
INTRODUCTION

Any submerged surface exposed to light is likely to
be colonized by more or less adherent benthic pho-
totrophic organisms. The carapace of turtles living in
aquatic environments is no exception. Herpetologists and
algologists have long been interested in algal species liv-
ing as epibionts on freshwater and marine turtles (basi-
bionts) (Edgren et al., 1953). The relationship between
turtle and algae is considered commensal, since algae take
advantage of the movement of their host for access to re-
sources and dispersion, while algae generally have little
effect on the health of their host (Edgren et al., 1953; Neil
and Allen, 1954; Wahl, 2008). It can even be seen as a
kind of mutualism because algae can provide camouflage
for turtles against predators. The study of epibiosis in tur-
tles has historically focused on macro-epibionts and es-
pecially macroalgae (Neil and Allen, 1954; Frick and
Pfaller, 2013), while epizoic microalgae have only re-
cently been investigated (Wu and Bergey, 2017).

Diatoms, because of their high adhesion capacity and
rapid growth, are well-known early colonizers of submerged
surfaces (Wahl, 1989; Biggs et al., 1998). Because of their
ubiquitous nature and high specific diversity, benthic forms
are widely used as biological indicators of water quality
(Poulíčková and Manoylov, 2019). The last decade has seen
a growing interest in diatoms on turtle shells (Wetzel et al.,
2010; Majewska et al., 2015; Wu and Bergey, 2017; Donato
et al., 2018; Vassal et al., 2020). It is possible to distinguish
species-level studies focusing on the search for new taxa,
probably specific to epizoic habitat (Wetzel et al., 2012; Ma-
jewska et al., 2020) and others at the level of diatom com-

munities, focusing on variations observed at the host indi-
vidual level, or between turtle populations or species (Fay-
olle et al., 2016; Robinson et al., 2016; Wu and Bergey,
2017). The purpose of the latter is sometimes to obtain in-
formation on the environments frequented by individuals
(Vassal et al., 2020) and on their movements. Such infor-
mation can be valuable considering that many turtle species
are in danger of extinction (Rhodin et al., 2018).

However, the discovery of new species supposedly
restricted to the epizoic habitat and the tracing of turtle
movements by studying the communities present on their
carapace are based on different hypotheses concerning
the selectivity of the carapace substrate. In the first case,
the carapace of the turtles is assumed to be highly selec-
tive so that new taxa discovered in this habitat are con-
sidered typically epizoic, thus forming part of the
obligatory epibionts. In the second case, the epizoic flora
is supposed to reflect the surrounding benthic communi-
ties in the turtle’s living environment, with diatoms being
seen as facultative epibionts (Wahl and Mark, 1999) and
the turtle carapace as a neutral substrate (Blindow, 1987).
In order to be able to determine whether turtle carapace
is a neutral substrate or whether it selects a specific com-
munity, it is necessary to sample, at each study site, sev-
eral host individuals and other types of substrates, such
as stones or macrophytes, generally used for biofilm sam-
pling in running waters and lakes. This has generally not
been done formally in the above-mentioned studies on
turtle-diatom relationships and yet it is the only way to
characterize the specificity of diatom communities living
on turtle carapaces. 

The European pond turtle Emys orbicularis (Linnaeus
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ABSTRACT
Periphytic diatoms growing on aquatic turtle carapaces provide an interesting example of biofouling on an animal substrate.

This study dealt with the question of the specificity of epizoic diatom communities for the case of the European pond turtle (Emys
orbicularis), across five water bodies in South-Eastern France; 375 diatom taxa have been identified on the European pond turtle
carapace. The results showed that the epizoic communities of the five sites were significantly different from each other. The epizoic
diatom communities could be clearly distinguished from epilithic and epiphytic communities only in two out of five sites. The dif-
ferences in composition at the two sites resulted from the greater abundance of some species and life forms. However, the charac-
teristic pattern of diatom communities on the carapaces was not the same at the two sites. It therefore appeared that the European
pond turtle’s carapace did not harbour specific diatom communities and can rather be considered a neutral substrate.
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1758) is a medium-sized freshwater turtle with a wide eco-
logical range. Its home range size is limited by physical
barriers which means that individuals can use the whole
surface of a wetland with a preference for habitats with a
strong plant density (Cadi et al., 2008). During its period
of activity (generally from March to October), it comes out
of the water for its thermoregulation needs (Di Trani and
Zuffi, 1997) and for egg-laying by females (Rovero and
Chelazzi, 1996). More rarely, individuals can migrate on
land or estivate during droughts and low-water periods
(Naulleau, 1992). Due to its significant decline, E. orbicu-
laris benefits from a national action plan for protection in
France (Thienpont, 2020) and is listed in Annexes II and
IV of the EU Habitats Directive. Diatom species have al-
ready been recorded on the European pond turtle in Turkey,
France and Serbia (Soylu et al., 2006; Akgul et al., 2014;
Ersanli and Gonulol, 2014; Fayolle et al., 2016; Vidakovic
et al., 2018), but the specificity of carapace communities
in relation to other natural substrates has only recently been
addressed (Vassal et al., 2020). 

The suitability of diatoms collected on turtle carapace
for water quality bioindication was assessed in two
Mediterranean sites (Vassal et al., 2020). The investiga-
tion was extended in the present study by the inclusion of
three other sites and a closer analysis of the specificity of
diatom epizoic communities. Periphytic diatoms were
sampled on three different types of substrates: on Euro-
pean pond turtle carapace, on stones and on macrophytes.
For practical reasons related to the analysis of the data,
the question of the specificity of the epizoic communities
was divided into three sub-questions: i) Are the diatom
communities of the European pond turtle carapace the
same among sites? This is the question generally raised
in large-scale epizoic community studies (Wu and Bergey,
2017) and a similarity of communities sampled at differ-
ent sites may suggest that the epizoic flora is specific; ii)
Are there typical species of the epizoic habitat? This is
the question that generally interests taxonomists and im-
plies a selection of specific taxa more adapted to the habi-
tat, as a result of a co-evolution of host and epibiont
species; iii) At each site, what are the differences between
epizoic communities and those of other substrates? This
third sub-question investigates whether epizoic diatom
communities are representative of the periphytic commu-
nities at a given site and similar to those commonly sam-
pled on stones or plants. Substrate neutrality implies no
significant species selection, but does not preclude varia-
tion in community density, which depends on various fac-
tors related to the host and its environment (Frick and
Pfaller, 2013). For this reason, the study focused only on
community composition and relative abundance. The in-
vestigation was carried out through two scales of space
(inter-sites and intra-site) and two levels of biological or-
ganization (community and species).

METHODS 

Periphytic biofilm sampling

Periphytic diatoms were sampled in five French water
bodies of various types, hereafter identified by their code
(Ver, Sav, Esq, Cha, Tar), where populations of the Eu-
ropean Pond Turtle are present and monitored (Fig. 1,
Tab. 1). All sampling sites are small or medium lentic
systems: one is brackish (Tar) and another is eutrophic
with low O2 concentration (Cha). At sites Cha, Esq and
Tar, where no mineral substrate was available, pebbles
collected on the shore of the lakes were placed in a per-
manently submerged area at least one month prior to
sampling. At each site epilithic biofilm was collected
from at least five pebbles and mixed to form an integrated
sample. Similarly, epiphytic biofilm was collected from
at least five stems of helophytes present in the water body
and mixed. The sampling of epilithic and epiphytic di-
atoms followed the national protocol defined for bioindi-
cation in water bodies (Irstea, 2013). The turtles were
captured by hand or with fyke nets. The epizoic biofilm
was obtained by brushing with a toothbrush an area of 20
cm² on the back of the carapace of ten adult turtle indi-
viduals (only seven for the Ver site where no more indi-
viduals could be captured) (Fig. 2). The biofilm on the
carapaces was generally very thin, even invisible, and no
macrophyte was apparent on the sampled area. Collection
from each individual provided one epizoic sample. Ana-
lytical effort was concentrated on the animal substrate
that is least known, so that site-specific replicates were
considered only for epizoic communities. In order to fa-
cilitate comparison between substrates within a site, an
additional integrated sample was prepared by mixing
subsamples of all singular epizoic samples. Thus, the
number of samples per site was 13 in total (10 for site
Ver). For each site, the sampling of the three substrate
types was done within 24 h, in spring or early summer
(Tab. 1), assuming little temporal variations in differ-
ences of periphytic communities among substrate types
over the months of sampling. Samples were fixed in 90%
ethanol until preparation for analysis. 

Sample preparation and diatom counts

The samples were digested in hot hydrogen peroxide
(90°C) for several hours and then treated with concen-
trated hydrochloric acid. After rinsing and decanting, they
were mounted on microscope slides and fixed with
Naphrax® before being observed under an optical micro-
scope. At least 400 diatom valves were counted in each
sample. The species were identified according to the spe-
cific literature (Lange-Bertalot et al., 2017). The determi-
nation of certain difficult taxa required examination with
a scanning electron microscope. 
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Data analysis
The analysis of abundance data of diatom species in

periphytic communities was carried out using R software
and the vegan and labdsv packages (Oksanen et al., 2019;
Roberts, 2019). Only species with a maximal relative
abundance exceeding 1% were considered in the statisti-
cal treatments on communities.

As species abundance in communities do not comply
with the hypothesis of multinormality, standard paramet-
ric tests could not be applied. Therefore, the similarity of

epizoic communities between sites was tested using non-
parametric multivariate analysis of variance (NP Manova,
Anderson, 2001) with Canberra distance on untrans-
formed relative abundance data (n=47, 9999 permuta-
tions). The homogeneity of community variance between
sites was previously tested and found to be acceptable
(anova; p=0.16). The samples were represented on a plot
by principal coordinate analysis (PCoA) using the same
Canberra distance. The NP Manova was then repeated ten
times to compare epizoic communities between each pair

Fig. 1. Location of the five study sites.

Table 1. Synthetic data about the five study sites (nd = not determined).

Code          Name                 Location                Geographic       Type of water     Sampling      Macrophytes       Temp.      pH       Cond.        O2

                                                                             coordinates              body                 date              used for             (°C)                   (µS/cm)   (mg/L)
                                                                                                                                                            sampling

Ver            Verrerie                 Thionne                46.419450°N       Shallow lake     06/21/2018       Juncus sp.            27.8        6.9          30           8.6
                                                                             3.561080°E                   
Sav              Save            Arandon-Passins         45.703177°N             Lake           04/24/2018        Carex sp.            19.9        7.7         564          9.1
                                                                             5.452998°E                   
Esq          Esquineau                 Arles                  43.509970°N           Marshes         06/08/2017      Phragmites           26.2        7.8         459         6.47
                                                                             4.655926°E                                                             australis
Cha          Charpines    La Roque d’Anthéron     43.734896 °N         Oxbow of       06/29/2016      Phragmites            26          nd         1360           4
                                                                            5.313876 °E         the Durance                                 australis
                                                                                                              River
Tar          Tartuguière           Lansargues              43.628857°N          Brackish        05/15/2018      Phragmites           13.8          8          9110          nd
                                                                             4.094122°E            marshes                                    australis
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of sites. Shannon diversity and species richness of sam-
ples were compared among sites and type of substrate (an-
imal vs non animal) in each site using the non-parametric
Kruskal-Wallis and Wilcoxon tests, respectively.

In order to identify taxa representative of the epizoic
habitat, the indicator value (IndVal) method (Dufrêne and
Legendre, 1997) was used on all data, without abundance
threshold. The analysis first focused on all the sites. The
group considered was the mixed epizoic samples (n=5),
compared to epilithic (n=5) and epiphytic (n=5) samples.
Then, the analysis was applied to each site, considering
all the individual epizoic samples (n=7 or 10), compared
to the two non-epizoic samples (n=2). 

Differences in the composition of all samples in the
study (n=62) were analysed by ascending hierarchical
classification using Ward’s method and Canberra distance.
The resulting dendrogram was cut at two distance levels
to highlight relevant groups. At sites where differences
between substrates were apparent, the epilithic, epiphytic
and mixed epizoic samples were compared on the basis
of their composition into functional groups. The assign-
ment of functional groups to species or genera was done
according to the classification of taxa proposed by Rimet
and Bouchez (2012). Chi-Square tests were carried out to
assess in each site and among substrate types (1) the sim-
ilarity of functional composition of diatom communities
and (2) the equality of proportions of some life forms.

RESULTS

Diatoms were found on the carapaces of all individu-
als of Emys orbicularis used in the study (n=47). A total
of 375 taxa were identified in the epizoic samples. The
absence of macrophytes on the carapaces suggested that
these diatoms were directly epizoic and not epiphytic and
secondarily epizoic. The diversity and species richness of
diatom samples varied significantly among sites (p<10-6).
There was a significant effect of the type of substrate only

Fig. 2. Sampling of epizoic diatoms on the carapace of an indi-
vidual of Emys orbicularis.

Fig. 3. Dendrogram derived from the ascending hierarchical classification of the 62 diatom samples and barplot of species number with
indication of Shannon diversity. The codes ‘Lith’ and ‘Phy’ mean epilithic and epiphytic. The code ‘Zmi’ corresponds to the mixed
epizoic sample whereas the codes ‘Z01’ to ‘Z10’ are for the individual epizoic samples. Stars, diamonds and triangles indicate mixed
epizoic, epilithic and epiphytic samples, respectively.
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on species richness and at two sites (p≤0.05). Indeed, epi-
zoic samples were richer in species than non-epizoic sam-
ples in the sites Ver and Esq (Fig. 3). 

Different epizoic communities among study sites

Considering the dendrogram resulting from the as-
cending hierarchical classification, five groups could be
clearly distinguished, defined by a cutting level at a dis-
tance of 300 (Fig. 3). These five groups corresponded ex-
actly to the five study sites, meaning that the periphytic
communities depended more on the water body they came
from, than on the type of substrate from which they were
extracted. The species richness of the samples was highest
at the Esq and Sav sites (40 to 50 species, Fig. 3). The
non-parametric multivariate analysis of variance indicated
that the epizoic communities of the five sites were signif-
icantly different (p=10-4) and that the communities at each
site differed significantly from those at each of the other
sites (p≤2 10-4). These differences between the sites were
clearly visible in the principal coordinate analysis (Fig. 4)
where the sample groups corresponding to the sites were
well separated from each other. It can also be seen that
the first axis of the PCoA, as well as the first node of the
classification tree, separated the Mediterranean sites Tar,
Esq and Cha from the two other sites.

The taxa preferring the epizoic habitat

Analysis of indicator values across sites revealed the
preference of only two taxa for the epizoic habitat (Ind-
Val=0.6; p≤0.06, Tab. 2). These are Navicula trivialis and
Fallacia pygmaea. The IndVal value of 0.6 resulted from

the absence of both species in all epilithic or epiphytic
samples and their presence in three out of five mixed epi-
zoic samples. Both species were present at the sites Cha
and Esq. Navicula trivialis was also found at Sav and F.
pygmaea at Tar.

Intra-site differences between epizoic and non-epizoic
communities

The composition of the epizoic communities differed
from that of the epilithic and epiphytic communities in

Table 2. Indicator values (IndVal) of species significantly (p<0.1) associated with the epizoic habitat, at the scale of the five sites and
in each site separately.

Site                     Taxon                                                                                                                                            IndVal                p-value

All sites               Navicula trivialis Lange-Bertalot                                                                                                    0.6                     0.059
                           Fallacia pygmaea (Kützing) Stickle & D.G.Mann in Round et al.                                                 0.6                     0.060
Sav                      Pseudostaurosira brevistriata (Grunow) D.M.Williams & Round                                                0.97                    0.018
                           Staurosirella mutabilis (W.Smith) E.Morales & Van de Vijver in Morales et al.                           0.94                    0.051
                           Navicula cryptocephala Kützing                                                                                                    0.90                    0.069
                           Staurosira venter (Ehrenberg) Cleve & J.D.Möller                                                                        0.90                    0.071
                           Cyclotella distinguenda Hustedt                                                                                                     0.82                    0.045
                           Staurosira binodis Lange-Bertalot in Hofmann et al.                                                                     0.80                    0.094
Ver                      Frustulia crassinervia (Brébisson ex W.Smith) Lange-Bertalot & Krammer                                0.86                    0.086
                           Sellaphora pupula (Kützing) Mereschkowksy                                                                               0.86                    0.087
                           Gomphonema auritum A.Braun ex Kützing                                                                                   0.86                    0.092
                           Discostella stelligera var. tenuis (Hustedt) Houk & Klee                                                              0.77                    0.021
                           Aulacoseira pusilla (F.Meister) Tuji & Houki                                                                                0.68                    0.028
Cha                     Cocconeis placentula var. placentula Ehrenberg                                                                            0.90                    0.059
                           Luticola goeppertiana (Bleisch) D.G.Mann ex Rarick, S.Wu, S.S.Lee & Edlund                         0.88                    0.012
Esq                      Bacillaria paxillifera (O.F.Müller) T.Marsson                                                                               1.00                    0.016
                           Navicula trivialis Lange-Bertalot                                                                                                   0.90                    0.055
                           Tryblionella hungarica (Grunow) D.G.Mann                                                                                 0.97                    0.027
Tar                      Navicula veneta Kützing                                                                                                                 0.73                    0.028

Fig. 4. Plot of the principal coordinate analysis performed on
individual epizoic samples (n=47).
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only two of the five sites. A cut in the classification tree
at distance 165 separated two groups of samples at each
of the sites (Fig. 3). These groups corresponded to sub-
strate type (animal vs mineral/vegetal) at the sites Ver and
Sav. At the other sites, substrate type did not seem to be
an important factor. However, at the site Cha, non-epizoic
communities differed from a group of six epizoic samples
but were closer to them than to a group of four other mar-
ginal epizoic samples. The analysis of indicator values at
these sites revealed a significant ecological preference of
some taxa for the animal substrate (Tab. 2). At the site
Sav, these taxa were mostly of the Staurosiraceae family.
At the sites Sav and Ver, the epizoic habitat was charac-
terized by planktonic species of the genera Discostella,
Aulacoseira (Ver) and Cyclotella (Sav). Species of the
Bacillariaceae family obtained very high indicator values
at the site Esq (Bacillaria paxillifera and Tryblionella
hungarica). At each site, some species of Naviculales
were also found indicator of turtle communities, such as
Navicula cryptocephala (Sav), N. veneta (Tar) or N. triv-
ialis (Esq), or Frustulia crassinervia and Sellaphora
pupula (Ver) or Luticola goeppertiana (Cha). 

A more detailed analysis of the communities was jus-
tified in the two sites where differences between sub-
strates emerged (Ver and Sav). Indeed, the variations in
community composition between substrates observed at
these two sites led to some discrepancies in the repre-
sentation of ecological guilds and life forms. However,
the patterns were not the same at the two sites. At the
site Sav, the functional compositions of diatom commu-
nities on stones and plants were similar (p>0.4) whereas
the composition of epizoic diatoms differed significantly
from them (p<10-15, Fig. 5). There were more ‘high pro-
file’ guild species in the epizoic communities compared
to communities of other substrate types. At the site Ver,
the differences were significant between all substrates
(p<10-6). There were more planktonic diatoms on the tur-
tle carapaces (p≤10-6). Considering life forms rather than
ecological guilds, both sites had a lower proportion of
pioneer diatoms on turtles, which was the only common
feature of the epizoic communities at these sites,
whereas the site Sav was characterized by more colonial
forms and the site Ver by fewer pedunculated forms on
turtles (Fig. 6). 

DISCUSSION

Epizoic diatoms were present on the carapace of Emys
orbicularis, as previously observed on other freshwater
(Donato et al., 2018) and marine (Robinson et al., 2016)
turtle species. The numbers of species identified were
higher than those reported in previous works (Soylu et al.,
2006; Robinson et al., 2016; Wu and Bergey, 2017; Do-
nato et al., 2018). This can be explained by differences in

sampling protocols or by the higher diversity of diatoms
in the sites explored in this study. While small differences
in specific and functional composition could be found be-
tween substrates, especially at two sites (Ver and Cha), it
appeared that the carapace of the pond turtle did not har-
bour a consistent, characteristic diatom community.

The differences in composition between the five sites
were very significant and were probably due to local eco-
logical factors and biogeographic effects, which in partic-
ular linked the three Mediterranean sites (Tar, Esq and
Cha). This has to be compared with the study of American
populations of another species of freshwater turtle, Chely-
dra serpentina (Wu and Bergey, 2017). It was found that
some epizoic communities of turtle populations, although
very distant in space, were not significantly different. The
diatoms present on marine turtles provide an even greater
contrast to the present study. Indeed, it appeared that ma-
rine turtles had on their carapace little diversified and sim-
ilar diatom communities, whatever the species or the
origin of the turtle individuals. Moreover, some taxa were
identified as obligatory epibionts (e.g., Poulinea or Che-
lonicola) (Robinson et al., 2016). Nevertheless, the ho-
mogeneity of epizoic diatom communities among turtle
populations is not sufficient to demonstrate their speci-
ficity to the turtle carapace. It is necessary to examine in
parallel the benthic communities present on other sub-
strates in the vicinity of the turtle populations. 

At the scale of the five sites in South-Eastern France
and among the large number of taxa recorded on the

Fig. 5. Proportions of the four diatom ecological guilds in the
epilithic, epiphytic and mixed epizoic samples from the sites Ver
and Sav (same codes as in Figure 2). The letters above the plot
indicate groups of significantly different compositions (p<0.05).
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pond turtle carapace, only two species were identified
as characteristic of the epizoic habitat, while appearing
in only three out of five sites (Tab. 2). Navicula trivialis
and F. pygmaea are however commonly found on a va-
riety of benthic substrates in the framework of aquatic
ecosystem monitoring. They cannot be considered as
typically epizoic species even though the turtle carapace
appears to be a suitable substrate for them. They should
be distinguished from the species Luticola deniseae
found exclusively on a Brazilian freshwater turtle (Wet-
zel et al., 2010) and from the marine genera Poulinea
and Chelonicola considered as obligate epibionts
(Robinson et al., 2016). 

Although no specific diatom communities or taxa
could be found on the pond turtle carapace, different di-
atom assemblages on turtles, plants and stones were ex-
pected at the same site. Indeed, compared to other
substrates, the carapace presents particular characteristics
that should select an adapted epizoic community. The mo-
bility of the turtle generates variable light conditions and
friction forces with water or objects that the animal comes
into contact with. It should also reduce sediment build-up
on the carapace. The movements of individuals to other
water bodies (Owen-Jones et al., 2015; Fuentes and
Olivier, 2016) may introduce new species not present in
the sampling site. In addition, certain life history traits of
the pond turtle should considerably influence epizoic

communities. The turtles’ egg-laying out of the water pro-
mote exchanges with soil microorganisms. Moreover, the
ectotherm turtles get out of the water almost daily in
spring to expose themselves to sunlight (basking) and this
represents an important pressure on the biofilm of the
carapace. It has even been hypothesized that this behav-
iour allows the turtles to control by desiccation the epizoic
algal biomass that can harm their health when algal de-
velopment becomes excessive (Neil and Allen, 1954). Al-
though it has not been demonstrated, turtles’ carapaces
may contain chemicals that have antifouling properties
(e.g., such as those found in marine sponges; Amsler et
al., 2000). 

However, turtle carapace communities differed in
epilithic and epiphytic communities in only the two most
inland sites (Sav and Ver) (Fig. 3). The pattern could
have been the same at the site Cha if four marginal epi-
zoic samples had not been taken into account. It was in-
teresting to note the functional implications of the
variations in composition between epizoic and non-epi-
zoic substrates (Figs. 5 and 6). The lower proportion of
pioneer species suggests a more mature biofilm on turtle
carapaces. Although autochthonous mineral substrates
were used for sampling at these sites, the age of the
biofilm on pebbles or macrophytes may have been re-
duced by water level fluctuations or plant growth. The
higher relative abundance of ‘high profile’ colonial and

Fig. 6. Proportions of the main life forms of periphytic diatoms in the epilithic (Lith), epiphytic (Phy) and mixed epizoic (Zmi) samples from
the sites Ver (a) and Sav (b). (note: the same species may belong to two different groups). Errors bars indicate 95% confidence intervals.
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planktonic (unattached) species and the lower represen-
tation of pedunculated species suggest living conditions
with less turbulence or abrasive forces (Passy, 2007),
perhaps distant from nearshore area where epilithic and
epiphytic communities were collected. 

Furthermore, the preponderance of planktonic forms
indicates a deeper living environment where planktonic
diatoms are more numerous and are deposited on benthic
substrates. The observed differences in composition
could therefore be explained by the frequentation by the
turtles of deeper areas of the water body than those
where stones and plants were found for sampling. Other
studies have shown quite different distributions of di-
atom life forms attached to turtles. In the study of seven
freshwater turtle species, a common feature of epibiotic
diatoms was the quasi absence of solitary species in
favour of colonial forms (Donato et al., 2018), while in
the study of seven marine turtle species, adnate forms
were dominant (Robinson et al., 2016). Although differ-
ences with other substrates were found for the sites Sav
and Ver, there is apparently no universal functional com-
munity profile characterizing the turtle epizoic habitat.

Even if the compositions of the epizoic and non-epi-
zoic communities were consistently not very different
(case of the Cha, Tar and Esq sites), the analysis of the
indicator values could reveal certain taxa preferentially
associated with turtle carapaces. It should be noted that
no indicator taxon of epizoic habitat was common to two
different sites (Tab. 2). It therefore seems unlikely that
an obligate epibiont could be found among the indicator
species identified, especially since most of these species
are common on other substrates or in the water column,
in the case of planktonic diatoms (sites Sav and Ver).
They are therefore facultative epibionts having found
favourable conditions on the pond turtle carapace or sur-
viving there until accessing other habitats. However, re-
cent literature on diatoms attached to turtles draws
attention to a particular taxon, listed as an indicator in
the site Cha: Luticola goeppertiana (Tab. 2). This
species reached a relative abundance of 9 % in the mixed
epizoic sample from the site. The genus Luticola was the
subject of particular interest in two studies dealing with
diatom-turtle relationships in freshwater. A new species,
L. deniseae, was discovered on the carapace of the turtle
species Podocnemis erythrocephala in Brazil, with
which it appeared to be specifically associated excluding
other substrates (Wetzel et al., 2010). In the USA, two
Luticola species were found dominant on all carapaces
of the turtle Chelydra serpentina, with a preponderance
of Luticola cf. goeppertiana (Wu and Bergey, 2017). It
therefore seems that the genus Luticola is particularly
adapted to turtle carapaces, perhaps because of its resist-
ance to desiccation (Wu and Bergey, 2017). The closest
widespread species to L. deniseae is L. goeppertiana

(Wetzel et al., 2010). Further taxonomic analysis of Lu-
ticola species found on carapaces may indicate whether
L. deniseae is an obligate epibiont of freshwater turtles
that may occur on different host species across conti-
nents.

CONCLUSIONS

Overall, the epizoic diatom communities on the cara-
pace of Emys orbicularis identified at all five study sites
are not specific, as they appear strongly influenced by the
environment close to the turtles and are not or hardly dis-
tinguishable from the surrounding epilithic or epiphytic
communities. This is consistent with the concept of fac-
ultative epibiosis (Wahl and Mark, 1999). At some sites,
differences in specific and functional composition from
mineral and plant substrates were observed, probably due
to turtle-specific characteristics, such as those associated
with their behaviour. However, these differences were
site-specific and were not sufficient to demonstrate a gen-
eral trend in the selection of taxa on turtle carapaces. At
the species level, it was difficult to find taxa preferring
epizoic habitat at the scale of the five sites. The carapace
of the European pond turtle can be considered relatively
neutral and could be used for sampling periphytic diatoms
as well as stones or macrophytes for bioindication of
water quality (Vassal et al., 2020). This appears to be less
the case for the American species Chelydra serpentina
(Wu and Bergey, 2017) and even less for marine turtle
species (Robinson et al., 2016). In the marine environ-
ment, the habitat of a turtle species, either neritic or
pelagic, probably influences the specificity of the epizoic
communities compared to the periphyton which covers
the closest benthic substrates (Frick and Pfaller, 2013).
Similarly, in freshwater environments, the contact of a
species with other substrates in the euphotic zone and the
contact of individuals with each other might be important
drivers.
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