, detail on pale mucous
granules (arrowheads) in pre-corneous layer. The arrow indicates a granule discharging into the extracellular space
where mucous-like material is present. Bar 0.5um. Legends: ba, basal layer; c, corneous layer; r, replacement (pre-
corneous) layer; sb, supra-basal layers; se, secreted material
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Fig. 2. — Light (A-B) and electron-microscopic (C-D) autoradiography of the epidermis 4 hours post-
injection of tritiated histidine. A, most silver grains are localized toward the corneous layer (arrows) of
the tail epidermis of 7. vulgaris. Bar 10um. B, silver grains mainly present over the pre-corneous layer
of the ventral epidermis of the toad B. viridis (arrows). Bar 10pm. C, detail of trace (silver) grains over
most of the pre-corneous layer of newt digit epidermis. Bar 200nm. D, detail of trace grains associated
with denser areas (arrows), the surface (arrowhead), or near desmosomal junction (double arrowhead)
in two differentiating corneous cells (C1 and C2) of digit epidermis in toad B. viridis. Bar 200nm.
Dashes underlie the basal layer of the epidermis. Legends: c, corneous layer; pc, pre-corneous layer.
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Fig. 3. — Immunolabeling with K16 of the epidermis of 7. vulgaris. A, light microscopy shows a weak but positive reaction
in upper layers of the digit epidermis (arrowhead). Dashes underlie the basal layer of the epidermis. Bar 20um. B, diffuse
gold labeling of upper spinosus cell of digit epidermis. More concentrated labeling is seen on denser areas (arrows) and
along the plasma membrane (arrowheads). Keratin bundles are not or little labeled. Bar 250nm. C, detail of dense areas
associated with granules (arrows) or with the plasma membrane (arrowhead) in pre-corneous cell of tail epidermis. Keratin
filaments are not labeled. Bar 100nm. D, labeling along the cell surface of pre-corneous and corneous cells (arrows) of tail
epidermis, along the junctions between two corneocytes (C1 and C2, double arrows), and in a dense material within the cor-
neous material (arrowhead). Bar 200nm. E, detail on the intense labeling (arrowheads) present on the surface of a pre-cor-
neous and a corneous cell of digit epidermis. The arrows indicate labeling on dense granules but not over keratin filaments.
Legends: de, desmosome; ec, extracellular space; k, keratin bundles; pc, precorneous cell; sb, suprabasal cell.
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Fig. 4. — Ultrastructural immunolocalization of actin in the digit epidermis of the newt 7. vulgaris. A, upper
spinosus cell showing gold labeling mainly associated with pale mucous granules (arrows), some in phase of
discharging their amorphous content into the extracellular space (arrowheads). Bar 0.5um. B, immunolabe-
ling mainly associated with the inner surface (arrows) and the outer surface with microvilli (arrowhead) of
the corneous layer. Bar 250nm. C, detail of the labeling (arrows) on the microvillar surface of the stratum
corneum. Other labeling is present over denser areas among the pale keratinized material (arrowheads). Bar
150nm. Legends: c, stratum corneum; k, keratin bundles; n, nucleus; pc, stratum precorneum.
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The ultrastructural immunolabeling with the actin anti-
body in the epidermis of 7. vulgaris showed most of the
labeling in upper intermediate and pre-corneous cells,
especially associated with pale vesicles or, less com-
monly, with denser areas, but no gold particles were asso-
ciated with keratin bundles (Fig. 4A). Some of these vesi-
cles appeared in a stage of discharging their material into
the extracellular space. In pre-corneous cells, most gold
particles were associated with the peripheral cytoplasm of
the plasma membrane but not with desmosomes (Fig.
4B). In the corneous layer, gold particles were seen in
more electron-dense areas along the inner and outer rim
of cytoplasm, and the plasma membrane (Fig. 4C).

Electrophoresis, autoradiography
and immunoblotting

The protein pattern of epidermal proteins (stained with
Coomassie blue) showed that essentially most of the pro-
teins were represented by alpha-keratins in both newt (7.
vulgaris, Fig. 5A) and toad (B. viridis, Fig. 5B).

In the newt 7. vulgaris one-dimensional electrophoresis
showed most bands concentrated at 45-64kDa, and less
intense bands at 33-35, and 18kDa (Fig. 5A1). In two-
dimensional electrophoresis gels (Fig. 5A2), some protein
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spots were seen at 48-50kDa with pl at 5.2-5.5, 6.2 and 7.0.
Other spots at 55-57kDa showed pl at 5.2, 5.6-6.2, and 6.8.
Finally, spots of 65kDa showed pl at 5.3-5.7, 5.9-6.2, 6.8-7,
and 7.2. The band at 18kDa that was present in one-dimen-
sional electrophoresis was not clearly seen in two-dimen-
sional-gels. The one-dimensional autoradiographic exami-
nation showed main labeled bands at 42-45 and 55-60kDa,
and a much weaker one around 30kDa (Fig. 5A3). The 2D-
autoradiographic examination showed reactive spots
around 45kDa with pl at 5, 6 and 6.8, and another, diffuse
spot at 62-65kDa with pl at 5.0-5.5 (Fig. 5A4). Very small
to undetectable spots were seen around 30kDa.

Similarly, in the toad B. viridis, most of the proteins
were not well resolved in mono- and two-dimensional
gels, and were concentrated in the alpha-keratin range, at
44-60kDa (Figs 5B1-2). Main spots were seen at 44kDa
with pl at 5.0-5.5, at 50-52kDa with pl at 4.8-5.2 and 5.5,
at 55kDa with pl around 6, at 60-64kDa with pl at 5-6.2,
and 7.0-7.7. The autoradiographic analysis in one-dimen-
sional gels showed main bands at 30 and 50-52kDa (Fig.
5B3). In two-dimensional gels only, we observed positive
spots at 45-47kDa with pl at 5.0-5.6 and 6, and at 55-
57kDa with pl at 6.2-6.5 and 7.0-7.2 (Fig. 5B4). A very
weak and diffuse spot around 20kDa with pl 8 was seen.
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Fig. 5. — One-dimensional (A1, 3 and B1, 3) and two-dimensional (A2, 4 and B2, 4) electrophoretic patterns of epider-
mal proteins. Coomassie pattern (A1-2) and relative autoradiography (A3-4) in T vulgaris. Coomassie blue (B1-2) and
relative autoradiography (B3-4) in B. viridis (see text for details). The arrows indicate a weakly labeled band at 30kDa.
Numbers in abscissa indicate pH, those in ordinate indicate molecular weight.
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Fig. 6. — One-dimensional protein patterns stained by using Ponceau red (1-3) or K6 (4-6), K16 (7-9), and K17 (10-12) antibodies
on B. viridis and T. vulgaris epidermal proteins (see text for further details).

The presence of protein bands that cross-react with K6,
K16, and K17 antibodies was revealed by one-dimen-
sional immunoblotting of epidermal proteins (Fig. 6). In
samples from the epidermis of B. viridis (Fig. 6, lanes 1 &
2) K6 bands were seen at 55kDa (Fig. 6, lanes 4 & 5). K6
reactive bands appeared at 45, 55, and above 80kDa in the
newt (Fig. 6, lane 6).

With the K16 antibody, positive bands were seen at 60-
65kDa for the toad B. viridis (Fig. 6, lines 7 & 8), and
weak bands were seen at 65-70kDa for the newt 7. vul-
garis (Fig. 6, lane 9). Finally, the K17 antibody showed
bands at 45, 53 and a weaker band at 60kDa for the toad
(Fig. 6, lanes 10 & 11), and at 45, 57 and a weak band
above 80kDa for the newt (Fig. 6, lane 12).

DISCUSSION

Previous and the present studies show that in amphib-
ian epidermis proliferation occurs in the basal and also
suprabasal layers (LUCKENBILL, 1965; Fox, 1994; ALI-
BARDI, 2002). Therefore early differentiating cells of the
intermediate layers can represent a population of expand-
ing (transiently expanding) keratinocytes in amphibians.
In normal conditions, with an active shedding (Bupz,
1977), the time of migration of undifferentiated cells from
the basal to the corneous layer occurs between 8 and 14
days. Main proteins synthesized from migrating keratino-
cytes are keratins and mucous with its specific glycopro-
teins.

Previous research on Xenopus laevis, a model amphib-
ian, has indicated that cells of the upper stratum spinosus
and pre-corneous layer synthesize numerous and specific
proteins in preparation for cornification, including a type
I, basic keratin of 63kDa (ELLISON et al.,, 1985;
NISHIKAWA et al., 1992). That particular keratin appears
as one of the main components of the pre-corneous and

corneous layers of the post-metamorphosis epidermis of
X. laevis. Other studies showed that the main keratins
found in adult amphibian epidermis comprise acidic, type
I keratins, of 45-55kDa and pl 5-5.5 (HOFFMANN et al.,
1985). At least three spots of type II keratins of 64-66kDa
were also found in high amounts in the adult epidermis of
X laevis. The latter possess a slightly basic pl at 7-7.4,
and were characterized in their nucleotide and amino acid
sequence showing extensive glycine-rich regions in the
variable regions (HOFFMANN et al., 1985).

Proteins with similar values of MW and pl have been
reported in the present study on the newt 7. vulgaris and
the toad B. bufo. The present study indicates that the main
keratins produced in the epidermis of these amphibian
species (as labeled with tritiated histidine) are acidic or
neutral (pI at 5-7), especially in the newt, which is a more
aquatic species than the toad. In the latter some more
basic keratins of 62-66kDa and pl at 7.0-7.7 are present in
the epidermis, but in much smaller amounts than the
acidic keratins.

The silver labeling after histidine injection has indi-
cated an association mainly with dense areas among kera-
tin filaments in differentiating keratinocytes and in those
of the stratum corneum (ALIBARDI, 2003 ; ALIBARDI et al.,
2003). The study has also indicated that some of the syn-
thesized proteins (mucins, glycoproteins, or inter-keratin
proteins) are associated with dense material present on
the surface of pre-corneous and corneous cells, and along
the cell junctions. These sites are the same as where most
of the immunoreactivity for keratins K6, K16 and for
actin is found, suggesting that high amounts of these pro-
teins are also actively synthesized during keratinocyte
differentiation in amphibian epidermis. We could not
observe any specific pattern in the localization of the
above keratins. Therefore these keratins appear associated
with a general process of extrusion of glycoproteins, but
not with the specific secretion of different glycoconiu-
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gates responsible for their different localization in
amphibian epidermis (ZACCONE et al, 1987). The
increased immunolabeling for actin in upper and pre-cor-
neous keratinocytes resembles a similar pattern observed
in superficial keratinocytes in fish where the microfila-
ment (actin) cytoskeleton sustains the formation of the
dynamic superficial microridges (WHITEAR, 1977).

The immunoultrastructural study has shown that K6-
and K16-like proteins are associated with dense granules
or matrix material produced amongst the usual network of
keratin filaments. K6-K16-like proteins do not make long
bundles as do the other cytokeratins. The latter are
responsible for the formation of the typical bundles of
keratin filaments (tonofilaments) in basal, intermediate
and pre-corneous cells, but the specific keratins compos-
ing the long bundles are not known in the two species
analyzed in the present study.

The immunoreactive bands for K6, K16 and K17 fall
within the range of more abundant types of keratins
reported for the epidermis of X. laevis, such as the 49, 53,
56 and 63-64kDa (HOFFMANN & FRANZ, 1984 ; ELLISON et
al., 1985; HOFFMANN et al., 1985; NISHIKAWA et al.,
1992). An explanation for this result is that the specific
epitopes present in mammalian K6, K16, and K17,
against which the antibodies were produced (in TAKA-
HASHI et al., 1994; McGowaN & COULOMBE, 1998a;b),
can be present in non-orthologous keratins of amphibians.
However, the lack of any labeling in long bundles of fila-
ments also suggests that the observed immunolabeling is
specifically directed to keratins that are absent from tono-
filaments but are localized in a more diffuse network con-
nected to the dense material or mucous granules present
in differentiating amphibian keratinocytes.

In mammalian keratinocytes, numerous alpha-keratins
of type I (basic, K1-K8) and type II (acidic, K9-K19) are
present (MoLL et al., 1982; O’GuIN et al., 1987; Cou-
LOMBE & OMARY, 2002). One type I and one type II kera-
tin form a base pair that gives origin to single alpha-kera-
tin filaments, and then to keratin bundles called
tonofilaments. Among keratins, K6, K16 and K17 form a
special group whose members do not form typical tonofil-
aments but remain separated or incorporated into small
bundles, typical for wound keratinocytes (MCGOWAN &
COULOMBE, 1998a;b; FREEDBERG et al., 2001). This is
also the case for reptilian wound keratinocytes that cover
the amputated limb or tail stumps (ALIBARDI & TONI,
2005). These keratins probably have elastic properties,
and are upregulated during wound healing of mammalian
wounds where they mainly replace keratins of tonofila-
ments. The association with actin may therefore deter-
mine the formation of an elastic cytoskeletal network
within amphibian keratinocytes.

In 7 vulgaris keratinocytes, K6/K16-immunoreactive-
like keratins surround secretory granules, especially those
containing mucous, that are later secreted extracellularly
among upper spinosus keratinocytes, and that participate
in the formation of the coat membranes of pre-corneous
and corneous cells. Therefore some of the keratins pro-
duced in newt epidermis are used for the extrusion of
mucous and glycoproteins to coat the cell surface of pre-

corneous or corneous cells. Among these glycoproteins
that contain N-acetyl-glucosammine and galactose, a pro-
tein at 52 and others at 110-150kDa have been found in
the adult epidermis (VILLALBA et al., 1992).

The presence of wound-like keratins (K6, K16 and
K17) or of keratins containing characteristics epitopes for
these keratins in normal epidermis of the newt 7. vulgaris
suggests that these or cross-reactive keratins are constitu-
tive cytoskeletal proteins in amphibian keratinocytes.
Therefore the production of these proteins does not
require a long lag phase after wounding of the epidermis
in amphibians, and their synthesis is probably quickly
upregulated during epidermal regeneration. The activated
keratinocytes are capable of covering the entire ampu-
tated surface of a limb in 16-18 hours, a process that is
very rapid and efficient in amphibians with respect to
other vertebrates. It is well known that amphibian skin
produces a specific epidermis, the apical wound epithe-
lium, necessary for the regeneration of the limb, which
contains specific keratins (GERAUDIE & FERRETTI, 1998).

The mucous production, the ability to divide in supra-
basal layers, and the synthesis of wound-type keratins that
do not form long bundles, are characteristics of embry-
onic or poorly specialized keratinocytes. Besides, K6,
K16 and most of all K17 keratins have elastic properties,
and their association with actin may indicate that in the
normal epidermis these proteins participate in the
cytoskeletal mechanism of movement of organelles
toward the plasma membrane for extrusion of their secre-
tion. It is known that mucous contains anti-microbial sub-
stances, which help the innate protective immunity of the
skin (Fox, 1994). Destruction of the dynamic keratin net-
work from parasitism may therefore impair the resistance
of the epidermis to infections. In fact, it appears that after
infection of the epidermis by chytridiomycetes, keratinoc-
ytes lose their typical, diffuse keratin network, and pre-
maturely form the dense corneous material of mature
cells of the stratum corneum (BERGER et al., 1998; 2005).
This premature cornification may limit the amount of
mucous eliminated in the replacement and corneous lay-
ers, but further study is required on this point.

Within the limitation of our techniques, the present
study suggests that non-keratin proteins or those in the
range of 20-30kDa with basic pl are low to absent in
amphibian epidermis. Only in B. viridis, the more terres-
trial species, is a possible diffuse spot of protein present at
20kDa with pl around 8. This very low amount suggests
that possibly, basic proteins in this range are very scarce
in normal epidermis. It may be that specialized keratins
and higher amounts of “keratin associated proteins”
(KAPs) are present in tissues with a higher degree of
cornification than the epidermis, such as the claws of the
frog Xenopus laevis (MADDIN et al., 2007) or the beak of
frog tadpoles (LUCKENBILL, 1965). The presence of KAPs
in amphibian epidermis remains to be studied using more
sensitive methods, but it is likely that amphibian KAPs
may be present in regions where an intense cornification
takes place, such as claws and the larval beak (Fox, 1994;
WARBURG et al., 1994).
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CONCLUSIONS

In conclusion, the present study indicates that mainly
acidic-neutral keratins of 55 and 65kDa are synthesized in
adult epidermis, among which are elastic types of keratins
(K6,16,17-like wound keratins). The latter may work
together with actin to permit the movement of mucous
granules toward the cell surface and their secretion to coat
the plasma membrane of maturing keratinocytes.
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ABSTRACT. An overview is given of the skeletal remains of the European catfish Silurus glanis found thus far in Belgian archae-
ological sites. These finds demonstrate that the species is autochthonous and allow documenting its occurrence and disappearance
during the Holocene in the Scheldt and Meuse basins. Possible causes for the local extinction of this catfish are discussed.
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INTRODUCTION

Well-dated skeletal remains of fish species found dur-
ing archaeological excavations can help to reconstruct the
composition of ancient fish faunas and thus allow estab-
lishing the distribution of certain species before the start
of human disturbance, such as overfishing or habitat deg-
radation. In this paper, the contribution of archaeozoolog-
ical finds to the evaluation of the status of the European
catfish Silurus glanis Linnaeus, 1758 in Belgian waters is
documented. Because of its large size and the robustness
of its skeleton, Silurus glanis is a relatively good prospect
for representation in the archaeological and palacontolog-
ical record. Its remains have a fair chance of being pre-
served and can rather easily be retrieved during excava-
tion, whereas smaller fish species have a tendency to be
overlooked when no sediment sieving is practiced. The
European fossil record of this catfish is poor with few
pre-Holocene finds, which are usually only identified at
genus level. Miocene records of Silurus exist for Ukraine
(BELYAEVA, 1948) and Turkey (PIVETEAU, 1978) and
Pliocene finds have been reported from Russia, near the
Sea of Azov (BAIGUSHEvVA, 1971) and from southern
France (DEPERET, 1885). Middle Pleistocene records of
Silurus exist for three different sites in Turkmenistan
(DuBrROVO & NIGAROV, 1990). Holocene finds of Silurus
glanis, from archaeological sites, are more numerous and
have been used in neighbouring countries to reconstruct
the zoogeography of the species during the last 10,000
years. This is the case for the Netherlands (BRINKHUIZEN,
1979; HEeINRICH, 1994; 2007), northern Germany and
southern Scandinavia (HEINRICH, 1994; 2007). However,
the available evidence for Belgium has thus far never
been compiled. In what follows, all known finds of Silu-
rus glanis from Belgian prehistoric and historic archaeo-
logical sites is presented and discussed from a palaeo-
zoogeographical point of view.

In the older Belgian fishery literature (e.g., DE SELYS-
LoNGCHAMPS, 1842 ; LAMEERE, 1895 or MAES, 1898), the
European catfish is not mentioned at all, whereas on one
occasion (RAVERET-WATTEL, 1900) it is even stated

explicitly that the species is unknown in Belgium. In
more recent fishery surveys, the status of the species is
considered to be doubtful or is not clearly evaluated
(BRUYLANTS et al., 1989; VANDELANNOOTTE et al., 1998).
Confusion also arises from more popular accounts. The
‘silures’ mentioned from the Demer river, a tributary of
the Scheldt, in the Belgian fishery bulletin Péche et Pisci-
culture (ANONYMOUS, 1926) was considered to be evi-
dence for the occurrence of the species in that river (DE
CHARLEROY & BEYENS, 1998). However, this record no
doubt refers to the brown bullhead Ameiurus nebulosus
(Lesueur, 1819) (VRIELYNCK et al., 2003), a north-Ameri-
can silurid that became acclimated to Belgian rivers and
pools since 1901 (RousseAu, 1915). The postglacial dis-
tribution of Silurus glanis includes Central and Eastern
Europe, northern Anatolia and goes as far east as the Aral
Sea and the Ural mountains (DE NIE, 1996). Towards the
west, the natural distribution stops at the Elbe, but there
are populations in the northern part of The Netherlands
and in southern Sweden that are believed to represent
relic populations (HEINRICH, 2007).

Recently, a number of specimens of the European cat-
fish have been recorded from Belgian waters. A first Silu-
rus glanis was captured in 1984 in the Meuse basin near
Lanaye, but nowadays it is abundant in the entire river
and it lives also in the Sambre river and some canals
(PHILIPPART, 2007). The species has recently also been
reported from the Scheldt and some of its tributaries (the
Rupel, the Grote Nete and the Kleine Nete) (BREINE et al.,
2007). All these recent records, however, should be con-
sidered to represent exotic specimens (cf. VRIELYNCK et
al., 2003). Similarly, Dutch records since 1972 in the area
of the IJsselmeer and in the Rhine and Waal basins are
regarded as escaped or stocked specimens derived from
breeding experiments with animals imported from the
Donau (NUSSEN & DE GROOT, 1987). The catfish’s occur-
rence in the Dutch part of the Meuse basin since 1985 is
explained in a similar way, and chronologically coincides
well with the aforementioned observations made in the
Belgian part of the Meuse. Records of Silurus glanis west
of the Elbe, in the Weser and Ems basins, are also
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believed to represent escaped or stocked fish (HEINRICH,
1994; 2007).

MATERIALS AND METHODS

The skeletal remains mentioned in the following sur-
vey were found during archaeological excavations and
were dated through the characteristics of the context in
which they were found, i.e. stratigraphical position and
association with datable archaeological finds (lithics,
ceramics, or coins, depending on the period). It was also
always checked to ensure the finds did not represent
residual or intrusive material (i.e. older or younger than
the context in which they were found). Unless specified
otherwise, the bones have been identified or re-analyzed
by the first author. Identification was carried out by com-
parison with modern reference skeletons housed at the
Royal Belgian Institute of National Sciences (RBINS,

Brussels). On well-preserved remains a reconstruction of
body size was carried out through comparison with skele-
tal elements of modern fish of known length. The size
reconstructions are given in centimetres standard length
(SL: the distance from the snout of the animal to the base
of its tail).

RESULTS

The various catfish finds known to date in Belgium are
presented in a more or less chronological order, for sites
located along the Meuse and the Scheldt basins sepa-
rately. Because of the geographic proximity to the Bel-
gian territory, finds from Maastricht are also included.
The localities mentioned in the text are indicated on Fig.
1. A chronological, cultural and biostratigraphical frame-
work for the archaeozoological evidence is summarised
in Fig. 2.
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LUXEMBURG

Fig. 1. — Map with the location of Belgian archaeological sites mentioned in the text. Those that yielded Silurus glanis are indi-
cated with an asterisk. 1: Oudenaarde-Donk; 2: Tournai; 3: Ename; 4: Grimbergen; 5: Aalst; 6: Néviau; 7: Walou; 8: Trou de
Chaleux; 9: Trou du Frontal; 10: Trou du Sureau; 11: Bois Laiterie; 12: Trou de Pont-a-Lesse; 13: Abri du Pape; 14: Maastricht;
15: Namur; 16: Montaigle.
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Scheldt basin

Oudenaarde-Donk: 7 vertebrae and 6 pectoral spines of
individuals between 150 and 200cm SL were found dur-
ing rescue excavations of a waterlogged site near the
Scheldt. Identifications were carried out by the first
author in 1985 and were briefly mentioned in VAN DER
PLAETSEN et al. (1986) and PARENT et al. (1987). The site
yielded evidence for occupation by mesolithic hunter-
gatherers and subsequently by neolithic people belonging
to the Michelsberg culture. The catfish remains were
found in unspecified Michelberg contexts that were radio-
carbon dated between 5240+70 BP (IRPA-743) and
4990+70 BP (IRPA-667). These dates were calibrated to
calendar ages using the Calib. Rev 5.0.1 program STUIVER
& REIMER (1986-2005), in conjunction with STUIVER &
REIMER (1993). The 2-c ranges are 4261-3943cal BC for
the oldest date and to 3945-3656cal BC for the youngest.

Tournai-Cloitre: one pectoral spine of an individual
measuring about 140cm SL was found in a destruction
layer dated to the 9" (?)-10'" centuries AD (BRULET et al.
2004: 158). Excavations carried out thus far in the town
of Tournai dealt with sites ranging in time between the 2"
and the 13" century AD. Faunal remains, including fish,
occur in many sites, but only one Silurus glanis bone was
found thus far.

Ename-castrum: a context dating around 1000 AD
yielded a single bone of catfish, i.e. a cleithrum of an indi-
vidual that measured 140-150cm SL. There is no later
evidence for the species in the extensive faunal collec-
tions that were excavated from other loci at Ename yield-
ing bone dating between the 12" and the 17 century AD
(ERVYNCK & VAN NEER, 1992; COOREMANS et al., 1993;
ERVYNCK et al., 1994).

Grimbergen-Senecaberg: in a layer dated to the 12
century AD ten large fish bones were found that have
been identified by D. Nolf as Silurus glanis (GAUTIER &
RUBBERECHTS, 1978). The material was not available for
re-analysis and an identification of the skeletal elements
or a size reconstruction could therefore not be carried out.

Aalst-Oude Vismarkt: a preopercular of a fish measur-
ing 130-140cm SL was found in a context dating to the
first quarter of the 14 century AD. For the sake of com-
pleteness, it should be mentioned that the pottery, on
which the dating was based, also includes a small quantity
(3 sherds on a total of about 1000) of residual material

dating to the end of the 12%-first half of the 13" century
AD (Dt GROOTE, 2007, pers. comm.).

Meuse basin

Néviau: a precaudal vertebra has been reported from
this rock shelter on the left bank of the Meuse, Skm south
of Namur (GILTAY, 1931). The photographs of the speci-
men in the publication allow us to confirm the identifica-
tion and show that also the estimated total length of 1.50
meters is correct. The bone reportedly derives from a con-
text that also comprised remains of Equus sp., Cervus
elaphus and lithic material typical for an Upper Magdale-
nian (Late and Final Palaeolithic) occupation.

Trou de Pont-a-Lesse: the faunal remains from this site,
excavated in 1866 by E. Dupont, are stored at the RBINS.
The fish bones were recently analyzed for the first time,
by the first author. Trou de Pont-a-Lesse yielded 8 skele-
tal remains of Silurus glanis, derived from layers dating
to the Neolithic (DupoNT, 1905). The material includes a
vomer, an ectopterygoid, a pectoral spine (Fig. 3), and a
branchial fragment, all from fish measuring 150-170cm
SL. Four additional bones that were poorly preserved, did
not allow a size reconstruction: a vertebral centrum, a
dentary, a soft fin ray and an unspecified skull roof frag-
ment. No other fish bones are available from this site,
probably because no sieving was practiced during exca-
vation.

Abri du Pape: this cave site, located along the Meuse
river at about Skm south of Dinant, yielded 10 vertebrae
and a fragment of the Weberian apparatus, found in strata
20 and 21, layers with cultural material dating to the Early
Mesolithic (VAN NEER, 1999). Three elements were of rel-
atively small individuals (60-70cm SL) and one bone
belonged to a fish of 100-120cm SL. Stratum 21 was radi-
ocarbon dated to 8817485 (GX-19366) (STRAUSS, 1999)
which corresponds to a calibrated age of 8225-7653 BC
(2-o range). Another AMS date shows that stratum 20 is
about a millennium younger: 7843485 (GX-19365) or
7030-6928 (12.6%), 6924-6875 (6.6%) or 6864-6503
(80.8%) cal BC.

Maastricht, sites Pandhof, Mabro and Derlon: these
three urban contexts yielded five Silurus glanis finds of
which four are dated between the end of the 4™ c. and the
5t ¢c. AD (PIGIERE, 2008). The material from the site
Pandhof includes a pectoral spine (undated) and a paras-
phenoid (400-450 AD), both from a fish measuring 90-

Fig. 3. — Left pectoral spine of Silurus glanis found in a Neolithic level of Trou de Pont-a-Lesse.

The scale bar is 1cm.



74 Wim Van Neer & Anton Ervynck

100cm SL, as well as a precaudal vertebra, dated to 375-
400 AD, of a catfish of 110-120cm SL. The site of Mabro
yielded a precaudal vertebra of a fish measuring 130-
140cm SL dating to 375-425 AD, and at the Derlon site a
fragment of a caudal vertebra (425-475 AD) was found
that did not allow size reconstruction.

Namur-Hospice Saint-Gilles: faunal remains from this
site cover the Early Roman to post-medieval period, but
only in a few Late Roman contexts (late 3" to early 5%
centuries AD) were bones of Silurus glanis found (DE
CUPERE & VAN NEER, 1993). These include two dentaries
of fish that measured 120-130cm SL and two pectoral
spines of specimens that were 100-110 and 110-120cm
SL long.

Montaigle: below the ruins of this late 13™-16t% century
castle site, a Late Roman level (AD 270 to 5% c.) was
found corresponding to the occupation of a small military
garrison (MIGNOT, 1994). The site is located at the conflu-
ence of the Molignée and Flavion rivers, about 25km
south of Namur. The Roman context yielded a pectoral
spine of a catfish that measured about 120cm SL.

Namur-Grognon: a series of cess-pits, dating between
the 12 and 17 century AD, with abundant faunal
remains, were excavated at this site (VAN NEER & LEN-
TACKER, 1996). In a late 15%—carly 16" century AD fill-
ing, a vertebral centrum was found of a catfish measuring
about 120cm SL.

Two additional catfish finds from cave sites in the
Meuse basin have been reported in the literature (CASIER,
1957), i.e. from Ramioul rock shelter (Province of Liege)
and from Roger cave at Samson (Province of Namur).
The Ramioul spine, which is depicted, was claimed to
belong to a siluroid, but because of differences with a
modern specimen, CASIER (1957: 346) believed that the
find could represent a second, still unknown, species of
catfish. In reality, this bone is a right half of the dorsal
spine of a large cyprinid (see Fig. 4). The feathered
appearance of the posterior part of the bone is typical of
barbel, Barbus barbus (Linnaeus, 1758). The specimen
from Roger cave has not been depicted but is said to dif-
fer from the Ramioul spine in the curvature of the proc-
esses. Taking into account the first erroneous identifica-
tion, this find may also represent barbel.

Fig. 4. — Spine depicted by CASIER (1957) compared to a modern Silurus glanis
pectoral spine (top) and a Barbus barbus dorsal spine (middle). Scale bars are
lem.

DISCUSSION

For the area considered, only 12 localities with speci-
mens of Silurus glanis are known thus far, possibly indi-
cating that the species was never very abundant in the
Scheldt and Meuse basins. It is unlikely that this low inci-
dence can only be linked to sampling methods used dur-
ing excavation since the large bones of this species must
be easily recovered, even when no sieving is practised. In
Central and Eastern Europe, where Silurus glanis still
occurs naturally today, the species may have been more
abundant in the past than in our region. Archaeological
sites in those parts of Europe indeed yield numerous
hand-collected remains of catfish (SZEKELYHIDY et al.,

1994). The paucity of finds in Belgium may reflect the
fact that the region was a marginal part of the former dis-
tribution. Relic populations of the species may have had
low population densities and may therefore have been
very vulnerable (cf. BOESEMAN, 1975: 55).

The bone of Silurus glanis from Néviau (GILTAY, 1931)
is the only Late Pleistocene record of this species reported
for the Meuse. The species was not found along this river
basin in a number of other Palaeolithic cave sites of
which the ichthyofauna was recently investigated. This is
the case for Walou cave (VAN NEER &. WOUTERS, 2007),
where Middle and Upper Palaeolithic material was found,
and for four Upper Palaeolithic cave sites, i.e. Trou de
Chaleux, Trou du Frontal, Trou du Sureau (VAN NEER et
al., 2007) and Upper Magdalenian Bois Laiterie (VAN
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NEER, 1997). The specimen from Néviau was attributed to
the Upper Magdalenian on the basis of associated lithic
material. However, as will be argued below, in that region
temperatures during most of the final phases of the Pleis-
tocene must have been too low to allow survival of Silu-
rus glanis, although significant climatic oscillations
occurring at the end of the Magdalenian produced tem-
perate periods during the so-called Bolling and Allerad
interstadials (ENLOE, 2001). The fact that the layer in
which the catfish bone was found also yielded remains of
horse and red deer, points towards these interstadials.
Especially the presence of red deer seems to confirm that
climatic conditions must have been relatively mild during
the period of deposition of the faunal material. However,
given the fact that the recovery methods may not have
been ideal in the early 20 century excavations, a younger
date can perhaps not be totally excluded. It thus remains
advisable to treat this record with great caution, especially
since the Néviau find would not only be the only Late
Pleistocene record thus far in Belgium, but also in the
whole of north-western Europe (SCHLUMBERGER et al.,
2001). It would certainly be worth investigating the
homogeneity of the artefacts and the faunal material from
Néviau, but the RBINS does not house any material from
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the site and it is unclear if it is available for study else-
where.

Old finds of Silurus glanis that are more secure from a
stratigraphical point of view, are those from Abri du Pape,
in the Meuse basin, dating to the Early Mesolithic. This
cultural period corresponds to the late Preboreal and
Boreal biostratigraphical phases (Fig. 2), when the cli-
mate had already become much milder than during the
late Pleistocene (Fig. 5). The only other prehistoric site in
the Meuse basin that yielded evidence for the species is
Trou de Pont-a-Lesse, which is only very roughly dated to
the Neolithic. The oldest finds from the Scheldt basin are
also Neolithic, and here radiocarbon dates of charcoal
from the archaeological layers indicate an age between
4260-3650cal BC. A direct dating of the Silurus bones
would, at this stage, not be informative since the radiocar-
bon reservoir effect of the Scheldt and Meuse basin has
not yet been established. This means that the bias on radi-
ocarbon dates from biological material out of these
aquatic habitats, resulting from the intake of carbon
within a different biochemical cycle compared to terres-
trial organisms, cannot be corrected, simply because the
former basic abundance of radiocarbon is not known for
these river basins.
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Fig. 5. — Fluctuations in the oxygen ('#0/!°0) isotope ratio during the Holocene
reflecting climatic variations, based on a Greenland ice core drilling (GISP2)
and a speleothem from south-western Ireland (CC3) (after MCDERMOTT et al.,
2001). The peaks represent warmer periods, the troughs colder. Indicated are the
Roman Warm Period (RWP), the Dark Ages Cold Period (DACP), the Medieval
Warm Period (MWP), the Little Ice Age (LIA) and the chronological time span
of the sites with catfish remains (number codes, see Fig. 1). The site of Néviau
has been omitted from this graph because of its weak chronological context.

Following the prehistoric occurrence of Silurus glanis,
there is a large hiatus until the first new appearance in the
Scheldt basin in the High Medieval period (9™-10% c.
AD), and in the Meuse basin in the Late Roman period
(31-5t™ ¢. AD). However, this low prevalence could be an
artefact of the archaeozoological record, which is very
incomplete, in fact almost non-existent, for the Bronze
Age and Iron Age in Belgium (ERVYNCK, 1994), and for
the Roman and Early Medieval period in the Scheldt area.

The youngest evidence for Silurus glanis derives from
the Late Medieval period in both basins. For the Meuse,
the youngest find dates to the 15" century AD, but in the
Scheldt basin the species is only attested with certainty
until the 12t century. Possibly the record can be extended
to the first quarter of the 14™ century if the bone found at
Aalst (Oude Vismarkt) proves to be contemporaneous
with the majority of the pottery from the context in which
it was found.
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There are no finds of Silurus from the French or Dutch
part of the Scheldt basin, but for the Dutch Meuse basin
several records exist besides the finds from Maastricht
already mentioned. The additional Dutch finds are all
located in the estuarine region of the Meuse (for the older
sites also partly the common delta area of the Meuse,
Rhine and Scheldt) and consist of bones dating between
the Neolithic and the Iron Age. Neolithic finds are known
from the sites of Hekelingen (PRUMMEL, 1987), Vrijen-
burg-Barendrecht (ZEILER & BRINKHUIZEN, 2005) and
Albrandswaard-Portland (BRINKHUIZEN, 2006). Younger
sites are the Middle Bronze Age locality Mijnheerenland-
Hofweg (VAN HEERINGEN & LAUWERIER, 1996) and the
Early Iron Age site Westmaas-Maaszicht (VAN HEERIN-
GEN et al., 1998). These Dutch finds are hence chronolog-
ically intermediate between the aforementioned Belgian
records for the Meuse, which include both older (Meso-
lithic Abri du Pape, and possibly also Upper Magdalenian
Néviau) and younger finds (Roman and Late Medieval
Namur).

The archacozoological data for the Meuse and Scheldt
basin clearly demonstrate that Silurus glanis must be con-
sidered an autochthonous species. It lived in Belgium
from at least Early Mesolithic times, since about 8200-
7650cal BC, until the Late Medieval period. Post-medie-
val, archaeozoological records do not exist and the spe-
cies is not mentioned in historic sources (chronicles, fish-
ing regulations, feudal legislation, etc.). As already
mentioned in the introduction, Silurus glanis is also not
reported in early scientific (19" c.) fishery literature.
Specimens captured in Belgian waters over the last
decennia are considered to have escaped from experimen-
tal tanks or ponds. All this evidence implies that the spe-
cies must have become extinct in the Scheldt and Meuse
basins several centuries ago.

When trying to find possible explanations for the local
disappearance of Silurus glanis, it is useful to consider its
ecology. European catfish prefer deeper parts of large riv-
ers and lakes, but at the onset of the spawning season they
gain shallow, inshore areas. Depending on the region, the
reproduction takes place between the end of April and the
end of July and it seems that the start of the spawning sea-
son is related to the water temperature, which should be at
least 18-20°C (MoOHR, 1957) or even 20-22°C
(SHIKHSHABEKOV, 1978). This dependence on a warm
breeding season explains why the lower temperatures
during the postmedieval Little Ice Age may have had an
adverse effect on the survival of the species. Of course,
the available climatic reconstructions must be regarded
with caution since they are based on very different types
of information. Especially the late medieval and the post-
medieval data differ in quality. Nevertheless, for the Low
Countries, it has been postulated (BuisMaN, 1998; 2000)
that the Little Ice Age lasted from around AD 1430 until
the middle of the 19t century. The average temperatures
were about 1 to 2 degrees lower than today. Historical
research based on chronicles, financial accounts and tree
ring studies shows that summers certainly became cooler
from about AD 1530 and that the last quarter of the 16%
century was the coldest period of the last 1000 years.
Such temperature shifts can perhaps have been enough to
cause the final demise of the European catfish in our riv-
ers.

Anthropogenic influences provide another explanation
for the decline of Siluris glanis, as an alternative or in
combination with climatic changes. Human interference
such as the construction of sluices and other water works
may have changed the hydrology of river basins and
could have rendered access to suitable spawning grounds
difficult. The European catfish may also have been sensi-
tive to overfishing since it is a rather slow growing spe-
cies with a relatively late maturation (BERG, 1964). In late
medieval times, with growing urbanization and popula-
tion numbers in general, there was indeed a high demand
for fish, which caused heavy pressure on the freshwater
ichthyofauna, and this resulted in an increased import of
marine fish and the development of carpiculture
(ErRvYNCK et al., 2004). The facts that the catfish in con-
trast to, for instance, sturgeon is not mentioned in late
medieval texts and that the archacozoological finds are so
rare, suggest that population densities were very low. The
Scheldt and Meuse catfish may have been marginal popu-
lations that were therefore very vulnerable to anthropo-
genic and climatic pressure.

CONCLUSIONS

The Belgian archaeozoological record shows that the
European catfish Silurus glanis once belonged to the
autochthonous fauna of the Scheldt and Meuse basins.
The species apparently colonised the region in the begin-
ning of the Holocene when climatic conditions became
milder, a phenomenon that can also be followed through
the archaeofaunas of the Netherlands, northern Germany,
Denmark and southern Sweden (HEINRICH, 1994; 2007;
LEPIKSAAR, 2001). In late medieval times, the catfish died
out over much of its westernmost distribution area,
around the 12" ¢. AD in The Netherlands (BRINKHUIZEN,
1979) and at the beginning of the postmedieval period in
northern Germany (HEINRICH, 1989). Relic populations
persist today in southern Sweden, on the island of Sjel-
land in east Denmark, and in the north-western part of the
Netherlands. These seem to be remnants of a wider post-
Pleistocene distribution. Why the species survived in
these areas remains to be investigated. The records of Si/-
urus glanis from the 1970’°s onwards outside this distribu-
tion area do not reflect a natural expansion of the species.
Instead, they correspond to specimens that were imported
from Central Europe for breeding experiments and that
escaped or were released intentionally.
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Killing techniques differ among different groups of
carnivores. Since felids are mostly solitary hunters, each
bite must be made with precision, and must be positioned
to kill the prey as soon as possible to avoid possible risks
to the predator during the struggle (1). It has been previ-
ously reported that felids kill mainly by suffocation
caused by a bite into the throat or muzzle, or by severing
the spinal cord with a bite into the nape (2-5). Leyhausen
(3) noted that the throat bites are more likely when killing
larger prey.

Eurasian lynx (Lynx lynx Linnaeus, 1758) and the grey
wolf (Canis lupus Linnaeus, 1758) are the main predators
of ungulates in Europe. When attacking large prey, the
lynx usually kills it with a neck bite, either from below, or
from above into the nape (6; 7). So far the majority of
authors have reported that when biting from below, the
lynx suffocates its prey by biting its throat or windpipe
(6-10). Suffocation by means of a bite on the larynx was
also reported as a killing technique for the Iberian lynx
(Lynx pardinus Temminck, 1827) when hunting ungulates

(11).

In this paper we present preliminary results from an
ongoing study on the ecology of the Eurasian lynx in the
Dinaric Mountains in Slovenia. The lynx there hunt
mainly roe deer (Capreolus capreolus Linnaeus, 1758),
red deer (Cervus elaphus Linnaeus, 1758), fat dormouse
(Glis glis Linnaeus, 1766) and to a lesser extent other
rodents, chamois (Rupicapra rupicapra Linnaeus, 1758),
red fox (Vulpes vulpes Linnaeus, 1758), and birds
(KROFEL, unpublished data'). Two other species of large
carnivore are also present in the study area; the brown
bear (Ursus arctos Linnaeus, 1758) and the grey wolf.

We determined the method of killing through autopsy
of lynx prey remains. We searched for wounds made by
canines and claws inflicted premortem on the outer and
inner side of the skin. We also inspected all deeper inju-

I KROFEL, M. (2006). Plenjenje in prehranjevanje evrazijskega risa
(Lynx lynx) na obmoju Dinarskega krasa v Sloveniji, graduation thesis.
Dept. for Biology, University of Ljubljana, Ljubljana.

ries and recorded their exact location using veterinary
anatomical atlases (12; 13).

In 13 cases (ten roe deer, two red deer, and one cham-
ois), the prey remains were found early enough for the
bite marks to be studied. In all the cases lynx killed their
prey with a bite in the neck region. In eight (62%)
instances, the bite was from the ventral side of the neck
only, in three (23%) cases only from the dorsal side, and
in two (15%) cases bite marks could be distinguished on
both sides of the neck.

In nine cases we performed a more detailed autopsy of
the region with the bite marks. In five out of the six cases
(83%) where the bite was delivered from the ventral side,
we could find injuries in the region of the common
carotid artery (a. carotis communis) and the truncus vago-
sympathicus (Fig. 1). In three out of these five cases the
laryngeal cartilages and/or windpipe were damaged. In
only one case the injuries inflicted by teeth were
restricted to the windpipe.

Our observations indicate that, when biting from
below, the bite into the throat causing suffocation might
not always be crucial for the killing of a large prey by a
lynx. The injuries observed in regions other than the
throat could have been inflicted incidentally when the
lynx missed the windpipe or larynx, but it is also possible
that the lynx intentionally aimed for some other vulnera-
ble points. The latter is not unlikely, as it is possible that
the bites into the region of the common carotid artery and
truncus vagosympathicus could accelerate death of the
prey. It is known from forensic studies on humans that
pressure on the carotid sinus (located at the origin of
internal carotid artery near the end of lower jaw), which
contains numerous baroreceptors, can result in bradycar-
dia or in a total cardiac arrest and immediate death (14;
15). This mechanism of death is known as vagal inhibi-
tion, reflex cardiac arrest or carotid sinus reflex. Unfortu-
nately, we could not find any data about this mechanism
in other mammals, but we assume that it can also occur in
other species, including lynx prey. If the lynx is indeed
taking advantage of this reflex death in its killing tech-
nique, this would be beneficial for the predator, as it
would shorten the struggle with the prey and in turn
decrease the chances for injury. Such injuries may not be
negligible, as was for example indicated by high mortality
sustained by cougars during hunting (16).
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Fig. 1. — Female roe deer (Capreolus capreolus) killed by Eurasian lynx (Lynx lynx) in Dinaric
Mountains, Slovenia. Arrows indicate the bite marks. (Photo: Miha Krofel)

Further research is needed to confirm the possible role
of reflex death in lynx killings and to determine how
often lynx really do kill their prey with a bite to the throat
when gripping the underside of the victim's neck. This
would also enable us to evaluate the general belief that
lynx and other felids kill mainly using suffocation caused
by a bite into the throat, and to resolve whether this might
only be the consequence of inadequate inspection of prey
remains in previous studies.
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Elasmobranch fishes are among the top predators in the
marine environment and thus play an important role in
marine ecosystems, potentially regulating, through preda-
tion, the size and dynamics of their prey populations (1;
2). Since elasmobranchs are frequently apex predators in
marine ecosystems, information on the composition of
their diet is essential for understanding trophic relation-
ships in these systems (1).

Sharks are often typified as opportunistic predators,
with a wide trophic spectrum that ranges from plankton
to marine mammals. In general, oceanic elasmobranch
species feed on squid and big fishes (3), whereas the
coastal and benthic species feed on crustaceans, mol-
luscs and small or juvenile fishes (4; 5; 6). A few spe-
cies feed on other elasmobranchs, birds, reptiles or
marine mammals (7; 8; 9). Ontogenetic variation in diet
is well known (10; 11), with a strong tendency to ingest
larger and more mobile animals with increasing size.
However, it is noteworthy that, while all sharks are
higher-level predators they are not all true apex preda-
tors (12).

Demersal sharks occupy open habitats, including
sandy, as well as more complex, closed habitats such as
rocky areas and coral reefs (12). Those sharks living on or
near the seafloor generally have ventral mouths contain-
ing relatively small teeth as is the case in Mustelus muste-
lus. Members of the Mustelus genus (Chondrichthyes,
Triakidae) are common throughout the Mediterranean
(except for the Black Sea) and the eastern Atlantic (13).
The smooth-hound, M. mustelus (Linneaus, 1758), is a
small, bottom-living shark, which occurs at depths
between 3 and 150m (14). The species is common in the
northeast Atlantic and in the Mediterranean (14; 15).
Although there is no directed fishery for smooth-hound, it
is captured as by-catch in the trawls in Sigacik Bay and
landed.

Published information about feeding of this species is
limited despite its abundance. Data on trophic ecology
only mention that they feed mainly on crustaceans, but
also cephalopods and bony fishes (15). SAUER & SMALE
(16) provided some data on diet composition in the
Atlantic, and MORTE et al. (17) quantified the diet in the
Gulf of Valencia (Mediterranean). CONSTANTINI et al.
(18) gave information about feeding habits in the north-
ern Adriatic Sea (Mediterranean). However, similar

studies from Turkey’s coasts are scarce. The only infor-
mation about feeding in this species comes from KABA-
SAKAL (19) for the Aegean Sea. Yet, such information is
necessary to understand the role that this species plays
in the trophic structure of coastal marine communities in
this area (20). To resolve this, this study presents data on
the feeding activity of smooth-hound from the Aegean
Sea.

All specimens were sampled by a commercial trawl (F/
V Hapuloglu, 23m length and 550 HP), in Sigacik Bay
(Fig. 1). M. mustelus specimens (forty males, 38.3—
85.2cm TL and thirty-two females, 44.0-97.5cm TL)
were sampled from 2006 autumn to 2007 autumn season-
ally. A conventional bottom trawl net of 24mm cod-end
mesh size was used and three hauls in the same day were
carried out from dawn to dusk; haul durations ranged
from 1 to 3h. The vessel speed was maintained at 2.2-2.5
knots. Depth range of the fishing ground was 100-213m.
In total 12 hauls were carried out; all were made in nearly
the same location (Fig. 1). The specimens were stored on
ice until returned to the laboratory. Stomachs of the indi-
viduals were excised from the oesophageal region and
individually preserved in 4% buffered formalin for 24
hours, stored in 70% ethanol in marked containers, and
analyzed. Evidence of regurgitation was not observed in
any of the fish. In order to designate condition of stomach
content, a scale proposed by ALBERT (21) was applied
(Table 1). The items were carefully separated, weighed
(to the nearest 0.01g) and identified to group level. Diet
composition was evaluated as described by SEVER et al.
(22).

Fig. 1. — Map showing the location where sampling was car-
ried out. Lines indicate true coordinates (TR: trawl).
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forty-three (59.7%) had food, twenty-nine (40.3%) were
empty. According to the stomach content digestion scale
(Table 1), the majority of the stomach contents (92.6%)

was in category IV and higher, making it difficult to

TABLE 1
Definition of digestion status of prey
Status Definition
I Fresh; prey without signs of digestion.
1I Digestion just started; prey intact except for the more
delicate parts
I Moderately digested; prey clearly affected by digestion
v Severely digested; prey highly fragmented
v Digestion almost complete; unidentifiable remains or
indigestible parts only
VI Digestion complete; stomach empty

determine the prey items to low taxonomic levels. My
data show that crustaceans and teleosts were the most
important prey groups (MIP; IR>137, and %IRI=75.29
and %IRI=21.98, respectively) in the diet. Cephalopods
constituted the secondary prey group (SP; 137>IRI>15;
%IR1=2.20), whereas polychactes (%IRI=0.53) were an
occasional prey group (OP; IR<15) (Table 2). In order to

determine whether any difference existed between sea-

In order to investigate the diet in the smooth-hound, 1
analysed the contents of seventy-two sharks. From these

sons, stomach contents were examined for each season
(Table 3). Generally, crustaceans and teleosts were found
as important prey items in all seasons (Table 4).

TABLE 2

Percent number (%N), percent weight (%W), frequency of occurrence (%0), Index of
Relative Importance (IRI) and percent Index of Relative Importance (%IRI) calculated for
each prey item found in the stomachs of smooth-hound

Items %N %W %0 IRI %IRI
Polychaeta 4.12 0.79 2.56 12.58 0.53
Crustacea 76.47 31.77 16.67 1803.93 75.29
Cephalopoda 3.53 27.29 1.71 52.68 2.20
Teleostei 15.88 40.15 9.40 526.85 21.98
N 72
% of empty stomachs %40.3
TABLE 3
Food items found for smooth-hound in Aegean Sea according to seasons.
Spring Summer Autumn Winter
Food Items
IRI %IRI IRI %IRI IRI %IRI IRI %IRI
Polychaeta 7.13 0.37 12.53 0.53 9.35 0.53 11.46 0.81
Crustacea 1324.77 68.27 1807.59 76.77 1392.93 79.13 1014.42 71.91
Cephalopoda 53.11 2.74 57.60 2.45 51.95 2.95 54.63 3.87
Teleostei 555.27 28.62 476.91 20.25 306.04 17.39 330.24 23.41
Total 1940.28 100.00 2354.63 100.00 1760.27 100.00 1410.75 100.00
N 22 14 18 18
% of empty stomachs 38.89 42.86 38.89 38.89
TABLE 4
Comparison of food prevalence of smooth-hound according to seasons
Food Items Spring Summer Autumn Winter
Polychaeta OP OP OoP OP
Crustacea MIP MIP MIP MIP
Cephalopoda SP SP SP SP
Teleostei MIP MIP MIP MIP

The percentage of sharks with empty stomachs was
40.3%, which is somewhat higher than that found by
CAPAPE (23), SAUER & SMALE (16), and SMALE & COM-
PAGNO (24) who reported 25.0, 13.3, and 8.7%, respec-
tively. Both the percentage of empty stomachs and of the
stomach contents in category IV (and higher categories)
may be affected by long trawl hauls since the specimens
were obtained from commercial trawl boats, and by the
time interval that had elapsed between the field and the
laboratory. In the lesser spotted dogfish, the time to evac-
uate food from the stomach varies according to the type

of food and number of items consumed (25). For exam-
ple, evacuation of 90% of the meal at 14°C was com-
pleted in about 30h for one crustacean item with a thin
exoskeleton, but evacuation took over 70h for two crusta-
cean items with thicker, chitinous exoskeletons (25). The
variety of prey items found in the diet of the smooth-
hound implies that it may be a generalist. Smooth-hound
prey on a wide range of items (polychaetes, crustaceans,
cephalopods, fish); although crustaceans and fish are
their main food groups (Table 2).
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Some bottom-dwelling species, such as the Mustelus
have teeth modified for crushing hard-shelled inverte-
brate prey such as crustaceans and molluscs (26). Since
they have molariform teeth, the dominance of crustaceans
in the diet of smooth-hound is expected and this finding
agrees with previous studies. CAPAPE (23) found the diet
of smooth-hound to consist of crustaceans (%0=59),
fishes (%0=41), and cephalopods (%0=22). SMALE &
COMPAGNO (24) noted that the diet was composed of crus-
taceans (%W=59.7), cephalopods (%W=27.4), fishes
(%W=11.8), and invertebrates (%W=0.7). CORTES (1)
recorded the diet as crustaceans (%IRI=54.7), cephalo-
pods (%IRI=31.6), fishes (%IRI=13.1), and invertebrates
(%IRI=0.6). In Sigacik Bay, commercial trawlers target
deep-water shrimps such as Parapaneus longirostris
(Lucas, 1846) and Plesionika heterocarpus (Costa, 1871).
These and other crustaceans are caught in abundance,
which may imply that smooth-hound may select these
abundant and available food item.

In contrast, SAUER & SMALE (16) recorded that the diet
consisted of cephalopods (%IRI=92.5), crustaceans
(%IRI=6.5), and fishes (%IRI=0.1). KABasakaL (19)
found cephalopods in only 2 of 15 stomachs of smooth-
hound but claimed that cephalopods are common prey
items. However, it is an interesting finding that fishes are
eaten by smooth-hounds as another main important prey
item. Given that there is an intensive trawl fishery in the
sampling area, this may suggest that the smooth-hound
also feeds on wounded or dead animals in the fishing
zone as an opportunist or scavenger.

In conclusion, this study indicates that the diet of
smooth-hound is heterogenous and generalized. Crusta-
ceans were consumed by most of the individuals, but tele-
osts represented a larger component of the total prey by
mass. Cephalopods were less important numerically, but
relatively more important gravimetrically. Polychaetes
were relatively rare as prey. According to STERGIOU &
Karprouzi (27), fish that consume large decapods, cepha-
lopods and fish (i.e. have a trophic level between 3.7 and
4.5) are considered as carnivores. With a trophic level of
3.8 (1), M. mustelus may also be considered as a carni-
vore.
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