Aquat Ecol (2020) 54:1169-1183
https://doi.org/10.1007/s10452-020-09801-w

)

Check for
updates

The crayfish distribution, feeding plasticity, seasonal
isotopic variation and trophic role across ontogeny
and habitat in a canyon-shaped reservoir

Lukas Vesely

- Fabio Ercoli * Timo J. Ruokonen - Martin Blaha -

Jan Kubec *+ Milos Buri¢ + Heikki Hamaéldinen + Antonin Kouba

Received: 11 October 2019/ Accepted: 1 October 2020/ Published online: 26 October 2020

© Springer Nature B.V. 2020

Abstract Man-made reservoirs are important fresh-
water ecosystems as they are globally common and
share features of both standing and running waters. In
streams and lakes, crayfish are an important compo-
nent of freshwater ecosystems due to their habitat-
modifying behaviour, substantial size, omnivorous
feeding and often high abundance; however, their
trophic role in reservoirs is not known. We evaluated
the distribution and diet of noble crayfish (Astacus
astacus) in the canyon-shaped, oligotrophic Nyrsko

Handling Editor: Télesphore Sime-Ngando.

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s10452-020-09801-w)
contains supplementary material, which is available to autho-
rized users.

L. Vesely (X)) - M. Blaha - J. Kubec -

M. Bufi¢ - A. Kouba

South Bohemian Research Center of Aquaculture and
Biodiversity of Hydrocenoses, Faculty of Fisheries and
Protection of Waters, University of South Bohemia in
Ceské Budéjovice, Zatisi 728/11, 38925 Vodnany, Czech
Republic

e-mail: veselyl@frov.jcu.cz

F. Ercoli - T. J. Ruokonen - H. Hamaéldinen
Department of Biological and Environmental Science,
University of Jyviskyld, P.O. Box 35, 40014 Jyvaskyla,
Finland

reservoir in West Bohemia region, Czech Republic.
Using stable isotope analysis, we quantified the
trophic level of all major components of the reservoir
food web and investigated seasonal isotopic variation
and how the trophic role of noble crayfish varied with
habitat and ontogeny. Crayfish were an important food
source for both predatory and omnivorous fish and
consumed food sources from multiple trophic levels,
including detritus, algae, zoobenthos and other cray-
fish. Throughout ontogeny, crayfish had similar levels
of carnivory, but cannibalism was more prevalent in
adult crayfish, while juveniles and sub-adults fed more
on other zoobenthos. Moreover, crayfish had high
feeding plasticity in time, as the relative importance of
dominant food sources varied with season. Their
feeding plasticity was especially evident in crayfish
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populations from different habitats, which adapted
their feeding strategy to local resources. In addition,
pelagic source usage increased with the depth as
detritus and algae usage decreased. Proportion of
females increased with the depth, while population
density showed a unimodal response to the depth
gradient. These findings indicate that crayfish are
indeed ecologically important species with both direct
and indirect roles in the trophic web of this reservoir
ecosystem.

Keywords Stable isotopes - Reservoir - Trophic
chain - Depth distribution - Season - Habitat - Astacus
astacus

Introduction

Trophic webs in almost every ecosystem contain many
units which link together (Vander Zanden and Ras-
mussen 2001), and in aquatic systems crayfish, if
present, are one of the most important (Momot 1995).
Crayfish are abundant omnivores and can represent up
to 85% of benthic biomass (Neveu 2009; Nystrom
et al. 2001). They are often considered ecosystem
engineers in freshwaters due to their ability to change
inhabited ecosystems to suit their requirements (Col-
lier et al. 1997; Crandall and Buhay 2007; Nystrom
and Granéli 1996). Their influence on trophic webs is
both direct and indirect: they feed on species belong-
ing to various trophic levels and are an important prey
item for a wide range of predators, thus it can affect
cycling of nutrients across trophic levels (Dorn and
Wojdak 2004; Lodge et al. 2012; Pringle and
Hamazaki 1998; Twardochleb et al. 2013).
Omnivory has been recognized as an important
aspect of both aquatic and terrestrial food webs
affecting their length and quality and availability of
food source for higher trophic levels (Arts et al. 2009;
Polis and Strong 1996). Compared to specialist feeders
(predators, herbivores), the omnivorous diet of cray-
fish makes evaluation of their exact trophic position
and role in the food web difficult. Crayfish have the
capability to exploit a large variety of food sources
including detritus, algae, macrophytes, zoobenthos
and dead fish (Twardochleb et al. 2013); therefore,
their trophic niche width (Post 2002) could vary, from
narrow to wide, according to food source availability
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and season (Alcorlo et al. 2004; Hollows et al. 2002).
For example, Alcorlo et al. (2004) found detritus as
dominant food source for red swamp crayfish (Pro-
cambarus clarkii; Girard, 1852) in winter period, and
then they increase consumption of zoobenthos and fish
in other seasons, while Paranephrops zealandicus
(White 1842) consumes more allochthonous detritus
in the autumn-winter period, in winter period increases
consumption of zoobenthos, and lately in spring and
summer switches to more autochthonous sources
(Hollows et al. 2002). In some cases, when food
resources are limited, crayfish could disperse over land
to new areas (Herrmann et al. 2018) or exploit
terrestrial food sources (Grey and Jackson 2012).
Moreover, increase in depth can also change food
source preferences from littoral to pelagic food
sources (Ruokonen et al. 2012). In addition to dietary
changes with resource availability, crayfish feeding
preferences can change during ontogenetic develop-
ment. Momot (1995) found that juvenile crayfish are
more carnivorous than older specimens. On the other
hand, Stenroth et al. (2006) found no significant
ontogenetic diet shift.

Although lakes and reservoirs share some features
(presence of pelagic zone, reduced flow), reservoirs
cannot be considered as equivalent to natural lakes (Irz
et al. 2002; Kalff 2002). Compared to lakes, man-
made reservoirs have shorter retention times, higher
water level fluctuation, distinct longitudinal gradients
(inlet, transitional and lake part) and, typically, large
organic loads due to their usual position down in
watersheds (Irz et al. 2002; Kalff 2002). Canyon-
shaped reservoirs, which are common worldwide,
have steep banks and therefore limited littoral areas
and diversity of habitats. For these reasons, reservoirs
are more like hybrid systems between rivers and lakes
(Gido et al. 2009; Kalff 2002). Although previous
studies have explored the trophic role of crayfish in
lakes (Dorn and Wojdak 2004; Ercoli et al. 2014;
Liptak et al. 2019; Ruokonen et al. 2012) and streams
(Creed 1994; Creed and Reed 2004; Usio and Town-
send 2000, 2002), there is a lack of information about
their role in reservoirs. There are few studies dealing
with bioaccumulation of heavy metals in crayfish
occurring in reservoirs (Kuklina et al. 2014; Stewart
et al. 2008). Also, there are studies of predator—prey
interaction where crayfish were important prey item
for predatory fish population (Hepworth and Duffield
1987; Saiki and Ziebell 1976; Winters and Budy
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2015). In addition, some studies described establish-
ment of invasive crayfish in reservoirs (Ahyong and
Yeo 2007; Light 2003). Yet, Duri$ and Smutny (2000)
explored depth distribution of crayfish in a reservoir in
the Czech Republic where they found that sex ratio
varies with the depth. However, more comprehensive
studies dealing with trophic role of crayfish in
reservoirs are missing. Thus, there are gaps in our
basic knowledge of crayfish trophic niches and dietary
plasticity in reservoirs.

In lotic as well as lentic environments, crayfish are
important units of the ecosystem, although their role
can differ among these ecosystems (Bronmark et al.
1992; Mather and Stein 1993; Nystrom et al. 2006).
For example, in lentic ecosystems the abundance of
crayfish population can be driven by presence of
specific substratum together with predator biomass.
However, in lotic ecosystems the type of substrate was
important only if biomass of predatory fish was low,
suggesting combined effect of substratum and preda-
tor biomass on crayfish abundance (Nystrom et al.
2006). Moreover, in contrast to lotic ecosystems,
crayfish in lentic habitats can inhabit often only littoral
areas, while deepest zones cannot be inhabited due to
oxygen depletion (Momot 1995; Reynolds et al. 2013).
Last but not least, predator pressure in shallow lotic
ecosystems is higher in comparison with lakes, due to
lower protection of shelters in substratum. This is
probably given by higher encounter rate of predatory
fish in lotic ecosystems than in large and deep lentic
ecosystems where predatory fish have to exploited
larger area to find a prey and spend more time in
pelagic zone (Nystrom et al. 2006). On the other hand,
there are also similarities between lotic and lentic
ecosystems regarding to crayfish population. Gener-
ally, there is agreement among studies suggesting that
crayfish populations in lentic and lotic ecosystems are
driven by predation, resource and shelter availability
as well as physico-chemical parameters and their
interactions (Englund 1999; Jones and Momot 1981;
Lodge 1994; Usio and Townsend 2000). Based on
previous studies, we can expect that in reservoirs, the
role and habits of crayfish will be more similar to
lentic ecosystems as the reservoirs are more similar to
lentic than lotic environment.

In this study, we investigated the role of noble
crayfish Astacus astacus (L., 1758) in the trophic web
of Nyrsko reservoir in Czech Republic. We hypoth-
esized that in reservoirs (1) crayfish use food sources

at multiple trophic levels, (2) crayfish transfer energy
from lower to higher trophic levels, (3) zoobenthos
and algae are their dominant food sources in the
shallow parts of the reservoir due their higher biomass,
(4) food composition varies with crayfish ontogeny,
(5) and with season and habitats and (6) size and sex
ratio vary with depth gradient. To address these
expectations, we sampled crayfish populations in
different habitats, at different depths and in different
seasons. To quantify the trophic position of crayfish
and other major components of the reservoir trophic
web, we analysed the ratio of the stable isotopes
carbon (8'°C) and nitrogen (8'°N) in their tissues and
estimated their putative food source usage.

Materials and methods
Site description

Nyrsko reservoir is an oligotrophic water supply
reservoir (A = 1.48 km?, max depth = 34 m) in the
West Bohemia region of Czech Republic (49° 15’ 27"
N, 13° 8’ 46” E) with a well-established population of
noble crayfish Astacus astacus (L., 1758), a species
native to the watershed. The left side of the canyon-
shaped reservoir gradually slopes to the bottom which
is composed of fine particles and covered by macro-
phytes (hereafter referred to as ‘beach habitat’). The
right side is steeper, with stony shores (cobble and
boulders) in the lower section of the reservoir, and a
mix of sand and stony spots in the middle section
(abbreviated as ‘stony slopes habitat’). The reservoir
also has an inlet section, with muddy bottoms on both
shores (Fig. 1).

Field sampling
Trophic web of Nyrsko reservoir

To gain insight into the trophic web of the reservoir
and to reveal the position of noble crayfish in the web,
all potential food sources of each trophic level were
sampled in the first week of August 2015. Fish were
collected by angling. Crayfish were caught manually
with handheld nets as well as by scuba diving, and
with traps baited with fresh fish meat placed along the
shoreline in late afternoon and collected the following
morning. Bulk zooplankton samples were collected
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Fig. 1 Location of Nyrsko reservoir with sampling sites, stony and beach habitats marked with yellow and dashed red lines,

respectively

using a net (mesh size 250 um) pulled vertically
through the water column. Zoobenthos was collected
down to 1 m depth using a hand net (mesh size
500 pm). Macrophytes, periphyton and detritus were
collected by hand from the shoreline. The collecting
methods are common in mentioned biota, but like all
collecting method it can bring selectivity of the
sampling and thus it can also produce bias in samples.
However, it is important evaluate whether bias
produced by given sampling method can affect key
results. In this study, we did not identify such risk
resulted from sampling method, and thus these
methods were used in this study. All samples were
kept on dry ice immediately after collection and then
transferred to the laboratory freezer (— 30 °C) until
further processing for stable isotope analysis (SIA) of
carbon (5'°C) and nitrogen (3'°N). Fish and crayfish
were measured and weighed to the nearest 0.1 mm and
0.1 g (Table S1 and S2). A piece of white dorsal
muscle tissue of fish and a piece of abdominal muscle
tissue of crayfish were used for SIA as recommended
by Stenroth et al. (2006). Samples of zoobenthos,
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terrestrial detritus and macrophytes were identified to
species or genus level for analysis. Later, to analyse
energy flow in the food web, fish and zoobenthos
species were assigned into functional groups
(Table S1, Table S4 and Table S5).

Habitat and ontogeny differences and seasonal
isotopic variation in noble crayfish population

To quantify seasonal variation in the isotopic compo-
sition of crayfish, samples of them were collected
three times (beginning of May, beginning of August
and mid October 2015). Crayfish were trapped at 3 m
depth. For seasonal comparisons, we only used
crayfish collected from stony slopes habitat, which
had higher abundances of crayfish even in the coldest
season. Only sub-adult and adult crayfish were com-
pared across seasons and habitats due to the insuffi-
cient number of juveniles caught across the seasons. In
2015, the water level fluctuation was low and thus all
habitats in reservoir were similarly available over the
season (Figure S1).
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The samples collected in August were also used to
investigate differences in isotopic composition with
habitat and ontogeny. To study differences in crayfish
diets between habitats, beach habitat and stony slopes
habitat in the dam part of the reservoir were selected
(Fig. 1). These habitats were internally homogenous,
at a similar distance from the dam and of sufficient size
(300 m long) not to be influenced by neighbouring
habitats. To reveal any differences in diet during
ontogeny, juveniles, sub-adults and adults were sam-
pled. Life stage was determined by carapace length
(CL; juvenile range 23.2-25.2 mm, sub-adult range
26.2-33.9 mm, adult range 31.8-58.9 mm), combined
with the presence or absence of secondary sexual
characteristics. Due to the insufficient number of
juvenile crayfish in the stony slopes habitat, only
crayfish caught from beach habitat were used. Adult
and sub-adult crayfish were trapped at 3 m depth, and
juvenile crayfish, for which traps were ineffective,
were caught at the same depth by scuba diving at night.

Depth gradient

To investigate the diet of noble crayfish along a depth
gradient, in the first week of August we sampled six
different depths (3, 6,9, 12, 15,20 m) by scuba diving.
The thermocline was at ~ 8 m depth, but there was
no oxygen deficiency zone. In the surface layer,
oxygen varied between 7 and 9 mg/L and at 20 m
between 4.5 and 6.5 mg/L. At each depth, ten traps
were placed 3-5 m apart (total transect length 50 m)
in the late afternoon and collected the following
morning. This approach presumably limited any
potential bias from mixing crayfish from different
depths. According to Abrahamsson and Goldman
(1970) similar traps as we used to attract crayfish from
a range of 12-13 m2, or distance of ca. 2 m. Crayfish
from each depth were divided by sex and size class and
then measured (carapace length; CL) and weighed to
the nearest 0.1 mm and 0.1 g, respectively (Table S3).
In addition to crayfish sampling, all available food
sources from each depth were collected for SIA. For
analysis, we focused on stony slopes habitat due to the
low abundance of crayfish in beach habitat where no
specimens were caught deeper than 3 m. Only sub-
adults and adults were found in the stony slopes
habitat, so the juvenile stage was not included.

Stable isotope analyses

All samples for stable isotope analysis were dried at
50 °C for 48 h to constant weight and ground to a fine
homogenous powder. Approximately 0.6 mg of ani-
mal samples and 1.5 mg of plant and detritus samples
were weighed (at the precision of 0.001 mg) into tin
cups. Stable isotope analyses were performed at the
University of Jyviskyld using a Carlo Erba Flash EA
1112 elemental analyser connected to Thermo Finni-
gan DELTAplus and Advantage continuous-flow
isotope ratio mass spectrometer (Thermo Electron
Corporation, Waltham, MA, USA).

Vienna Pee Dee belemnite and atmospheric N;
were used as reference standards for carbon and
nitrogen. To control for instrument stability after every
6 samples, northern pike Esox lucius L., 1758 muscle
tissue and birch Betula pendula R. leaves of known
isotopic compositions were run as internal working
standards for animal and plant samples. Results are
expressed using the conventional & notation as parts
per thousand difference from the international stan-
dards. Analytical precision was < 0.1%o for §8'°C
and < 0.3%o for 5"°N.

Trophic position of each species/functional group
was calculated using the formula of Anderson and
Cabana (2007):

TP = ((815Nsample - 6151\Ibaseline) /323) + EP (1)

where T, is the trophic position of organism, 3N
sample represents the nitrogen isotope value of a given
organism, 8'°N baseline is the isotopic ratio from
several individuals of filter feeders (the pea mussel
Pisidium sp.), 3.23 is the nitrogen isotope fractionation
between trophic levels (Vander Zanden and Ras-
mussen 2001), and Ep is the trophic position of the
organism selected as baseline. According to the
recommendation by Anderson and Cabana (2007),
we used a long-lived filter feeder (Pisidium) consid-
ered a first level consumer (Ep = 2) as the baseline
organism, which integrates stable isotope signals over
the season.
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Statistical analyses
Trophic web of Nyrsko reservoir

To assess the contribution of the different food sources
to the isotopic signature of each target organism or
functional group, a separate Bayesian mixing model
(Moore and Semmens 2008) with a specific number of
putative sources was run in MixSIAR package (Stock
and Semmens 2016) in R (R Core Team 2016).

For predatory fish (Esox lucius; Leuciscus aspius
(L., 1758); Perca fluviatilis L., 1758), a six-source
mixing model was produced (zoobenthos, crayfish
(sub-adult and adult), juvenile crayfish, juvenile perch,
rudd (Scardinius erythrophthalmus; L., 1758) and
roach (Rutilus rutilus; L., 1758). For omnivorous fish
(roach and rudd), a six-source mixing model including
algae, macrophytes, detritus, zooplankton, zoobenthos
and juvenile crayfish was applied. For crayfish (adult),
a six-source mixing model including algae, detritus,
macrophytes, pelagic sources (zooplankton), zooben-
thos and juvenile crayfish was run. Zooplankton were
used as a pelagic source due to their sedimentation on
the bottom. Lastly, predatory zoobenthos was divided
into two groups due to their clear separation in carbon
signal (Table S5), with predatory zoobenthos 1
consisting of Erpobdella octoculata and Helobdella
stagnalis, and predatory zoobenthos 2 consisting of
Laccophilus hyalinus, Nebrioporus elegans, Sym-
petrum sp., Haemopis sanguisuga, Hygrotus versi-
color and Nepa cinerea. For both groups of predatory
zoobenthos, we applied a three-source mixing model
including juvenile crayfish, zoobenthos and zooplank-
ton. As recommended by Vander Zanden and Ras-
mussen (2001), our models assumed the fractionation
factors 3.23 = 0.41%o for 3'°N and 0.47 =+ 1.23% for
8'°C for animals, and 2.4 £ 0.42%0 for 3'°N and
0.40 % 0.28%o for 8'*C for detritus and macrophytes
(McCutchan et al. 2003). Although these fractionation
factors values were not established specifically for
crayfish, we used fractionation factors from literature
sources as many previous studies did.

Habitat and ontogeny differences and seasonal
isotopic variation in noble crayfish population

We calculated the trophic niche width of noble

crayfish over season, habitat and ontogeny using
standard ellipse area in carbon and nitrogen isotope
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space with the SIBER package. The overlap between
the ellipses from different depths was calculated as a
proportion of the non-overlapping area of ellipses
(Jacksonetal. 2011). Additionally, we ran a six-source
Bayesian mixing model (algae, detritus, macrophytes,
pelagic sources, zoobenthos and juvenile crayfish) to
test for differences in putative food source usages
between noble crayfish life stages.

Depth gradient

To assess the contribution of the putative food sources
along the depth gradient, we used a Bayesian mixing
model with depth as a continuous factor (Francis et al.
2011; Stock and Semmens 2016). Algae, detritus and
pelagic source (zooplankton) were used in the three-
source mixing model. Additionally, the standard
ellipse area was calculated and the overlap between
the ellipses was estimated in the same manner as for
seasonal, habitat and ontogeny differences.

To test for any differences in size, weight and sex of
crayfish among different depths, we used generalized
linear model (GLM) with the gamma distribution. The
final model was determined by sequential deletion of
the least significant explanatory parameters (or inter-
action terms) from the full model. Parameter signif-
icance was evaluated using F-tests from analysis of
deviance.

Results
Trophic web of Nyrsko reservoir

The food web of Nyrsko reservoir consists of four
trophic levels, with predatory fish at the apex position
and collectors at the bottom position together with
primary sources (Fig.2; Table SI1). Omnivorous
roach, rudd and crayfish occupied the central part of
the trophic pyramid, while predatory zoobenthos,
grazers and filterers were situated in lower trophic
positions between collectors and roach and rudd.
Results from MixSIAR models suggest that cray-
fish were an important food source for both predatory
fish and omnivorous fish (Table 1). The diet of
predatory fish, here presented as mean proportions of
putative food source usage (%), consisted of mixture
of adult and sub-adult crayfish (28%), juvenile perch,
(18%), juvenile crayfish (18%), rudd (17%),
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Fig. 2 Mean + SE of carbon and nitrogen stable isotope values (%o) of different guilds in the food web of Nyrsko reservoir, Czech

Republic

zoobenthos (13%) and roach (4%). The diet of
omnivorous species was also largely composed of
crayfish. For roach, juvenile crayfish were the most
important food source (42%), but they also fed on
macrophytes (14%), algae (13%), zooplankton (11%),
zoobenthos (10%) and detritus (10%) (Table 1). In
rudd, juvenile crayfish were the most important food
source (23%), followed by zooplankton (20%) and
detritus (23%), while zoobenthos (11%), macrophytes
(12%) and algae (12%) were less utilised.

For crayfish, detritus and juvenile crayfish account-
ing for 21 and 20%, respectively, seemed to be an
important food source (Table 2). Other putative food
sources (algae, macrophytes, pelagic sources, zooben-
thos) had a similar contribution ranging from 14 to
17% of their diet. In the predatory zoobenthos 1, 85%
of their diet consisted of other zoobenthos (Table 2).
Juvenile crayfish and zooplankton were also used to a

lesser extent (8 and 8%, respectively). In the second
predatory zoobenthos group (predatory zoobenthos 2),
zoobenthos was still important (47%; Table 2), but
there was increased use of zooplankton (35%) and
juvenile crayfish (18%).

Habitat and ontogeny differences and seasonal
isotopic variation in noble crayfish population

The estimated crayfish diet changed throughout
ontogeny (Table 3). While in juvenile and sub-adult
crayfish zoobenthos accounted for 38% and 30% of
their diet, respectively, this decreased to 14% in
adults. Instead, the cannibalism of juvenile crayfish
was an important component of adult diets (20%), a
phenomenon far less prevalent in sub-adults (8%) and
juveniles (5%). For the other putative sources (macro-
phytes, algae, detritus and pelagic source), the changes
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Table 1 The relative
contribution [means with
upper and lower 95% CI
(credible intervals)] of
putative food sources to the
diets of fish in Nyrsko
reservoir, Czech Republic

Table 2 The relative
contribution [means with
upper and lower 95% CI
(credible intervals)] of
putative food sources to the
diets of adult noble crayfish
and predatory zoobenthos in
Nyrsko reservoir, Czech
Republic

Low 95% CI Mean % contribution High 95% CI
Predatory fish
Roach 0.001 0.040 0.163
Rudd 0.005 0.174 0.537
Juvenile perch 0.003 0.181 0.605
Crayfish 0.007 0.279 0.768
Roach
Juvenile crayfish 0.072 0.418 0.699
Zoobenthos 0.003 0.106 0.372
Zooplankton 0.005 0.110 0.306
Macrophytes 0.003 0.137 0.434
Algae 0.003 0.125 0.409
Detritus 0.003 0.104 0.239
Rudd
Juvenile crayfish 0.020 0.231 0.445
Zoobenthos 0.003 0.109 0.348
Zooplankton 0.008 0.197 0.522
Macrophytes 0.004 0.116 0.358
Algae 0.003 0.118 0.389
Detritus 0.019 0.230 0.432

Low 95% CI Mean % contribution High 95% CI
Noble crayfish
Juvenile crayfish 0.002 0.204 0.465
Zoobenthos 0.018 0.138 0.387
Pelagic sources 0.003 0.138 0.381
Macrophytes 0.002 0.141 0.514
Algae 0.003 0.166 0.615
Detritus 0.007 0.213 0.455
Predatory zoobenthos 1
Juvenile crayfish 0.003 0.075 0.674
Zoobenthos 0.193 0.847 0.965
Zooplankton 0.016 0.078 0.199
Predatory zoobenthos 2
Juvenile crayfish 0.003 0.184 0.458
Zoobenthos 0.199 0.470 0.841
Zooplankton 0.001 0.178 0.498

between the life stages were marginal. Juvenile and
adult crayfish had the smallest and most distinct
trophic niches, (Fig. 3 and Fig. S4), overlapping each
other by only 3%. Sub-adult crayfish had the widest
niche, substantially shared with both juveniles (46%)
and adults (22%).

@ Springer

Trophic niche also differed with habitat. The width
and standard ellipse area of crayfish trophic niche were
greater in beach habitats than in stony slope (Fig S5,
Fig S6), with a relatively small niche overlap (25%)
between the habitats.

Trophic niche width differed among the seasons
(Fig. S7 and Fig. S8). In spring, crayfish relied more on
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Table 3 The relative contribution (means with upper and lower 95% CI (credible intervals)) of putative food sources to the diets of
different life stages of noble crayfish in Nyrsko reservoir, Czech Republic

Source Juvenile Sub-adult Adult
Low Mean % High Low Mean % High Low Mean % High
95% CI  contribution 95% CI  95% CI  contribution 95% CI  95% CI  contribution 95% CI
Juvenile 0.004 0.053 0.147 0.002 0.075 0.252 0.002 0.204 0.465
crayfish
Zoobenthos 0.104 0.378 0.614 0.039 0.304 0.634 0.018 0.138 0.387
Pelagic 0.005 0.137 0.371 0.002 0.143 0.384 0.003 0.138 0.381
sources
Macrophytes  0.003 0.090 0.272 0.001 0.116 0.425 0.002 0.141 0.514
Algae 0.005 0.153 0.482 0.003 0.187 0.706 0.003 0.166 0.615
Detritus 0.012 0.188 0.401 0.006 0.175 0.413 0.007 0.213 0.455
© Adult
© Sub-adult
6 Juvenile
4 -
7
o

T T T T

T T T
-24 =22 -20 -18 -16 -14 -12
5"3C %o

Fig. 3 Standard ellipse area (SEA}) representing the trophic niche width of the different life stages of the noble crayfish. Overlapping
area indicates shared niche space. Adult crayfish = triangle, sub-adult = circle, juvenile = square

carbon-depleted sources (detritus), while in summer Depth gradient
and autumn there was a slight shift to less carbon-

depleted sources. However, in spring and summer In the stony slope habitat, the average number of

trophic niche width was almost the same, with slightly
higher values recorded in autumn. The overlap
between the trophic niches among seasons ranged
from 32 to 45% (Table S8).

crayfish individuals per trap increased with depth from
6.3 in 3 m depth to 8.2 in 12 m depth, but then
declined to 2.9 in 15 m depth, and no crayfish were
caught from the deepest transect monitored (20 m).
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The proportion of females increased with depth
(Table S3), but independent of sex, there were no
differences in weight or CL among the depth zones
(p > 0.05). There was only significant differences in
CL (Fy, 32 =1761, p<0.001) and weight
(Fy, 322 =27.11, p<0.001) between males and
females.

The three-source mixing model suggested that with
increasing depth, the basal sources of crayfish diet
changes from littoral autotrophy (algae) and detritus to
pelagial production (zooplankton) (Fig. 4). The
trophic niche width was greatest at 6 m depth,
followed by 3 m depth. Other depths had similar and
more restricted trophic niche widths (Figs. S2 and S3).
Trophic niche overlap from different depths ranged
from 37 to 77% (Table S7).

Discussion

Our study indicates that, as in other freshwater systems
(Darrel 2003; Ercoli et al. 2014; Liptak et al. 2019),
reservoir populations of noble crayfish can exploit a
wide range of food sources at multiple trophic levels,
but their diet has high levels of carnivory. However,
despite wide variation of diet proportion estimates, our
results suggest that crayfish at every life stage were an
important food source for many consumers in the
reservoir, especially predatory and omnivorous fish,
thus transferring energy from lower to higher trophic
levels. Our results are in line with those of Rabeni
(1992), Dorn and Mittelbach (1999), Englund (1999),
Nystrom et al. (2006) and Lipték et al. (2019), who
found that crayfish were an important food source for
consumers from higher trophic levels in both lotic and

1.00
0.75
==Algae
Detritus
4 Pelagic source
c P
o ~
€t
2 )
© 0.50 :
o
®
(@)
0.25
0.00 - : .
3 6 9 12 15
Depth (m)

Fig. 4 Mean values of the proportion of different food sources
contributing to the diet of the noble crayfish in Nyrsko reservoir,
Czech Republic, across the depth gradient as predicted from the
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lentic environments. It seems that detritus was an
important food source for all developmental stages,
and other food sources such as algae, macrophytes or
pelagic sources (sedimeted zooplankton) were utilized
to a lesser extent, with their usage dependent on
crayfish size. For juvenile and sub-adult crayfish, it
seems that zoobenthos is the most important source of
prey. However, in adult crayfish, zoobenthos con-
sumption was largely replaced by cannibalism of
juvenile crayfish.

Cannibalism is a common phenomenon in crayfish
populations (Kouba et al. 2011), and the rate of
cannibalism depends mainly on population density,
habitat diversity, presence of shelters and crayfish
predators (Englund 1999; Englund and Krupa 2000;
Usio and Townsend 2002). Previously reported rates
of cannibalism vary across species and ecosystems
from almost zero (Liptak et al. 2019; Whitmore 1997)
to 17-24% (Guan and Wiles 1999; Houghton et al.
2017) with a maximum around 47% (Alcorlo et al.
2004). Hence, our estimated 20% contribution of
cannibalism to the diet of adult crayfish is high. We
suggest that such a high cannibalism rate can be
caused by the combination of high population density
together with a lack of shelter in beach habitat.

Each of diet tracing methods has some limitations
which can lead to bias in data interpretation (Nielsen
et al. 2018). In stable isotopes analysis, fractionaliza-
tion factor (trophic discrimination factors: TDF = d,.
sue — Odiey) can be considered as the most problematic
part leading to possible errors in data interpretation
(Martinez del Rio et al. 2009; Nielsen et al. 2018) as it
influences many variables such temperature, taxo-
nomic group, tissue selection and others (Martinez del
Rio et al. 2009; McCutchan et al. 2003). Therefore,
using fractionalization factors from the literature can
lead to result bias. However, current version of
Bayesian mixing models is accounting for uncertainty
associated with multiple sources, fractionation factors
and isotope signature, which decrease bias in data
interpretation (Moore and Semmens 2008; Stock and
Semmens 2016). Nonetheless, in case of using frac-
tionalization factor from literature, a caution is needed
(Bastos et al. 2017).

In addition, our Bayesian mixing models results
indicate large credible intervals of relative contribu-
tion of putative food sources to consumer diets, which
might limit result interpretation. MixSIAR models are
accounting for variation in several factors (consumers,

putative food sources, fractionation factors) which
often leads to wide variation in food source use
estimates. In addition, crayfish and fish (roach, rudd)
have omnivorous feeding behaviour making diet
estimation difficult. Moreover, when isotopic values
of putative food sources tend to overlap, results might
show large credible intervals making precise food
source proportions difficult to be discernible as our
model outcomes indicate.

Habitat and ontogeny differences and seasonal
isotopic variation in noble crayfish population

Omnivory is an important functional trait of animal
ecosystems (Begon et al. 2006). However, throughout
ontogeny, an omnivorous species can be either more
carnivorous or more herbivorous (Parkyn et al. 2001;
Polis and Strong 1996; Pringle and Hamazaki 1998).
Using gut content analysis, Momot (1995) found that
juvenile crayfish are primarily carnivorous in contrast
to older specimens which are more omnivorous. This
is likely due to the rapid growth and thus increased
protein requirements of juvenile crayfish compared to
adult crayfish (Hill et al. 1993; Momot 1995).
Conversely, Stenroth et al. (2006), using isotope
analysis, suggested that there is no significant shift
in diet between size categories of signal crayfish
(Pacifastacus leniusculus; (Dana, 1852)); however,
this could be an artefact of their omnivorous feeding
habits. Similarly, Bondar et al. (2005) found almost no
differences in putative source usages among the life
stages of signal crayfish. In line with this, our results
suggest that the total amount of carnivorous feeding
was similar across the life stages (Table S3). However,
unlike in signal crayfish, the different life stages of
noble crayfish focused on different prey. While
juvenile and sub-adults used zoobenthos as an animal
source, adult crayfish substituted other zoobenthos
with juvenile crayfish in their diet. This mechanism
probably prevents competition between life stages and
it helps the surviving young crayfish by reducing
intraspecific competition for zoobenthos. In addition,
the high level of cannibalism can be explained by the
high proportion of crayfish in the zoobenthos com-
munity in this reservoir (Vesely et al. personal
observation). Sub-adult crayfish had the widest trophic
niche, suggesting use of the prey typical of both
juveniles and adults. This might be a relic of the
juvenile life habits, because adult crayfish share

@ Springer



1180

Aquat Ecol (2020) 54:1169-1183

almost nothing with the juvenile trophic niche. These
results are concordant with previous findings on rusty
crayfish Faxonius rusticus; (Girard, 1852)) whose sub-
adults have the widest trophic niche, overlapping the
much narrower trophic niches of juveniles and adults
(Roth et al. 2006).

Habitat diversity is an important feature of ecosys-
tems, increasing species richness and ecosystem
stability (Begon et al. 2006; Kalff 2002). Generally,
each habitat can provide different food sources which
can be utilized by consumers (Begon et al. 2006;
Schilicke et al. 2019). We found that the trophic niche
width of crayfish in beach habitat was greater than in
stony slopes habitat. This might be due to a wider
range of available food sources in the beach habitat
(Vesely et al. personal observation), in line with
Alcorlo et al. (2004), who found that food item
diversity in crayfish stomachs correlates with prey
availability. Furthermore, Alcorlo et al. (2004) found
differences in the diet of red swamp crayfish between
human modified and natural habitats. In both habitats,
red swamp crayfish behaved as a generalist, but in the
natural habitat, in contrast to the modified habitat,
insect larvae formed an important part of its diet. On
the other hand, Hollows et al. (2002) found that P.
zealandicus exploited similar food sources in both
native bush and pasture streams. Generally, these
findings confirm our hypothesis about high diet
plasticity in crayfish, especially if they are faced with
different habitat types (Beatty 2006; Johnston et al.
2011).

Seasonal changes in food preferences and avail-
ability of food sources are common in many organ-
isms. These changes can be caused by physiological
processes (mating, pregnancy, hibernation) or envi-
ronmental factors such as temperature, day length,
drought, seasonal floods and spatial heterogeneity of a
given ecosystem (Begon et al. 2006). It is well known
that crayfish can change food source with the season;
however, this is dependent on the environmental
context and the species. For example, in New Zealand
streams P. zealandicus consumes more terrestrial
detritus in the autumn-winter period, and more
zoobenthos in winter, but switches to more auto-
chthonous sources in spring and summer (Hollows
et al. (2002). Conversely, red swamp crayfish prefer
detritus in the winter period and then increase their
consumption of zoobenthos and fish in other seasons
(Alcorlo et al. (2004). Our results suggest that in the
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winter-spring period noble crayfish are resource-
limited and prefer relatively C'? depleted resources
(detritus), while in the spring—summer and summer-
autumn period, they use a much wider array of
resources. These results are in line with common
findings that in temperate climates food sources are
limited from winter to spring, and summer serves as
period for crayfish to gain energy for reproduction and
overwintering (Holdich and Crandall 2002; Kawai
et al. 2016; Kozak et al. 2015).

Depth gradient

Depth is an important environmental factor shaping
biota dynamics and composition in ecosystems (Be-
gon et al. 2006; Kalff 2002). In comparison with lakes,
canyon-shaped reservoirs have quite steep banks with
a limited proportion of littoral areas and a low
diversity of habitats (Kalff 2002). This condition can
be critical for most of species inhabiting bottom part of
reservoirs. Generally, with increasing depth, there are
less food sources as well as light (Kalff 2002;
Ruokonen et al. 2012). Moreover, under thermocline,
there is a rapid change in temperature and oxygen
level (Kalff 2002).

In Nyrsko reservoir, crayfish were found to a depth
of 15 m, and while thermocline was established at 8§ m
depth during the summer season, oxygen was at
acceptable levels from the surface to the bottom of
reservoir without a layer with oxygen deficiency. The
overlap of trophic niche suggests that crayfish move
across different depths. Thus crayfish are likely
geomorphic agents in reservoirs (Statzner et al.
2000), their movements transporting and mixing
organic and inorganic matter between different depths.
Moreover, our results suggest that with increasing
depth, noble crayfish food preference changes from
detritus and algae to pelagic sources (sedimented
zooplankton). These results are in line with Ruokonen
et al. (2012) who found a similar trend in signal
crayfish in Lake Piijinne, Finland, although the
estimated usage of pelagic sources by noble crayfish
in Nyrsko reservoir was much higher in the deeper
layer than for signal crayfish at their locality. Addi-
tionally, in Nyrsko reservoir, more females were found
in deeper parts, suggesting that females avoid the
upper layers to escape increased food competition, or
higher predation pressure due to their generally
smaller size. They may also go deeper to avoid the
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action of waves, or for a period of moulting after the
onset of independence in their offspring. These results
are similar to Flint (1977) who found female signal
crayfish at greater depths than males in Lake Tahoe.
However, in the oligotrophic reservoir éance, in
Czech Republic the distribution of noble crayfish
females was irregular and males were more common
with increasing depth (Duri§ and Smutny 2000).

In contrast to our study, Abrahamsson and Gold-
man (1970) found signal crayfish in Lake Tahoe up to
200 m depth with the highest population density
between 10 and 20 m depth. There, 0—10 m depth had
a lower population density due to predation pressure,
light intensity and scarcity of food resources due to the
heavy wave action in shallow areas. Abrahamsson and
Goldman (1970) also found that with increasing depth
crayfish size increased while population density
decreased. This observation is in line with Duri§ and
Smutny (2000) who also observed larger animals in
deeper zones. However, it is contrast to our study,
which found no size differences with depth. The
inconsistency among all mentioned studies indicate
species-specific as well as ecosystem-related
variability.

Conclusion

Crayfish utilized food sources from several trophic
levels in oligotrophic Nyrsko reservoir. Moreover,
cannibalism was an important feeding habit for adult
crayfish, while sub-adult and juvenile crayfish foraged
on conspecifics to a lesser extent. The proportion of
carnivorous feeding behaviour was similar throughout
crayfish ontogeny; nevertheless, the food sources used
varied between crayfish age classes. In Nyrsko reser-
voir, crayfish are not only consumers but also impor-
tant prey for variety of consumers. Additionally, use of
pelagic food sources increased with depth. Thermo-
cline did not limit the distribution of the crayfish
population as they were abundant even in deeper parts
of the reservoir. Lastly, food source preferences
changed with habitat and season and crayfish had a
high feeding plasticity in this ecosystem. Finally, we
can conclude that crayfish are important prey as well
as important consumers of lower trophic levels, with
the ability to consume conspecifics, and the ability to
mix organic and inorganic matter along a depth
gradient. To sum up, these findings indicate that

crayfish are indeed ecologically important species
with both direct and indirect roles in the trophic web of
in this reservoir ecosystem.
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