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Abstract

neither Chelodina species are affected.

Background: Optimal foraging theory explains how animals make foraging decisions based on the availability,
nutritional content, and handling times of different food types. Generalists solve this problem by consuming a variety
of food types, and alter their diets with relative ease. Specialists eat few food types, and may starve if those food types
are not available. We integrated stable isotope analyses with previously-published stomach contents and environ-
mental data to investigate how the foraging ecologies of three sympatric freshwater turtle species vary across four
wetlands that differ in turbidity and primary producer abundance.

Results: We found that the generalist Emydura macquarii consumes a varied diet (but mostly filamentous green
algae) when primary producers are available and water is clear, but switches to a more carnivorous diet when the
water is turbid and primary producers are scarce, following the predictions of optimal foraging theory. In contrast,
two more-specialized carnivorous species, Chelodina expansa and Chelodina longicollis, do not differ in diet across
wetlands, and interspecific competition may increase where £. macquarii is carnivorous. When forced to be more car-
nivorous, £. macquarii exhibits higher rates of empty stomachs, and female turtles have reduced body condition, but

Conclusions: Our results provide support for optimal foraging theory, but also show that the ability to change diet
does not protect the generalist from experiencing lower foraging success when its preferred food is rare, with direct
consequences for their energy budgets. Our results have conservation implications because wetlands in the Murray—
Darling river system are increasingly turbid and have low macrophyte abundance, and all three species are declining.
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Background

Optimal foraging theory explains how animals make
foraging decisions based on the nutritional content
of prey, prey abundance, and intra- or interspecific
competition [33, 34, 41]. An animal is predicted to
select prey based on the fitness benefits the animal
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will receive by consuming that prey compared to oth-
ers [27]. In the simplest circumstances, animals select
prey that will maximize the rate of energy and nutrient
intake against the cost of searching for and/or handling
food [33]. Environmental change can alter the avail-
ability of preferred or optimal prey and cause a shift in
prey selection. For example, surgeonfish (Acanthurus
nigrofuscus) primarily consume brown and red algae in
summer, but switch their diet in winter to green algae
as it becomes more abundant [16]. Masked palm civets
(Paguma larvata) alter their diet across temporal and

©The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material

in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-8921-6750
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12898-020-00279-6&domain=pdf

Petrov et al. BMC Ecol (2020) 20:11

spatial scales, depending on the availability of fruit.
They eat fruit when it is readily available, but eat small
mammals when it is not [49]. How animals change their
foraging in response to changes in food abundance is
likely to incur costs that are under natural selection
[15] and vary among generalist and specialist species.
For generalist species that consume a variety of prey,
the loss of a “most-preferred” prey species due to envi-
ronmental change is unlikely to impact their foraging
efficiency because they can theoretically expand their
diets to include something else [42]. For species that
specialize on only one (or a few) prey species, the loss
of a preferred prey item can reduce foraging efficiency
[19], and thus reduce their energy intake.

Turtles are good model taxa for studying the effects
of temporal changes in diet. Most species consume a
diversity of prey and have long lifespans, so the temporal
effects of changes in diet can be studied within individu-
als. Three species of freshwater turtles inhabit the Mur-
ray River, Australia, and vary between diet specialization
and generalization: the broad-shelled turtle (Chelodina
expansa), common long-necked turtle (Chelodina longi-
collis), and Murray River short-necked turtle (Emydura
macquarii). Chelodina expansa and C. longicollis are spe-
cialist and generalist carnivores, respectively. Chelodina
expansa preys on crustaceans, fish, and carrion, whilst C.
longicollis preys on invertebrates, small fish, and crusta-
ceans [6, 7]. Emydura macquarii is a generalist omnivore,
which consumes algae, carrion, and invertebrates [8, 39,
40].

We have previously compared the stomach contents
of C. expansa, C. longicollis, and E. macquarii at four
sites in north-central Victoria [29]. These wetlands differ
broadly in turbidity, and in plant and invertebrate com-
munities [29]. Chelodina expansa, C. longicollis, and E.
macquarii are sympatric in these wetlands, and stomach
contents data indicate that they broadly overlap in the
food they consume [29]. The stomach contents of both
Chelodina species do not differ across sites, whereas E.
macquarii stomach contents vary considerably with loca-
tion, and largely reflect the availability of prey within
a given wetland, which differed in association with tur-
bidity and macrophyte diversity [29]. These results were
consistent with optimal foraging theory since the gener-
alist (E. macquarii) should be expected to be more capa-
ble of changing its diet in response to changes in food
abundance than the more specialized Chelodina spe-
cies. However, stomach contents data offer only snap-
shots of information about animal diets, and these data
alone could not demonstrate whether the differences we
observed are temporally consistent, or whether they have
consequences for the life histories of these species.
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Here, we used stable isotope analysis to determine
whether turtle diets vary consistently over time across
site and among species, based on the environmental and
stomach-contents differences identified previously in
Petrov et al. [29]. We then compared turtle body condi-
tions to test whether long-term trends in diet impacted
on turtle life histories. Stable isotope analyses are power-
ful tools for testing for spatial and temporal variation in
diet, and interspecific competition [17, 26, 48]. We used
8"3C to trace sources of primary production underlying
the food webs each turtle species relied on [22, 23]. We
used 8'°N to compare the relative trophic position each
turtle species occupied within each wetland, assuming
that §'°N of each turtle should be enriched by 3—4%o rela-
tive to its diet, following Post [32]. Specifically, we tested:
(1) whether the three species consistently overlap in diet,
which could result in competition for food; (2) whether
stable isotope and stomach contents data provide con-
sistent inferences about turtle diets; (3) whether any spe-
cies exhibits diet differences across different wetlands;
and (4) whether apparent diet differences across site have
consequences for body condition of any species.

Results

Between February—March 2015 we caught a total of 20 C.
expansa; 12 C. longicollis and 90 E. macquarii. The fol-
lowing season between December 2015—March 2016 we
caught a total of 13 C. expansa; 13 C. longicollis; and 83
E. macquarii (Table 1). There were no recaptures in this
study.

Primary producer isotopic compositions

Primary producer isotopic compositions (5§'>C and §'°N)
differed across an interaction of site x species (Table 2,
P<0.001). Univariate analyses of §'C and 8'°N showed
that the interaction effect was driven by both §'*C (F,;
203 =9.26, P<0.001) and 8N (F;; 543 =25.32, P<0.001).
Thus, most primary producer species varied uniquely in

Table 1 Numbers of each turtle species caught
per sampling period, across wetlands
Cockatoo Gunbower Longmore Safes
Creek

February-March 2015

Chelodina expansa 11 2 5

Chelodina longicollis 9 1 2

Emydura macquarii -~ 30 12 14 34
December 2015-March 2016

Chelodina expansa 1 4 4 4

Chelodina longicollis 3 3 1

Emydura macquarii -~ 16 21 30 16
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Table 2 Results of MANOVA analysis of mean plant §'3C
and 8"°N sampled from the four wetlands

Effect Pillai's trace F Numdf Dendf P

Site* 0.620 44.59 6 596 <0.001
Species* 0.949 3841 14 596 <0.001
Site x species*  0.696 1445 22 596 <0.001

Asterisks indicate significant effects

both 8'3C and §'°N across each wetland (Fig. 1), and wet-
land differences at the base of the food web need to be
standardized before turtle isotopic composition can be
compared across wetlands.

Primary producer vs turtle §'>C

Mean 8'3C of primary producers and turtles differed
uniquely across sites (F33 ;59=51.57, P<0.001; Fig. 1).
At Cockatoo Lagoon, 8'3C of C. expansa and E. mac-
quarii were similar to the 8'3C of all of the primary pro-
ducers present (all P>0.184, Table 3), while 8'3C of C.
longicollis was similar only to the 8'3C of filamentous
green algae (P=0.999), Ludwigia (P=0.989), Myrio-
phyllum (P=0.944), Nymphaea (P=0.999) and periphy-
ton (P=0.778), and was dissimilar to Azolla (P=0.033,
Table 3). At Gunbower Creek, 8'3C of C. expansa, C.
longicollis and E. macquarii was similar to 8'3C of the
primary producers present (all P>0.097, Table 3). At
Longmore Lagoon, 8'*C of both Chelodina species was
similar to 8'3C of the primary producers (all P>0.940),
while 8'3C of E. macquarii was only similar to filamen-
tous green algae (P=0.581), Nymphaea (P=0.999), peri-
phyton (P=0.984) and twig (P=0.320) and dissimilar
to Ludwigia (P=0.003), and Myriophyllum (P=0.002,
Table 3). At Safes Lagoon, 8'3C of both Chelodina spe-
cies was similar to 8'3C of the primary producers (all
P>0.093), 8'3C of E. macquarii was similar only to fila-
mentous green algae (P=0.999) and dissimilar to Azolla
(P<0.001), Myriophyllum (P<0.001) and E. camaldulen-
sis (P<0.001, Table 3).

Turtle isotopic compositions

After correcting for food web base differences, turtle esti-
mated trophic position (ETP) did not differ with straight
carapace length (SCL), sex, site, species, or across the
full factorial interactions (Additional file 1: Table S1).
We ran a reduced model without the interactions of the
fixed effects and SCL, that only tested for differences in
the intercepts of the relationships between isotope and
SCL, rather than differences in slope. We removed sex
from the model because we did not have large enough
sample sizes of each sex for each species of turtle within
each wetland to perform post hoc tests on significant fac-
tors when sex was included. In the reduced MANCOVA,
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turtle ETP differed significantly among species (Table 4,
F,; 539 =17.24, P<0.001) and site (Table 4, Fy 55, =9.37,
P<0.001). Univariate analyses of claw and skin showed
that the multivariate differences occurred in both claw
(site: F3 ;49 =13.37, P<0.001; species F, ;49 =5.79,
P=0.004) and skin (site; F3 ;,, =20.07, P<0.001; species
F, 140=43.03, P<0.001).

The among-species differences occurred because
the ETP of E. macquarii were lower than the ETP of C.
expansa (claw P=0.035; skin P<0.001) and were mar-
ginally lower than C. longicollis (claw P=0.049; skin
P<0.001). The difference between C. longicollis and E.
macquarii was more pronounced in skin samples than in
claw samples (Fig. 2). In contrast, C. expansa and C. lon-
gicollis ETP did not differ in either skin or claw samples
(claw P=0.246; skin P=0.910; Fig. 2). The lack of a sig-
nificant site-by-species interaction here is possibly due to
low sample sizes for the Chelodina species, particularly
at Gunbower Creek and Longmore Lagoon. With a larger
sample size, it is possible that we would have observed
a significant interaction in the claw data because there
is no apparent difference in the claw ETP across species
within these two sites (Fig. 2a). Likewise, some E. mac-
quarii had relatively high ETP at each site, which was
comparable to those of the Chelodina species, but most
E. macquarii ETP tended to be lower than those of the
other species (Fig. 2a).

The among-site differences in ETP were consistent
regardless of tissue type and species (Fig. 2). Turtles from
Safes Lagoon had ETP that were significantly lower than
turtles from the other three sites (claw and skin P<0.007).
Turtles from Longmore Lagoon had significantly higher
ETP than turtles from the other three sites (claw and skin
P<0.005). Turtles from Cockatoo Lagoon and Gunbower
Creek had intermediate ETP that did not differ from each
other (skin and claw P>0.785). These differences were
largely driven by E. macquarii, since the capture rates for
both Chelodina species were low within each wetland.

ETP consistency between claw and skin

Emydura macquarii skin ETP increased linearly with
claw ETP (F; ;ps=57.4, P<0.001) and differed across
sites (F3 ;ps="7.48, P=0.001; Fig. 3). There was no
interaction between claw ETP and site (F; ;)3=0.35,
P=0.787), so the slopes of the relationships were the
same regardless of site (Fig. 3, R? for each site were:
Cockatoo=0.32, Gunbower Creek=0.22, Long-
more=0.40, Safes=0.43). After accounting for the
effect of claw ETD, the skin ETP of turtles from Long-
more Lagoon was higher than that of Cockatoo Lagoon
and Safes Lagoon (P<0.004; Fig. 3), but not Gun-
bower Creek (P=0.281). The skin ETP of turtles from
Safes Lagoon was also lower than that of turtles from
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Table 3 Plants that did not differ from turtle §'3C were
considered food web bases for each species/wetland

Cockatoo Gunbower Longmore  Safes
C.expansa  Algae Algae Algae Algae
Azolla Azolla Ludwigia Azolla
Ludwigia Ludwigia Myriophyllum  Myriophyllum
Myriophyllum  Myriophyllum ~ Nymphaea Eucalyptus
Nymphaea Nymphaea Periphyton
Periphyton Eucalyptus Twig
C. longicollis  Algae Algae Algae Algae
Ludwigia Azolla Ludwigia Azolla
Myriophyllum  Ludwigia Myriophyllum — Myriophyllum
Nymphaea Myriophyllum  Nymphaea Eucalyptus
Periphyton  Nymphaea Periphyton
Eucalyptus Twig
E.macquarii  Algae Algae Algae Algae
Azolla Azolla Nymphaea
Ludwigia Ludwigia Periphyton
Myriophyllum ~ Myriophyllum  Twig
Nymphaea Nymphaea
Periphyton  Eucalyptus

Table 4 Results of MANOVA analysis of differences in ETP
from claw and skin samples

Effect Pillai'strace F Numdf Dendf P

SCL 0.020 145 2 139 0.238
Site* 0335 9.37 6 280 <0.001
Species* 0.395 17.24 4 280 <0.001
Site x species  0.100 123 12 280 0.261

Asterisks indicate significant effects
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Cockatoo Lagoon and Gunbower Creek (P<0.025;
Fig. 3). Together, these results indicate that E. mac-
quarii from Longmore Lagoon have consistently high
ETP, whereas E. macquarii from Safes Lagoon have
consistently low ETP, and E. macquarii from Gunbower
Creek and Cockatoo Lagoon have consistently interme-
diate ETP (Fig. 3). We did not compare claw and skin
ETP in either Chelodina species due to the low number
of turtles we caught within each site.

Turtle stomach contents and isotopic estimated trophic
position

Estimated trophic position differed among turtles
classed with different stomach contents (F3 ;53=>5.78,
P=0.001), across all sites and species. This difference
was driven by carnivorous turtles, which had higher
mean ETP than did herbivorous or omnivorous turtles
(Fig. 4; P<0.019). Turtles with empty stomachs did not
differ in ETP from any other group and exhibited an
intermediate ETP. Herbivorous and omnivorous turtles
did not differ from each other (Fig. 4; P>0.119).

Body condition

Body conditions did not vary across wetland in male
(F3 ;;=3.26, P=0.081) or female C. expansa (Fig. 5a
F3 5p=0.54, P=0.661), or in C. longicollis where sexes
were combined (Fig. 5b; F; ,,=0.44, P=0.730). Body
conditions of female E. macquarii, were significantly
different across the four wetlands of our study (Fj
16s=5.22, P=0.002). Post-hoc tests revealed that female
E. macquarii from Longmore Lagoon had lower SMI
than female turtles from the other three sites (Fig. 5¢;
P<0.029). In contrast, male E. macquarii body condition
did not differ across wetlands (F; ;;3=0.34, P=0.793).

:@,i. E? i .

S ==

Claw ETP
w

Cockatoo Gunbower Longmore Safes

OC. expansa OC. longicollis B E. macquarii

Skin ETP
w

%Qéa; @E* @E+ -

Cockatoo Gunbower Longmore Safes

OC. expansa OC. longicollis B E. macquarii

Fig.2 ETP from a claw and b skin for C. expansa, C. longicollis, and E. macquarii




Petrov et al. BMC Ecol

(2020) 20:11

6.00

5.00

4.00

3.00

Skin ETP

2.00

1.00

0.00

© Cockatoo

A  Gunbower

Longmore
- © ékz + Safes
¢ “’" * — — Cockatoo
\‘ ""0* A Gunbower
e ‘0 ¢ e Longmore

- - = Safes

1.00 2.00 3.00 4.00 5.00 6.00
Claw ETP

Fig. 3 Relationships between the ETP of claw and skin samples in £.
macquarii, from each site

3.50

3.00

ETP

0.50

0.00

Carnivore

Omnivore Herbivore Emptv

Fig. 4 ETP was higher for carnivorous turtles than for omnivorous
and herbivorous turtles

Page 6 of 12

Discussion

Our analysis provides robust evidence of how forag-
ing ecology of three sympatric freshwater turtle species
is impacted by environmental differences, with conse-
quences for both interspecific competition and individual
energy budgets. Taken alongside our previous environ-
mental comparisons [29], our data indicate that turbidity
and diversity of primary producers (macrophytes, fila-
mentous green algae) impact both short- and long-term
foraging by turtles, particularly the generalist E. mac-
quarii. Where aquatic primary producers are scarce and
turbidity is high (Longmore Lagoon), E. macquarii had a
more carnivorous diet, based on stomach contents [29]
and stable isotope data (this study). In contrast, where
aquatic primary producers are common and water is
clear (Safes Lagoon), E. macquarii had a more herbivo-
rous diet, and at two intermediately turbid locations
(Cockatoo Lagoon and Gunbower Creek), E. macquarii
exhibited an omnivorous diet [29]. High turbidity can
limit primary producer photosynthesis [25] and alter pri-
mary producer diversity [37], a trend which was apparent
in our previous study at Longmore Lagoon. Our previous
study also showed that Longmore Lagoon E. macquarii
had empty stomachs more frequently, and many tur-
tles contained wood in their stomachs [29], which is not
digestible. Turtles consuming wood would likely have a
higher 8!°N than would be expected from the wood itself,
as they would be only able to digest and absorb the bac-
teria and fungi that were decomposing the wood. Thus,
they would likely resemble second-order consumers iso-
topically [32], which could contribute to their relatively
carnivorous ETP. Likewise, the relatively high ETP of E.
macquarii at Longmore could be a result of starvation,
which can cause an increase in 8'°N of consumers [12,
13], because they often had empty stomachs [29].

In contrast to E. macquarii, stable isotope data indi-
cated that both C. expansa and C. longicollis exhibited
consistently carnivorous diets, regardless of location.
These results align with our stomach contents observa-
tions, which identified predominately animal prey for
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both C. expansa and C. longicollis [29]. Thus, the diets of
all three species in our study largely reflect results of past
stomach contents analyses [6-8].

Our analysis adds to past studies in a robust way
because we show consistent temporal trends in diet data,
particularly for E. macquarii [8, 29]. Stomach contents
data represent what a turtle has consumed in the past
several hours, whereas skin stable isotope data represent
what a turtle has consumed in the past 3—-6 months [36],
and claw stable isotope data represent what a turtle has
consumed over the past ~12 months [1, 2, 38]. Despite
these temporal differences, among-site differences in
ETP from skin were consistently reflected in claw ETP in
E. macquarii. Thus, stable isotope results alone indicate
that E. macquarii ETP is consistent over both medium
and long timespans, within each wetland. Likewise, our
comparison of stomach contents and stable isotope data,
though coarse, suggests that turtles (of all three species)
with carnivorous stomach contents have consistently
higher ETPs, whereas turtles with herbivorous or omniv-
orous stomach contents have lower ETPs. Turtles with
empty stomachs had intermediate ETP, but most of these
would have come from Longmore Lagoon and Gunbower
Creek. Thus, their combined ETP would have been lower
than expected from Longmore Lagoon alone, and vice
versa for turtles from Gunbower Creek.

The overlaps in ETP suggest that there is potential for
interspecific competition between Chelodina species, and
both might compete with E. macquarii for animal prey.
However, the within-site variation in 8'®C we observed
in all three species shows that even though all three spe-
cies can be carnivorous, they consume a variety of animal
prey that differs across sites. The §'3C variation reflects
stomach contents data, which although limited in sample
size for the Chelodina species, identified 14 different prey
items in C. longicollis (mostly small arthropods) and 9 in
C. expansa (crayfish, fish, and small arthropods; [29]).
Emydura macquarii did not contain any animal species
not found in Chelodina [29]. The diversity in invertebrate
prey within wetland is likely to obscure our stable isotope
analysis [29]. The invertebrate prey items we identified
often overlapped in isotopic composition, such that the
isotopic composition of a turtle could reflect multiple
possible prey that we cannot distinguish [30]. Thus our
evidence for interspecific competition may be equivocal.
We suggest the potential for competition is highest in
Longmore Lagoon, where primary producers are scarce
and E. macquarii consumes more animal prey, and lowest
in Safes and Cockatoo Lagoons, where primary produc-
ers are more abundant and E. macquarii is more herbivo-
rous [29]. The risk of interspecific competition may drive
across-wetland movement often observed in C. longicol-
lis [20]. We assume that the turtles we captured, except
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C. longicollis, do not travel between sites, because of the
distances between them (> 9.15 km by river; [29]).

Our results show how generalist species can change
their diets when preferred prey are scarce, following the
predictions of optimal foraging theory [33]. However,
our results also show that the ability to switch diets does
not protect a generalist species from bioenergetic con-
sequences of the absence of its preferred food. Where
filamentous green algae are abundant, E. macquarii
maintains a varied yet largely herbivorous diet that likely
limits competition with the carnivorous Chelodina spp.
Where algae are scarce, E. macquarii adds alternative
animal prey to their diet, which may increase the risk of
competition with the carnivorous Chelodina spp. Female
E. macquarii exhibit reduced body condition under these
conditions, whereas neither of the more specialized
Chelodina spp. do. Estimates of body condition do not
necessarily represent fat mass alone in turtles [11], so we
assume that the differences in SMI we detected represent
a composite of reduced fat, muscle, and/or visceral mass.

There are several possible explanations for why body
condition differences only occurred in female E. mac-
quarii. First, E. macquarii has difficulty catching mobile
prey [39], and may have a competitive disadvantage to
both Chelodina spp., which forage on mobile animals [6,
7]. The large number of empty stomachs in E. macquarii
from Longmore Lagoon, where algae is scarce [29], sup-
ports this interpretation. Reduced foraging success low-
ers the amount of energy E. macquarii can allocate to
various biological demands (e.g., [4, 14]). Second, adult
E. macquarii have the highest resting metabolic rates of
the three species [10], and are most susceptible to losing
body mass due to low foraging success. The lack of a dif-
ference in male body condition may be because males do
not invest in egg production [44]. It is possible that we
did not detect body condition differences in either Chelo-
dina species because of our lower catch rates of both spe-
cies, which may also reflect small population densities
within our study system, compared to E. macquarii.

Conclusions

Our results have implications for turtle and freshwater
conservation. Emydura macquarii and C. longicollis are
in decline across their range, while C. expansa is listed
as endangered [9, 46, 47]. Much of the Murray—Darling
river system is degraded [35], and many wetlands have
been lost due to flow regulation by dams [21], or drought
[24]. Approximately 80% of the wetlands that remain
have been described as highly turbid and depauperate in
primary producer abundance [18], similar to Longmore
Lagoon [29]. Thus, environmental differences in turtle
foraging ecology, and their bioenergetic consequences,
are likely to be widespread in the Murray—Darling
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system. We suggest that other species within the food
web of the Murray—Darling may be similarly affected,
and further studies are needed to determine the biotic
consequences of environmental degradation. Likewise,
our results broadly show how environmental factors, like
turbidity and food abundance, can drive changes in for-
aging ecology of freshwater animals that vary between
specialism and generalism. Notably, our results show
that even generalist species, which can theoretically for-
age on alternatives as prey abundances change [42], can-
not completely escape the bioenergetic effects of a scarce
preferred prey species. The loss of preferred prey species
force animals to make foraging decisions that will ulti-
mately dictate their energy intake and life histories [3,
14]. Finally, our results further validate the accuracy of
stable isotopes (against stomach contents) for studying
foraging ecology in animals.

Methods

Study sites

We studied turtle diets at four sites adjacent to the Mur-
ray River between Cohuna and Gunbower, Victoria, Aus-
tralia: Cockatoo Lagoon, Gunbower Creek, Longmore
Lagoon and Safes Lagoon, in February—March 2015 and
December 2015-March 2016. Cockatoo, Longmore, and
Safes Lagoons are wide-bodied oxbow lakes that are con-
nected to Gunbower Creek, and all four sites vary widely
in turbidity and primary producer community [29].
These sites were selected based on a previous study that
compared stomach contents of each turtle species across
the four wetlands [29]. Full site descriptions can be found
in Petrov et al. [29], but Longmore Lagoon had the high-
est turbidity and lowest primary producer abundance,
whilst Safes Lagoon had the lowest turbidity and highest
primary producer abundance [29]. Cockatoo Lagoon and
Gunbower Creek were both intermediate [29].

Isotope sampling

In 2015 and 2016, we opportunistically collected at least
10 samples from all macrophyte species present in each
wetland [29], as well as periphyton, filamentous green
algae, and terrestrial river red gum (Eucalyptus cama-
ldulensis), which often overhangs the bank. We spread
our sampling randomly across each wetland by walking
or canoeing at least 5 m, in a randomly-chosen direction,
between each sample. If a species was rare, we collected a
sample each time we saw an individual. All samples were
frozen and stored at — 20 °C prior to analysis.

In 2015 and 2016, we trapped all turtle species using
baited cathedral traps, fyke nets, and collapsible crab
traps. We carried out trapping to obtain study turtles
for the purpose of sampling for stable isotope analyses,
rather than comparing species population densities.
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We set traps at least 5 m apart and checked them every
10-14 h. In both 2015 and 2016, we trapped each site
with 4-8 traps until a minimum of 15 and maximum
of 30 turtles of the most-common species were caught.
Traps were set continuously for at least 5 days, up to a
maximum of 20 trap-days, depending on capture rates.
In total, the sites were trapped for an average of 1500
trap-hours.

Turtles caught were identified, sexed, weighed (to the
nearest g) and measured (carapace and plastron length
and width; to the nearest mm; [40]). Males were distin-
guished from females by the lengths of their tails in C.
expansa and E. macquarii. We tentatively determined
the sex of C. longicollis by the concavity of the plastron
in males [5]. Turtles were individually marked by notch-
ing marginal scutes. Juveniles were recorded as any turtle
having a straight carapace length below 18 cm in C. lon-
gicollis, 22 cm in C. expansa and 19 cm in E. macquarii
[9]. In both years, we collected claw clippings from each
of the toes of the left hind leg and skin from the web-
bing between the 4th and 5th toes of the left hind leg of
each turtle. We collected both claws and skin to compare
two different relative timelines of foraging in each turtle:
claws reflect the isotopic composition of the prey eaten
over the past ~ 12 months, while skin reflects the isotopic
composition of prey consumed over 3—6 months [1, 2, 36,
38]. All samples were frozen and stored at — 20 °C prior
to analysis.

From December, 2015 to March, 2016, we also stom-
ach-flushed all non-juvenile turtles to have instantane-
ous snapshots of foraging ecology (for details, see [29]).
During this period, we only analyzed claw or skin iso-
tope composition for the majority of turtles captured,
because our 2015 isotope sample size was too large to
analyze every sample. We chose to analyze skin or claw
at random for each turtle, and randomly chose a subset of
individuals (at least one quarter of the turtles caught at a
site) to analyze both claw and skin isotopic compositions
to control for between-year effects in environmental iso-
tope fractionation.

Stable isotope analyses

All samples were washed in deionized water and freeze-
dried at —40 °C to asymptotic mass using an Edwards
Modulyo Freeze Dryer (Burgess Hill, United Kingdom).
We homogenized the samples to powder in a Qiagen Tis-
sueLyser II (Hilden, Germany) and stored the samples in
a desiccator until isotopic analysis. One mg of skin and
claw homogenate, 1.65 mg of macrophytes and 3 mg of
periphyton, twig, filamentous green algae, and redgum
were weighed into tin capsules. Packaged samples were
placed in 96-well microplates prior to analysis. Using a
Thermo Scientific Delta V Advantage isotope ratio mass
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spectrometer (Waltham, Massachusetts, United States)
coupled to a ConflolV and FlashHT at the Centre for
Carbon, Water and Food of the University of Sydney,
813C and 8N of the samples was determined. Samples
sealed in tin capsules were loaded into an autosampler,
which individually dropped them into a helium-flushed
oxidation reactor at 1000 °C with an oxygen injection at
sample drop resulting in the combustion of the samples.
After passage through the oxidation reactor, the combus-
tion gases (at this stage CO,, NO, and H,O) were car-
ried by helium through a reduction reactor converting
NO, to nitrogen gas, and subsequently passed through a
drying agent to remove H,O. Nitrogen and carbon diox-
ide gases were separated by a gas chromatograph and
transported into the isotope ratio mass spectrometer,
which measured the mass to charge ratio of the differ-
ent isotopologues (*2C!°0'°0 and *C!*0'°0, *N'N and
1N'5N) of the sample combustion gases. Isotopic values
are expressed in delta notation (%o), relative to VPDB for
carbon and AIR for nitrogen. Precision was between 0.05
and 0.1%o for both carbon and nitrogen analyses in each
run (1 SD; n=8).

Statistical analyses

First, we tested whether the bases of the food webs dif-
fered in isotopic composition at each wetland, in order
to test for wetland-specific isotopic differences. We com-
pared primary producer (macrophyte, algae, redgum, and
periphyton) mean isotopic compositions (§*3C and §'°N)
using a multivariate analysis of variance (MANOVA) in
SAS (PROC GLM; SAS Institute, Cary, NC), with site,
species, and their interaction included as main effects,
and year included as a random effect. We did not account
for primary producer abundance or productivity in this
analysis, as the abundance of primary producer species
may affect their contribution to the isotopic signatures
we observe, with rare species potentially making large
contributions to the food web.

Second, we compared the mean §'3C of each primary
producer species to the mean §'>C of each turtle spe-
cies within each wetland, to determine which primary
producer species most likely formed the main base(s) of
the food web for each turtle species, within each wetland.
Although 8"3C enriches slightly with trophic position, the
fractionation rate is generally much smaller than that of
nitrogen [43], so we assumed that §'*C overlap between
a turtle species and a primary producer species would
indicate that species was likely to be a base to the turtle’s
food web. Furthermore, overlap in §'>C across multiple
primary producer species within a site would mean that
we could isotopically distinguish which species was that
base, such that some sites could have multiple primary
producer species as the base of the food web. Thus, the
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aim of our test was to determine which primary producer
species were not significantly different in §'*C from each
turtle species within each site, and could be a “base” for
that turtle species’ food web. We used this match-based
approach because preliminary data indicated broad over-
lap in isotopic compositions of prey items, which a mix-
ing model would not be able to discriminate [31].

To perform this analysis, we ran an ANOVA in SAS
(PROC MIXED), with species nested within site as the
main effect and year as a random effect. We then com-
pared least-squares means of the primary producer and
turtle 8'3C using a Dunnett’s post hoc test. In this analy-
sis, we averaged claw and skin 8'3C values for each turtle.

Third, we estimated the relative trophic position (ETP)
of each turtle using the following equation, from Post
[32]:

Estimated trophic position

=r+ (SISNsecondary consumer 815I\Ibase)/An

where \ is the trophic position of the base (primary pro-
ducer: 1); 615Nsecondary consumer 1S the isotopic value of the
turtle tissue; §'°N, . is the mean isotopic value of the pri-
mary producer at the food web base, and A, is the enrich-
ment in 8'°N per trophic level, here set as 3.4% following
Post [32]. We chose the species of primary producers to
include in our mean calculation of §'°N, ., independently
for each turtle species within each site. We chose primary
producer species that were not significantly different in
813C from a turtle species within a site, as determined
in analysis 2 above. We then compared the calculated
ETP of each turtle species across all four wetlands, using
both claw and skin estimates, in a multivariate analysis
of covariance (MANCOVA) in SAS (PROC GLM). The
main effects included straight carapace length (SCL), sex,
site, species, and full factorial interactions. We included
year as a random effect.

Fourth, we used an ANCOVA (PROC MIXED) to test
whether ETPs from skin and claw estimates were corre-
lated, such that a turtle with a high ETP from claw also
had a high ETP from skin. We used this approach to test
the hypothesis that dietary differences across site were
consistent over time, based on the differences in tis-
sue turnover time between skin (3—6 months) and claw
(~12 months; [1, 2, 38]). In the ANCOVA, skin ETP was
the dependent variable, claw ETP was the covariate, and
site was included as a main effect. We also included year
as a random effect. If a turtle only had data for one tissue
type, it was excluded from this analysis.

Fifth, we validated our ETP against the stomach con-
tents data, using both sets of data collected from turtles
in 2016 [29]. For each turtle, we averaged claw and skin
ETP values together, and assumed that claw and skin



Petrov et al. BMC Ecol (2020) 20:11

isotopic fractionation are similar. We then assigned each
turtle as “empty” if it had no food in its stomach, “herbiv-
orous” if its food bolus was >75% vegetation (including
algae), “omnivorous” if its food bolus was 25-75% vegeta-
tion and/or animal matter, and “carnivorous” if its food
bolus was >75% animal matter. We then compared ETP
among each category using an ANOVA, independent of
species or site, simply to test how long-term ETDP, based
on isotope data, varied with our assessment of a turtle’s
trophic position from stomach contents alone. The analy-
sis is admittedly coarse, but it provides a basic indication
of whether turtles are consistently carnivorous, herbivo-
rous, or omnivorous across sites.

Finally, we compared turtle body condition, within sex
and species, across the four sites to determine whether
overall wetland differences in diet were associated with
differences in body condition. We calculated Scaled
Mass Indices (SMI) following Peig and Green [28]. We
calculated separate SMI for each sex because males and
females often exhibit different body condition relation-
ships, but were unable to separate sex in C. longicollis
because we could not distinguish between sexes [47]. In
all calculations, we used straight carapace length as our
estimate of “length”. To estimate the mean body lengths
of males and females, and the relationships between body
mass and length used to calculate SMI [28], we included
a broader database of turtle body sizes from the entire
southern Murray River basin (27 C. expansa, 247 C. lon-
gicollis, 729 E. macquarii; [47]). We then compared SMI
across all four wetlands using separate ANOVAs for
females and males, within each species (PROC GLM).

We assessed normality and homoscedasticity of vari-
ance using Shapiro—Wilk Tests (all P>0.05) and nor-
mal probability plots in SAS. All statistical tests were
assessed at «=0.05 and all means are presented + SE. In
mixed models, we determined best-fit covariate struc-
tures for random effects using AIC. All main-effects tests
were followed by post hoc Tukey tests unless otherwise
noted. Raw data can be accessed from Dryad [45].
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0rg/10.1186/512898-020-00279-6.

Additional file 1: Table S1. Results of full factorial MANCOVA analysis of
differences in ETP from claw and skin samples. No effects were significant
in the full model.
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