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SUMMARY

1. Food webs represent the paths of material and energy flow through organisms in an
ecosystem. Anuran larvae are important components of pond food webs: they are
abundant, consume large quantities of food and serve as prey for many organisms.
However, there are very basic uncertainties about the feeding ecology of anuran larvae;
for instance, as to which trophic level they belong and whether species differ in
resource use. Because anuran larvae have been employed in model systems in
experimental ecology for decades, these uncertainties could lead to misinterpretation of
published experiments, or inadequate designs of experiments directed at general,
conceptual issues in ecology.

2. Using "°C and "N stable isotope and gut content analyses of free-ranging and
enclosed tadpoles of four ranid species (Lithobates sylvaticus, L. pipiens, L. clamitans,

L. catesbeianus) in the food webs of six wetlands, we tested the following null hypotheses:
(i) that anuran larvae are strict primary consumers; (ii) that they are non-selective feeders
and therefore exhibit little feeding niche differentiation; (iii) that they are opportunistic
consumers and (iv) that their diet remains unchanged through ontogeny.

3. All four species consumed and assimilated substantial amounts of animal food; bullfrog
larvae, in particular, appear to be predatory. Significant feeding niche differentiation
among species occurred with respect to the sources of carbon, consumption of animal
matter and nutritional quality of food ingested. We further documented opportunistic
feeding habits and ontogenetic shifts in diet.

4. Collectively, these studies revealed complex trophic relationships that might require a
reconsideration of the role of anuran larvae in pond food webs, as well as a
reinterpretation of results of previous studies employing anuran larvae in model
experimental systems.
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consumer-resource interaction then forms the funda-
mental link in the food web, although the structure of
the web also reveals that species interact indirectly
with each other and many system properties are a
function of the nature and strength of these indirect
effects (reviewed in Schoener, 1993; Menge et al., 1994;
Abrams et al., 1996; Polis & Winemiller, 1996). Thus,
our ability to assess the consequences of food web
interactions hinges on a sound knowledge of the
position and connections of a species in the web.

Anuran larvae are often key elements in the food
webs of ponds and streams, where they can reach
high densities and biomass, exhibit high per-capita
consumption rates and serve as important prey for a
number of other species. Moreover, anuran larvae
have been widely employed for over three decades in
model experimental systems to test conceptual
hypotheses in community ecology (Wilbur, 1997;
Werner, 1998). Nevertheless, there remains consider-
able uncertainty even about the basic feeding ecology
of anuran larvae and therefore how they relate to
other species in the food web. Anuran larvae have
been traditionally regarded as microphagous, suspen-
sion-feeding herbivores and detritivores (Duellman &
Trueb, 1986; Altig, Whiles & Taylor, 2007). However,
observations of opportunistic oophagy, carnivory or
necrophagy have led to recurrent questions concern-
ing the actual sources of nutrition of tadpoles span-
ning over 100 years of herpetological literature
(Boulenger, 1898; Savage, 1952; Wassersug, 1975;
Duellman & Trueb, 1986; Petranka & Kennedy, 1999;
and reviews in Alford, 1999; Hoff et al., 1999; Altig
et al., 2007). Furthermore, anuran larvae are typically
viewed as feeding unselectively (Farlowe, 1928;
Heyer, 1973; Seale, 1980; but see Kupferberg, 1997)
and therefore exhibiting little feeding niche differen-
tiation and competing strongly. Because anuran lar-
vae have been used in model experimental systems,
misconceptions regarding the actual sources of their
nutrition and trophic position can have potentially
serious implications for our interpretations of this
literature (as previously raised by Petranka & Ken-
nedy, 1999), and are likely to have contributed to
debates on the realism of experimental outcomes in
these model systems (e.g. Skelly & Kiesecker, 2001;
Chalcraft, Binckley & Resetarits, 2005).

In this study, we test four null hypotheses regarding
the feeding ecology of generalized anuran larvae that
are key to understanding their position and role in
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food webs: (i) that they are strict primary consumers;
(ii) that they are non-selective feeders and therefore
exhibit little feeding niche differentiation; (iii) that
they are opportunistic consumers and (iv) that their
diet remains unchanged through ontogeny. We tested
these hypotheses through a comparative study of the
feeding ecology of four congeneric species of anurans,
representing typical, morphologically generalized
pond-dwelling larvae (sensu Duellman & Trueb,
1986). We measured the '°C and "°N isotopic signa-
tures of these anuran larvae and other organisms in
the food webs of six natural wetlands, and comple-
mented these with analyses of tadpole foregut con-
their C:N Stable isotope
methodology permitted inferences on the sources
and quality of nutrition, trophic level (TL) and
intraspecific and interspecific feeding niche differ-
entiation. Interspecific comparisons were further
strengthened by conducting similar analyses on
tadpoles transplanted in pairwise species combi-
replicated enclosures in the
wetlands. This experiment thus minimized effects
of habitat heterogeneity, microhabitat segregation
and variation in mean body mass in interspecific

tents and ratios.

nations to same

comparisons.

Methods

Laboratory experiment of isotopic fractionation in
tadpole tissues

In order to calibrate estimates of tadpole TL, we
conducted a laboratory experiment to measure the
isotopic fractionation factors in wood frog (Lithobates
sylvaticus LeConte, formerly Rana sylvatica) tadpole
heart tissue relative to a constant food source. We
analysed the heart because substantial protein turn-
over occurs in this tissue within the timescale of the
experiments reported in this article (c. weeks), and
therefore is likely to reflect short term dietary
incorporation of "N and "C (Guelinckx et al.,
2007). Wood frog egg masses were collected in a
pond near Independence Lake, Webster, Michigan,
US.A., and hatched in the laboratory. On 27 April
2003, 10 tadpoles were placed in each of three 9.5-L
containers filled with aged well water and fed a diet
consisting exclusively of rabbit food (c. 16% protein;
Purina Mills, St Louis, MO, U.S.A.). Tadpoles were
fed ad libitum twice a week and water replaced
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weekly. Samples of food and of developing tadpoles
were frozen sequentially over 40 days and analysed
for their isotopic composition (0.32 = 0.08 mg of
sample analysed for tadpoles 790 + 93 mg, n = 4).
Isotopic fractionation was calculated as [mean
tadpole 6'°C (or 6'°N)] — [mean food 4"°C (or
3"°N)] (see below).

Field experiments and sampling

(a) Study system. The study system comprised four
species of congeneric larval frogs, the wood frog
(L. sylvaticus; Frost, 2007), the leopard frog (Lithobates
pipiens Schreber, formerly Rana pipiens), the green frog
(Lithobates clamitans Latreille, formerly Rana clamitans)
and the bullfrog (Lithobates catesbeianus Shaw, for-
merly Rana catesbeiana). This system offers a conser-
vative test for investigating carnivory and complex
trophic interactions because all four species represent
typical, morphologically generalized pond-dwelling
larvae, and are phylogenetically (with
L. catesbeianus and L. clamitans being members of the
catesbeianus species group, having L. sylvaticus as sister
group; and this clade having as sister group a large

related

clade containing over 40 species including L. pipiens;
Hillis & Wilcox, 2005). These species differ in breed-
ing phenology: wood and leopard frogs breed early in
the spring and metamorphose that same summer.
Bullfrogs and green frogs breed during the summer
and usually overwinter as larvae at least once. All four
species colonize productive, open-canopy ponds
where planktonic and periphytic algae as well as
macrophytes are abundant. Wood frogs, in addition,
colonize the relatively unproductive closed-canopy
ponds where aquatic primary producers are compar-
atively rare and decomposing leaf-litter is the most
abundant basal resource (Skelly, Werner & Cort-
wright, 1999; Schiesari, 2004, 2006).

Fieldwork was conducted in five natural waterbod-
ies on the E.S. George Reserve (hereafter ESGR) of the
University of Michigan near Pinckney, Michigan
(42°28’N, 84°00'W) (Southwest Woods Pond — hence-
forth SWW, West Woods Big - WWB, Fishhook Marsh
— FH; Crane Pond — CR; Southwest Swamp — SWS),
and one waterbody in Independence Lake County
Park, Webster, Michigan, U.S.A. (Independence
Marsh — IND). SWW and WWB are closed-canopy
ponds and have abundant leaf-litter detritus, but
comparatively little periphyton and macrophyte cov-

er. The remaining ponds are open-canopy and contain
abundant macrophyte and periphyton cover. Pond
hydroperiods ranged from temporary to permanent
(in rough order of hydroperiod: WWB, SWW, FH,
IND, SWS and CR).

Field experiment. In order to test for feeding niche
differentiation among these species, we experimen-
tally transplanted anuran larvae into replicate enclo-
sures in each waterbody. We conducted these
experiments because (i) species do not always
co-occur naturally at densities sufficient to allow
adequate sampling and (ii) interspecific comparisons
are more powerful when controlling for habitat
selection and interspecific variation in body size.

Anuran larvae were raised from >12 egg masses for
each species collected from a temporary pond near
Pinckney (wood frogs), in IND (leopard frogs), and in
ponds at the ESGR or at the Michigan DNR pond
facility at Saline, Michigan (bullfrogs and green frogs).
All tadpoles were reared in 300-L wading pools and
fed rabbit food ad libitum until used in the experi-
ments.

Experiments were conducted in four replicated
enclosures in each of the six ponds (see Schiesari,
2004, 2006 for details). Enclosures were constructed of
wooden frames (1.50 x 0.80 x 1 m; area 1.24 m?) to
which fibreglass window screening (c. 1.5 mm mesh)
was stapled. Enclosures were open at the top and
bottom so that tadpoles could forage on the pond
bottom and eventually leave the enclosure in the
course of metamorphosis. The latter precaution was
important because tadpoles often cannibalize meta-
morphs that fail to leave the water, which would
artificially increase estimates of carnivory. To prevent
tadpoles from escaping, enclosures were staked to the
bottom of the pond and sealed with sediment and
bricks placed along a 30 cm-wide fibreglass screening
skirt added to the external lower edge of each
enclosure. To preserve the structure of vegetation
and substratum, enclosures were set on undisturbed
substrata and no attempts were made to remove
organisms that might have been trapped within the
enclosures during setup.

Each enclosure was stocked with a total of 60
tadpoles, 30 of each of two species (either wood and
leopard frogs, or bullfrogs and green frogs, due to the
constraints of breeding phenology; see below).
Densities were chosen based on previous field
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experiments (Werner, 1994; Werner & Glennemeier,
1999) to be low enough to yield high growth, but high
enough to yield an adequate sample of similar-sized
individuals. We stocked each enclosure with two
species to control for any confounding effects of
habitat selection or resource patchiness on diet, to
reduce the number of experimental treatments, and to
maximize the number of replicate enclosures in a
pond.

(b) Spring breeding species. Enclosures were set out on
13-15 June 2001 in two closed- (SWW, WWB) and two
open- (FH, IND) canopy ponds. SWW and WWB
naturally contained populations of wood frogs, FH
contained populations of both wood and leopard
frogs, and IND contained a population of leopard
frogs. On 19 June each enclosure was stocked with 30
wood frog larvae [314.8 + 5.2 mg (mean mass + 1 SE)]
and 30 leopard frog larvae (329.5 + 15.2 mg). Because
tadpole cultures differed in periphyton cover and
zooplankton densities, which were likely to affect the
initial isotopic signatures of tadpoles, the four repli-
cates in each pond were separated in two blocks of
tadpole source cultures (i.e. those with high periph-
yton cover and low zooplankton densities, and those
with low periphyton cover and high zooplankton
densities, based on a visual assessment). Each of the
two blocks was randomly assigned to the four
enclosures in each pond. The experiment was ended
after 15-17 days, when wood frogs had reached an
advanced developmental stage.

(c) Summer breeding species. Enclosures were set out in
CR and SWS on 24 August 2001. Both wetlands
contained populations of bullfrogs and green frogs.
On 28 August 2001, each enclosure was stocked with
30 bullfrog larvae (294.9 + 13.9 mg) and 30 green frog
larvae (294.5 + 10.0 mg). For consistency with the
previous experiment, enclosures were also ended
after 15-17 days.

At the end of experiments, tadpoles were dip-netted
out of the enclosures and immediately killed in 20%
cold ethanol to halt ingestion of additional food and
digestion of gut contents. We expected no influence of
this procedure on isotopic integrity due to the high
dilution of ethanol and the short period of immersion
(<2 h). In the laboratory tadpoles were counted,
weighed and assigned to a developmental stage
(Gosner, 1960). Most individuals were frozen for later
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analysis, although a few tadpoles were preserved in
5% formalin for identification of gut contents.

(d) Field sampling. In order to infer the food sources of
free-ranging anuran larvae, during the course of the
transplant experiments we sampled the natural pop-
ulations of anuran larvae in each wetland, and their
putative main food sources (phytoplankton, periphy-
ton, detritus, macrophytes), as well as invertebrates
found in tadpole gut contents (see the Supporting
Information) and organisms of known TL to serve as
references in the interpretation of tadpole isotopic
signatures.

Phytoplankton from wetlands was filtered from 1 L
of subsurface water using pre-combusted Whatman
GE/F filters (Whatman plc, Kent, U.K.) after passing
the sample through a 150 ym mesh to remove larger
zooplankton. These filters were then examined with a
stereomicroscope for removal of any large zooplank-
ton that might eventually have passed through the
mesh. Periphyton was either scraped from natural
surfaces such as logs or macrophytes, or collected
from filamentous mats. A variety of aquatic macro-
phytes was sampled, especially duckweed (Lemna),
but also Riccia, Ceratophyllum and Miriophyllum,
depending on presence and abundance. In each pond,
detritus or sediment (depending on the predominant
substratum type) was collected from two to 10
locations and mixed in a bucket. In the laboratory,
the bucket was filled with water, vigorously stirred
and sieved into four particle size classes: whole leaves
(when present), >2 mm, 1-2 mm and 150 ym-1 mm.
We employ the term ‘detritus’ to represent decom-
posing organic matter of recognizably plant origin,
and ‘sediment’ to represent bed material composed of
mixed fine organic matter and inorganic particles that
are largely undistinguishable from each other by eye.
Macroinvertebrates were removed from periphyton,
macrophyte, detritus and sediment samples, or col-
lected with dipnets. Zooplankton was collected with a
fine-mesh dipnet and sorted into higher taxonomic
categories (Ostracoda, Copepoda, Cladocera). We
used planorbid snails as a reference for primary
consumers in each pond [Promenetus exacuous (Say,
1821) in SWW and WWB, Planorbella campanulata (Say,
1821) in CR and IND, Planorbella trivolvis (Say, 1817) in
FH and SWS]. Snails are suitable reference organisms
because their generation times are similar to those of
tadpoles and they are benthic primary consumers

© 2008 The Authors, Journal compilation © 2008 Blackwell Publishing Ltd, Freshwater Biology, 54, 572-586



576 L. Schiesari et al.

with specialized morphology for grazing on periph-
yton and detritus (Dillon, 2000; Post, 2002). Inverte-
brates were held overnight in well water to clear their
gut contents before analysis. Vertebrates and macro-
invertebrates were frozen; all other organisms and
substrata were oven dried at 40 °C. Voucher samples
were preserved in 70% ethanol (invertebrates) or 5%
formalin (vertebrates, substrata).

Laboratory analyses

Samples of organisms and substrata were analysed for
0'"N and ¢'°C using a Finnigan Delta Plus isotope
ratio mass spectrometer with a Conflo II interface
(Thermo Finnigan, San Jose, CA, U.S.A.). The isotopic
composition of a sample was calculated as: 6 '°C or
PN (%) = [(Rsample = Rstandard)/Rstandaral x 10° where
R is (*C/"*C) or (*’N/"*N) and standards are atmo-
spheric nitrogen or PD Belemnite carbon (precision
+0.29%,). We also estimated the nutritional quality of
food ingested by tadpoles by analyzing the %C, %N
and C : N mass ratios of the foregut contents of each
individual tadpole undergoing isotopic analysis using
a Thermo Instrument Flash elemental analyser 1112
series (CE Elantech, Inc. Lakewood, NJ, U.S.A));
precision +0.05%.

For enclosed tadpoles, we analysed three individ-
uals per species from each of three enclosures per
pond. We controlled for potential mass effects on diet
by selecting tadpoles weighing c. 1200 mg except for
leopard frogs in open-canopy ponds, which weighed
c. 3800 mg due to faster growth (see Schiesari, 2004,
2006 for details). As a reference, we also analysed
tadpoles of each species from each culture at the start
of the experiments. Among free-ranging tadpoles, we
analysed up to eight individuals per species per pond.
When two species co-occurred in a pond, we paired
individuals of both species by body mass across a
range of masses.

We analysed heart tissue in vertebrates, thorax
muscle in dragonfly nymphs and the soft tissue in
snails. Other invertebrates were analysed whole.
Macrophytes, detritus, and sediment were homoge-
nized with mortar and pestle prior to analysis.

Data analysis

(a) Estimation of tadpole trophic level. In each food web

we estimated tadpole TL wusing the formula

TL = 1 + [(tadpole '°N — snail §'°N)/fractionation
of ®N in tadpole] (Post, 2002). Using this formula, if
5]5Ntadpoles = 5]5Nsnailsr then A151\Itaclpole—smail =0 and
tadpole TL =1 <(a strict herbivore). Similarly,
if 515Ntadpoles = 0" Ngnaits + °N fractionation, TL = 2
(a primary predator). We statistically tested whether
each species’ AN deviates from zero (indicating
strict herbivory) and from our experimentally deter-
mined consumer fractionation of 1.98 (indicating strict
carnivory, see Results) using one-sample t-tests
including all individual larvae of each species in a
given pond type, after verifying homogeneity of
variances in isotopic composition between ponds.

(b) Feeding niche differentiation. To test for feeding
niche differentiation, we conducted ANOvAs for the
effects of species identity, pond and a species identity-
by-pond interaction term on §°C, AN and gut
content C : N in each species pair (wood and leopard
frogs; bullfrogs and green frogs) in the enclosure
experiments. We conducted a similar ANOVA com-
paring all four species in enclosures (with the caveat
that in this case '°C and C : N differences could be
caused by pond or seasonal differences in the avail-
ability and isotopic signature of different food types).
Because free-ranging tadpoles spanned a range of
masses, in ponds where species co-occurred we
conducted analyses of covariance (ANcova) for the
effects of species and pond as main effects, and a
species-by-pond interaction, using tadpole mass as a
covariate on tadpole 6'°C, AN and gut content C : N.
In all cases we employed Tukey’s multiple compar-
isons tests followed by Bonferroni adjustments.

Results
Calibration of isotopic fractionation

The isotopic fractionation of larval wood frog heart
tissue relative to rabbit food was 1.98 + 0.179, for
0N, and 1.69 = 0.12%, for 6"°C (n = 4). We employ
this fractionation factor for all larval anuran species in
the study.

Evidence for carnivory

Since all species can be found in open-canopy ponds
but only wood frogs naturally occur in closed-canopy
ponds, our initial comparisons across species are
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based exclusively on individuals from open-canopy
ponds. All species displayed some degree of carni-
vory (Fig. 1a). Among enclosed larvae, one-sample
t-tests indicated that A'N was significantly greater
than zero for all species (marginally so for wood
frogs), but was significantly smaller than 1.989, for all
species
observed among free-ranging larvae, except that wood

except bullfrogs. Similar results were

frog and leopard frog AN did not differ from zero.

Evidence for resource-based niche differentiation,
ontogenetic niche shifts and opportunistic diet.

We address these questions separately for spring and
summer breeders in order to minimize the confound-
ing effects of seasonal differences in resources.
Appendix S1 details the isotopic signatures of en-
closed and free-ranging tadpoles, as well as the C : N
ratios of their gut contents. A summary of results is
presented below.

(a) Spring-breeding species. The null hypothesis of a
lack of feeding niche differentiation between enclosed

wood and leopard frog larvae in open-canopy ponds
was refuted by the significant differences among
species in 8'3C, but not in AN or gut content C : N
(Fig. 1; Table 1). In turn, the hypothesis of opportu-
nistic diet was supported by significant pond effects
on gut content C : N only, as the nutritional quality of
food ingested was higher in IND than in FH (lower
C : N indicates higher quality food). There were no
significant species-by-pond interaction terms. A sig-
nificant block effect in isotopic composition was
observed because tadpoles originating from zooplank-
ton-rich cultures were slightly enriched in "’N and '°C
compared to tadpoles from zooplankton-poor cul-
tures.

Free-ranging leopard frog larvae were depleted in
13C relative to wood frog larvae, paralleling the results
observed in the enclosures and suggesting differenti-
ation in sources of carbon. However, this comparison
has little power as the two species came from different
ponds. No differences in AN were found between
free-ranging wood frog and leopard frog larvae
(Fig. 1; independent samples t-test d.f. =5, t = 0.142,
P =10.892).
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Table 1 Results of ANOVAs for the effects of species identity,
pond and a species identity-by-pond interaction term on AN
and 4'°C isotopic composition, and foregut content C : N ratio of
enclosed larvae in open-canopy ponds

AN C C:N

Factor d.f. F P-value F P-value F P-value

(a) Wood frogs and leopard frogs

SP 1 0.01 0942 777 0.009 1.07 0.310

Pond 1 028 0603 038 0540 3240 0.000

Block 1 1349 0.001 745 0.010 2.11 0.156

SP x pond 1 0.15 0.704  0.15 0.701 0.00 0.985
(b) Bullfrogs and green frogs

SP 1 17.63 0.000 005 0.824 9.00 0.005

Pond 1 8.67 0.006 340 0.074 1.97 0.170

SP x pond 1 0.41 0527 0.03 0.853 0.01 0.904
(c) All species

SP 3 814 0.000 273.76 0.000 5.05 0.003

WL BG

WL GB WL BG

In (C) pairwise interspecific comparisons based on Bonferroni-
adjusted Tukey’s multiple comparisons test are presented. Spe-
cies linked by continuous underlining do not differ statistically.
Differences between species linked by hatched underline were
marginally insignificant (P < 0.07).

SP, species; W, wood frogs; L, leopard frogs; B, bullfrogs; G,
green frogs. Non-significant interaction terms were dropped
from the analyses.

(b) Summer-breeding species. Significant differences
among species were found in the degree of carnivory
(A®N was 37% higher in bullfrog larvae) and in the
nutritional quality of food ingested (C: N was 7%
higher in bullfrog larvae) but not in 6'°C. These
results refute the null hypothesis of lack of feeding
niche differentiation between summer-breeding spe-
cies in enclosures (Fig. 1; Table 1). An opportunistic
diet was suggested by significant pond effects for
AN and marginally significant pond effects for 6'°C
(tadpoles in SWS were enriched in '°N but depleted in
13C relative to tadpoles in CR). No species-by-pond
interaction terms were observed for any response
variable.

Isotopic evidence refuting a lack of niche differen-
tiation was even stronger in free-ranging larvae (Figs 1
& 2). Bullfrog larvae had higher AN (74% higher;
ANCOVA Fjp=6.14, P =0.022) and higher §"C
(F1,24 =10.69, P = 0.004) than green frog larvae. Nev-
ertheless, species did not differ in gut content C : N
(F14=1.38, P =0.254). There were main effects of
ponds on gut content C:N only (Fip4=729,
P =0.014; AN P = 0.400, °C P = 0.473), as the food
consumed in CR was of significantly higher quality

P @ Bullfrogs
< Green frogs

-29 T . . . .

0 2 4 6 8 10 12
Mass (mg)

Fig. 2 Relationship between §'°C and body mass in free-ranging
bullfrog and green frog larvae in Crane Pond

(6" Cgreen =—27.181 + 0.000211 x mass, P = 0.06, R* = 0.47;

6" Cpun = —27.79 + 0.000136 x mass, P = 0.20, R* = 0.30).

than that in SWS. Significant species identity-by-pond
interaction terms were detected for 5°C (F1,4 = 36.96,
P <0.001) and C : N (Fy 24 = 5.29, P = 0.032) but not for
AN (P = 0.141). These interaction terms arose be-
cause species 8'°C differences occurred in opposite
directions in different ponds, and because food quality
ingested by both species was similar in CR but not in
SWS. Therefore, species exhibited a considerably
opportunistic diet (Fig. 3). Ontogenetic shifts in diet
were suggested by the nearly significant mass effect on
tadpole 6'°C (F; 4 = 4.14, P = 0.055; Fig. 2). No mass
effects were observed for AN (P = 0.664) or gut
content C : N (F; 54 =0.59, P = 0.453).

(c) All species. When comparing all four species in
open-canopy pond enclosures, species identity had
significant effects on tadpole 6'°C, AN and gut
content C: N ratios (Table 1). Bonferroni-adjusted
Tukey’s multiple comparisons tests indicated signif-
icant interspecific differences in four out of six
pairwise combinations for §'°C, in two out of six
combinations for A'®N, and in one out of six combi-
nations for gut content C : N ratios.

Pond food webs and food sources for anuran larvae

Weinferred food web structure and food sources for the
anuran larvae from the isotopic and gut content
analyses of free-ranging individuals from all six ponds
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Fig. 3 Evidence for an opportunistic diet in free-ranging anuran larvae. (a) Comparison of the A'N of wood frog larvae relative
to snails in closed-canopy ponds and in open-canopy ponds. Comparison of the (b) A'™>C and (c) AN of bullfrog larvae relative to

green frog larvae in Southwest Swamp and in Crane pond.

(including a comparison of open- and closed-canopy
ponds which have very different resource bases).
These results, detailed in Appendix S2, are summa-
rized below.

(a) Wood frog larvae in closed-canopy ponds. The wood
frog was the only larval anuran species consistently
found in closed-canopy ponds. Detritus accounted for
the majority of the volume of gut contents of wood frogs
in closed-canopy ponds. Relative to detritus, wood frog
larvae were enriched in "N by 3.5-3.9%, but depleted in
13C by 2-3.5%, (ranges of mean signatures per pond; see
Fig. 4a for WWB). Therefore, because fractionation
factors should be positive for both 5N and 3C, >N but
not "°C isotopic signatures support an important role
for detritus in larval wood frog nutrition. Further,
invertebrates (probably within the detritus) clearly
appear to be an important nutritional source. This
inference is supported by the observation that "N
signatures of wood frog larvae were higher than those
of most invertebrates sampled, higher than those of
reference (AP Nyood frogs—snails = 1.14—
1.469,,), and comparable to those of predatory Ambys-
toma salamander larvae (one of these a 37 g A. tigrinum
Green, 1825) (A"Nyood frogs-salamanders = —0.06  to
0.239,,). Furthermore, invertebrates were commonly
found in wood frog guts (ostracods in more than half of
the guts dissected; other animal observed were proto-
zoans, rotifers, copepods and molluscs) although never
dominant by volume. Duckweed (Lemna spp.) con-
sumption cannot account for the high values of wood
frog 6'°N because duckweed species were found in
WWB only, and they were not a common item in
tadpole guts.

herbivores

(b) Wood frog and leopard frog larvae in open-canopy
ponds. Gut contents of wood frog larvae were dom-

inated in volume by detritus and sediments, with
frequent occurrences of filamentous algae and ostrac-
ods. Nitrogen isotopic signatures suggest that in
open-canopy ponds the wood frog larva was a
primary consumer: it was on average enriched by
1.68%, relative to detritus and sediment and by 2.29,
relative to periphyton, but similar to the snail Planor-
bella (A™Nyood frog-snails = —0.28%,) and depleted rela-
tive to predatory dragonfly naiads (-2.90%, and
salamander larvae (-1.659,) (Fig. 4b). The sources of
carbon remain uncertain, as the wood frog larva was
depleted in C by 3.29, relative to detritus and
sediments and similar to the average 4'°C signatures
of two periphyton taxa. These isotopic results were
based on a single tadpole; however, similar patterns
were observed in the same pond the previous year
where more individuals were analysed. For example,
in 2000 larval wood frog 6'°C coincided with that of a
periphyton aggregate; but tadpoles were enriched in
>N by 2.38%, relative to the periphyton.

Gut contents of leopard frog larvae were dominated
by detritus and filamentous algae, but also frequently
contained insect and plant fragments. Leopard frog
larvae exhibited considerable individual variation in
0"3C and were depleted relative to any other organism
or substratum sampled; nevertheless, a primary con-
sumer role is suggested by the observation that
tadpole 6"°N was only slightly higher than that of
the snail Planorbella, and higher than macrophytes and
sediments.

(c) Bullfrog and green frog larvae in open-canopy
ponds. Gut contents of bullfrog larvae were domi-
nated by sediments, with important contributions of
algae and invertebrates (particularly protozoans,
microcrustaceans and insects). Green frog larvae gut
contents were dominated by sediments and filamen-
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tous algae; plant fragments and invertebrates were
also common. Relative to sediments, bullfrog larvae
were enriched in both ponds in 13C (0.6-0.9%,) and
PN (2.5-3.1%,) (Fig. 4c). Green frog larvae were
enriched in "N (1.9-2.3%,); they were also enriched
in ®C in CR (+2.0%,) but not in SWS (-2.5%,).
Tadpoles of both species were enriched in '°N relative
to snails (bullfrogs 1.4-2.19, green frogs 1.0-1.29,,)

Fig. 4 Carbon (x-axis) and nitrogen (y-axis) isotopic signatures
of representative organisms and substrates in pond food webs.
(a) West Woods Big Pond, a closed-canopy temporary pond
containing wood frogs (five individuals averaging 0.91 g, range
0.72-1.10 g). (b) Fishhook Marsh, an open-canopy semi-perma-
nent pond containing wood frogs (one individual weighing
2.07 g) and (c) Crane Pond, an open-canopy permanent pond
containing bullfrogs (seven individuals averaging 3.62 g, range
0.57-8.31 g) and green frogs (eight individuals averaging 4.35 g,
range 0.57-10.95 g). Open symbols represent tadpoles (squares:
wood frogs; circles: bullfrogs; diamonds: green frogs) (aver-
age + 1 SE). Gray triangles represent reference carnivores
(Ambystoma are salamander larvae, Aeshna and Anax are drag-
onfly nymphs), inverted grey triangles represent reference her-
bivores (Promenetus and Planorbella are snails). Black circles
represent other animals, and black squares represent basal
resources (primary producers, detritus and sediment).

and comparable to or depleted relative to Anax
dragonfly naiads (bullfrogs —1.1 to 0.29%,; green frogs
-1.0 to -1.49,). Therefore, both isotopic and gut
content analyses strongly suggest that bullfrog larvae,
and to a lesser extent green frog larvae, are predators
in pond food webs with a diet based on invertebrates
feeding on sediments. Tadpole nutrition appears to be
supplemented by sediments, detritus and algae.

Discussion

This study provides strong evidence for carnivory,
feeding niche differentiation and opportunism in diet
among morphologically generalized anuran larvae. It
also provides some evidence for the occurrence of
ontogenetic niche shifts in their diet. Our findings
additionally suggest a complexity in trophic interac-
tions in pond food webs that is little appreciated, with
important implications for the way in which we
design and interpret ecological experiments involving
anuran larvae.

Our estimates of TL demonstrate that all four ranid
species incorporate substantial fractions of animal
matter in their diets and therefore exhibit varying
degrees of omnivory. Bullfrog larvae, and possibly
wood frog larvae in closed-canopy ponds, in partic-
ular appear to be effectively functioning as primary
predators in pond food webs. Other species exhibit
varying degrees of omnivory, with green frogs con-
suming more animal matter than leopard frogs and
open-canopy pond wood frogs.

We consider these TL inferences robust. Inferences
of TL using stable isotopes are sensitive to the '°N
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fractionation factor employed (Post, 2002), and the
0N fractionation factor measured in our study
(1.98%,) is lower than the average 3.49,, value reported
by Post (2002). However, it should yield more accu-
rate estimates of TL because it was measured in
controlled laboratory experiments with one of the
same species of larval anuran analysed in this study,
and not based on an average of various species of
consumers in both controlled laboratory studies and
uncontrolled field studies. Perhaps more important,
similar estimates of TL would be obtained if predators
instead of primary consumers were used as reference
organisms. For example, the 6'°N of free-ranging
wood frog larvae equalled (and sometimes exceeded)
that of predatory salamander larvae in closed-canopy
ponds; one of these was a tiger salamander 40 times
heavier than the wood frogs sampled (Fig. 4a). Sim-
ilarly, the 6"°N of several individual bullfrog larvae
equalled that of dragonfly nymphs (Fig. 4c). Note that
these results underscore the extent of carnivory by
anuran larvae, because salamander larvae and drag-
onfly nymphs consume both primary consumers and
other carnivores (e.g. Corbet, 1999; Yurewicz, 2002). It
is also very unlikely that the TL estimates in tadpoles
could be artificially increased through the transfer of
N-enriched material from their predatory mothers
during ovulation. This is because any isotopic differ-
ences would have been diluted as tadpoles mass
increased over 100 times since hatching, and because
we selected a fast turnover tissue for analysis pre-
cisely to reflect short term dietary incorporation of
matter.

Consumption of animal matter by tadpoles is
perhaps not surprising given observations of ooph-
agy, necrophagy and occasional carnivory dating
since Boulenger’s classic study of European tadpoles
(Boulenger, 1898; Savage, 1952; more recent reviews
include Hoff ef al., 1999; Alford, 1999; Petranka &
Kennedy, 1999; Altig et al., 2007). However, the extent
to which incorporation of animal matter is important
to tadpole tissue biosynthesis, and the high TL
estimates revealed in this study, are remarkable. The
isotopic information does not permit us to differenti-
ate among strict predation, oophagy, cannibalism,
necrophagy and incidental consumption of animal
matter amid sediment and periphyton. All may occur,
as all species in our study contained invertebrates in
their guts (see Appendix S2), and are known to
consume anuran eggs, embryos and dead or mori-
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bund tadpoles (reviewed in Petranka & Kennedy,
1999). However, oophagy, cannibalism and necro-
phagy are unlikely to be the only or even major source
of animal matter for the anuran larvae in our study for
three reasons. First, no eggs or tadpole tissues were
found in the guts of free-ranging larvae. Secondly, no
egg-laying by amphibians occurred in the enclosures
over the course of the experiment, and therefore
oophagy could not be important among enclosed
tadpoles. It is also unlikely that oophagy contributed
to the high TL estimates for free-ranging wood frogs
in closed-canopy ponds because no other amphibian
species oviposited after wood frogs in this pond type
at our study site. Thirdly, if necrophagy or cannibal-
ism were the predominant sources of animal matter in
larval nutrition, one would expect that tadpole AN
would be negatively correlated with survivorship
across enclosures within a pond. This relationship
was significant for only one out of eight species-by-
pond combinations (L. Schiesari, unpubl. data). In
contrast, guts of all species (and especially bullfrogs)
contained many protozoans, microcrustaceans and
insects, some of which were intact and likely to have
been consumed live. Microcrustaceans were found in
more than half of the guts of all species analysed, and
insects occurred in more than half of leopard frog and
bullfrog guts (see Appendix S2). These observations
suggest that consumption of invertebrates is a suffi-
cient explanation for the high estimates of carnivory
in these anuran larvae.

In addition to consumption of animal matter,
different species of ranid larvae appear to derive their
nutrition from sediments and algae to varying
degrees. The very strong convergence of bullfrog
and green frog ¢'°C to that of sediments (also the
prevailing item in their guts) suggests that bullfrogs
and green frogs derive their carbon primarily from
sediments, and especially (given high TL estimates)
from invertebrates feeding on the sediments. Based on
isotopic and gut content analyses, algae may be
secondarily important to nutrition, especially for
green frogs. This is in opposition to Seale & Beckvar
(1980) and Seale (1980), who found that bullfrog
larvae (among other species) had excellent filter-
feeding abilities and were largely consuming phyto-
plankton and other suspended particulate organic
matter in a productive pond ecosystem. Such differ-
ences are a further argument for the opportunism in
tadpole diets documented in this and other studies
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(see Alford, 1999 for a review). Wood frog isotopic
signatures and gut content analyses suggest a heavy
reliance on periphytic algae in productive open-
canopy ponds, whereas wood frog guts are virtually
filled with particulate and amorphous detritus in
closed-canopy ponds, and the species grows well on
this food type (Schiesari, 2004). Nonetheless, wood
frogs were depleted in '°C relative to detritus, and not
enriched as the calibration experiment would suggest.
These results may indicate that wood frogs are
deriving a considerable fraction of their nutrition
from other, more depleted food sources, which are
present but undetected amid leaf-litter (e.g. because
they are diluted by the isotopic signature of the larger
biomass of non-digestible matter). For example, bac-
teria growing on detritus account for only 1% of
detritus biomass (Moriarty & Pullin, 1987), but
together with fungal hyphae constitute the most likely
nutritional sources for anurans in detritus. In support
to this hypothesis, methanotrophic bacteria are com-
mon in wetland sediments and are strongly depleted
in 13C (Grey et al., 2004). Thus, consumption of
microscopic fractions of detritus, and invertebrates,
probably constitutes the main nutritional sources for
wood frogs in closed-canopy ponds.

This study provides abundant evidence that tad-
poles display not only food selectivity and feeding
niche differentiation with respect to TL and nutri-
tional quality of food ingested, but also the sources of
assimilated carbon in some cases. Feeding niche
differentiation appears to be in part associated with
suites of behavioural, morphological and physiolog-
ical traits in these species. For example, the summer-
breeding bullfrogs and green frogs consumed more
invertebrates and also had shorter guts, more heavily
keratinized mouthparts, higher minimum nutrient
requirements, and lower activity rates than the
spring-breeding wood and leopard frogs (Schiesari,
2004). These traits suggest that carnivory is a means of
satisfying higher metabolic demands while maintain-
ing low activity, which is important for lowering
predation risk in permanent ponds where predators
are abundant (Skelly, 1996). Behavioural differences
such as those related to microhabitat choice also might
account for differences in sources of carbon; for
example, green frogs are more benthic than bullfrogs,
which are commonly observed in the water column
and among macrophytes in natural ponds (Werner &
McPeek, 1994). This trend also may explain the greater

consumption of filamentous algae in the former and
phytoplankton in the latter.

The concept of interspecific niche differentiation
among anuran larvae is not new, but was dominated
by studies documenting partitioning of space (mac-
rohabitat and microhabitat) and time (seasonal) (e.g.
Heyer, 1973, 1974, 1976; Werner & McPeek, 1994).
Detailed comparative studies of the morphology of
oral and buccopharyngeal structures (e.g. Wassersug,
1980; Viertel, 1982) and the mechanics of suspension
feeding (Seale & Wassersug, 1979; Seale & Beckvar,
1980; Viertel, 1990) suggest that species have differ-
ential abilities to harvest food according to particle
size, and, as such, may exhibit resource-based niche
differentiation. Nevertheless, even species differing
markedly in morphology ingest food particles with
similar or even indistinguishable particle size fre-
quency distributions (Heyer, 1973, 1974; Seale, 1980).
A few studies identifying items found in the guts of
co-occurring tadpole species also point to occasional
resource based differentiation (e.g. Rossa-Feres, Jim &
Fonseca, 2004). The isotopic analysis of free-ranging
and enclosed larvae in replicated wetlands that we
present in this study strongly suggests that resource-
based niche differentiation occurs among coexisting
tadpoles species.

Our results have important implications for under-
standing the structure of pond food webs in that they
emphasize that tadpoles — usually considered herbiv-
orous and detritivorous — may exert substantial
predation pressure on invertebrates. This pressure
could be collectively high even if invertebrates are
rarely numerically dominant in gut contents because
tadpoles can reach high densities in ponds (for
instance, a range of 0.25-116 wood frogs per m” in
closed-canopy ponds, Werner et al., unpubl; see also
Woodward, 1982), and they can process an enormous
volume of food due to high gut clearance rates (0.3
2 h depending on species and food type; Schiesari,
2004). Such a predatory role of tadpoles in pond food
webs was demonstrated in laboratory and artificial
pond experiments by Petranka & Kennedy (1999); our
isotopic results extend their evidence to food webs in
natural ponds and demonstrate that carnivory is not
occasional, but a regular habit in several species of
amphibian larvae with generalized morphology.

Our study also supports Petranka & Kennedy’s
(1999) assertion that extensive carnivory in tadpoles
may force us to reinterpret experiments employing
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anuran larvae as model systems and investigating
conceptual issues in ecology. For example, several
studies have investigated the role of priority effects in
community assembly by manipulating tadpoles at
different developmental stages (i.e. including hatch-
lings and large-sized tadpoles; e.g. Wilbur & Alford,
1985). Diminished population performance of species
introduced as hatchlings was attributed to inferior
competitive ability and not to cannibalism (a possible
alternative explanation for the same pattern given our
data). Our data also question the practice of employ-
ing ranid anuran larvae as ‘grazers’ in zooplankton
mesocosm experiments to cycle back to the water
column the nutrients that end up incorporated in the
periphyton (Leibold & Wilbur, 1992; M.A. Leibold,
pers. comm), as they could influence zooplankton
abundance and composition not only through indirect
facilitation but also through direct predation (which is
evidenced here both by gut content and stable isotope
analysis of free-ranging tadpoles, and of tadpoles in
cultures varying in zooplankton density).

Finally, by demonstrating extensive feeding oppor-
tunism and niche differentiation among morphologi-
cally generalized anuran larvae, this study also helps us
understand why experimental venue may have such a
strong influence on the outcome of ecological experi-
ments with anuran larvae. For example, a meta-anal-
ysis of over 50 studies and a subsequent empirical test
indicated that the effects of interspecific competition
were much stronger in mesocosms than in field enclo-
sures, even when tadpole densities and spatial scale
were held constant (Skelly & Kiesecker, 2001; Skelly,
2002). Thus, the prevailing view that competition is a
major factor structuring amphibian assemblages was
strongly dependent on experimental venue and per-
haps of secondary importance in nature. This alleged
lack of realism in mesocosms experiments has raised
passionate criticism by other experimentalists (e.g.
Chalcraft et al., 2005). Our results suggest that perhaps
the resources manipulated in laboratory and mesocosm
experiments rarely provide the diversity of food found
in natural systems that would permit expression of
niche differentiation or opportunistic feeding that we
observed in the field. Further, feeding niche differen-
tiation as demonstrated here provides a possible
explanation for why, as venue becomes more natural
and resources become more diverse, evidence for
competition diminishes. This diminishing competition
may reach the point that growth and developmental
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rates of several anuran species in natural, productive
ponds are largely independent of the density of inter
and intraspecific competitors (E. E. Werner, R. Relyea,
D. K. Skelly & K. L. Yurewicz, unpubl. data).

A simple improvement in experimental design
relates to food nutritional quality. Artificial diets
manipulated in experiments with larval anurans
typically consist of rabbit food, fish flakes or mixtures
of these ingredients (see e.g. Morin, 1983; Werner,
1991; Arendt, 2003). Rabbit food contains approxi-
mately 16% protein (Purina Mills, St Louis, MO,
U.S.A.) and when mixed with fish flakes ata 3 : 1 ratio
it is c. 23% protein (TetraMin; Tetra, Melle, Germany).
This protein content is unrealistically low when
compared to food ingested in nature. Multiplying
foregut content %N by 6.25 (Sterner & Elser, 2002), we
can estimate the mean protein content of food
ingested by free-ranging anuran larvae in open-
canopy ponds as 31% (leopard frogs), 33% (wood
frogs), 39% (bullfrogs) and 44% (green frogs). Even in
the relatively unproductive closed-canopy ponds, the
mean protein content of food ingested by wood frogs
exceeds 26%. That is, mean protein content of food
ingested in nature always exceeds that usually pro-
vided in the laboratory or in mesocosms, and some-
times by species
performance, foraging behaviour or predator avoid-
ance behaviour may reverse across resource quality
gradients (i.e. species that grow fastest or move most
often relative to other species in resource-rich envi-
ronments may be the ones growing slowest or moving
least often in resource-poor environments; Schiesari,
2004), the range of food quality manipulated can alter
outcomes of experiments that depend on interspecific
comparisons. For example, foragers reduce activity
rates with increasing resource quantity or quality
because they can acquire sufficient nutrients at
reduced predation risk (Werner & Anholt, 1993;
Schiesari, 2004). However, species differ in the scope
of this activity response and, as such, one species
could be the most or the least active among all others
depending on resource conditions, influencing inter-
specific ranks of any fitness indicator (growth, devel-
opment, survivorship; Schiesari, 2004). We suggest
that these considerations related to artificial foods
used in experiments, compared to natural situations
where both food quality and diversity may be quite
different, should be addressed in future experimental
manipulations using anuran larvae.

twofold. Because ranks in
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The nutrition of anuran larvae is still one of the
least-known aspects of amphibian biology, yet is of
paramount importance to understanding the ecology
and evolution of amphibians (Wassersug, 1975). The
larval phase is a period devoted to growth, and
many species increase in mass three to four orders
of magnitude during this period (Werner, 1986).
Furthermore, for many species demographic perfor-
mance is closely linked to metamorphic success
(Berven, 1990). Therefore, there must be very strong
selection for the efficient choice, harvesting and
processing of food. This study emphasizes that, as
in many other taxa, resource differentiation can be
substantial in closely related coexisting species and
suggests that amphibian larvae may have substantial
impacts both as primary consumers and predators
in pond food webs. This diversity of feeding
relations also suggests that the design and interpre-
tation of experiments with larval anurans will
require more care. Given that larvae of phylogenet-
ically related, morphologically generalized anurans
exhibit feeding niche and TL differentiation in
species-poor communities appears to underscore
the importance of complex trophic interactions in
some tropical locations, where a remarkable diver-
sity of tadpole ecomorphotypes coexist (Altig &
Johnston, 1989).
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