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ABSTRACT 

Consumptive (direct) effects of predation have been well-studied in most aquatic 

systems, but non-consumptive (indirect) effects on prey have only recently received 

limited attention in some groups. As aquatic consumers, tadpoles have traditionally been 

considered strict herbivores, leaving their predatory impacts via consumptive and non-

consumptive interactions on aquatic invertebrates largely unexplored. The objectives of 

this study were to quantify omnivory among wood frog (Lithobates sylvaticus) tadpoles, 

determine their consumptive and non-consumptive effects on invertebrate communities, 

and investigate whether such effects are mediated by habitat shading and tadpole body 

size. Lithobates sylvaticus tadpoles and egg masses were randomly sampled from 11 

ponds in the Daniel Boone National Forest, eastern Kentucky, USA. Tadpoles were 

dissected to quantify the frequency of omnivory, while egg masses were reared to 

hatching to create size structure. Hatched tadpoles were then employed in a fully factorial 

mesocosm design that manipulated tadpole presence (absent, caged, or free-swimming), 

body size (large or small), and canopy cover (shaded or unshaded) to determine effects 

on invertebrate communities. Over 70% of tadpoles in natural ponds engaged in 

omnivory, primarily on zooplankton. Tadpoles in mesocosms exhibited consumptive and 

non-consumptive effects on invertebrate communities, with generally reduced 

invertebrate abundance under shaded conditions and in the presence of larger tadpoles. 

Larger tadpoles in unshaded conditions also exhibited higher survival and maintained 

larger sizes, but smaller tadpoles in unshaded conditions grew more quickly. This study 

stresses the ecological importance of tadpoles, given their roles as predators of, and 

competitors with, aquatic invertebrates.  
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I. Introduction 

 

Predation is an important ecological factor in maintaining the structure and 

function of aquatic systems because of its pervasive effects on prey communities (Shurin 

2001, Shurin et al. 2002, Preisser et al. 2009, Pessarrodona et al. 2019). Studies of 

predation in aquatic ecosystems have largely focused on its consumptive (i.e., direct) 

effects, which include limiting prey recruitment (Juanes and Conover 1995) and initiating 

top-down trophic cascades that can alter the relative abundance, species richness, and 

ecological functioning of lower trophic levels (Martin et al. 1992, Hecnar and M’Closkey 

1997, Connell 1998). More recent studies of predation in aquatic systems have 

highlighted the prevalence and importance of non-consumptive (i.e., indirect, or trait-

mediated) predator effects that occur outside of the consumption of prey. Predator 

presence and associated cues regarding predation risk cause prey to change patterns of 

foraging and habitat selection to avoid detection (Magoulick 2004, Strobbe et al. 2011). 

Such changes in behavior can limit food intake (Peacor and Werner 2000) and force prey 

into alternative habitats (Jordan et al. 1997), reducing growth rates of surviving prey 

under high predator densities (Heins et al. 2016) and subsequently altering species 

diversity, or the range of species found in a particular place, in aquatic ecosystems (Thorp 

and Cothran 1984). Detection of cues associated with predation risk can lead to the 

expression of costly inducible defense mechanisms, such as defensive spines / spikes 

(Laforsch and Tollrian 2004, Petrusek et al. 2009), disruptive color patterns (Toledo and 

Haddad 2009), and altered body shapes, sizes, and growth rates (McCollum and Van 
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Buskirk 1996, McCollum and Leimberger 1997, Benard 2004), which can have 

reciprocal consequences for predator communities. 

Consumptive and non-consumptive effects of predators have been relatively well-

studied in many terrestrial systems (Prevosti et al. 2013, Hite et al. 2018, Say-Sallaz et al. 

2019), but similar research in aquatic systems is mainly limited to fish (Wagner et al. 

2004, Kindinger and Albins 2017), salamanders (Whiteman et al. 2003, Wissinger et al. 

2010), and odonate nymphs (Peacor and Werner 2000). Studies on consumptive and non-

consumptive predatory effects of anuran larvae (i.e., tadpoles) are generally lacking, 

likely due to their historic label as strict herbivores (Kupferberg 1997, Altig et al. 2007). 

Despite the lack of evidence for predatory effects of tadpoles in classic literature, recent 

research has demonstrated that tadpoles are frequently opportunistic omnivores, 

consuming algae, as well as zooplankton, macroinvertebrates, and other amphibian larvae 

(Whiles et al. 2010, Schalk et al. 2017, Montaña et al. 2019). Tadpoles of some anuran 

species are primarily carnivorous (Schiesari et al. 2009, Levis et al. 2015), with select 

taxa exhibiting cannibalism (e.g., Petranka and Thomas 1995, Pfennig 1999, Jefferson et 

al. 2014). Predatory tadpoles likely also induce trait-mediated, non-consumptive effects 

on aquatic organisms. For example, when odonate predators restrict foraging times and 

microhabitats of tadpole prey, larger tadpoles outcompete smaller conspecifics for food 

(Peacor and Werner 2000), suggesting predatory tadpoles could induce similar trait-

mediated, non-consumptive effects on invertebrate prey. Given this evidence, tadpoles 

may exhibit diverse consumptive and non-consumptive predatory effects on invertebrates 
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that occur alongside their traditionally assumed competitive effects (Figure 11; Brönmark 

et al. 1991, Holomuzki and Hemphill 1996, Mokany and Shine 2003a).   

 Consumptive and non-consumptive effects of tadpoles would act in concert with 

established competitive relationships between tadpoles and freshwater invertebrates, but 

it is unknown if the non-consumptive effects of tadpoles alter prey population dynamics 

additively with or independently of competitive effects (Sheriff et al. 2020). Competition 

between tadpoles and invertebrates for planktonic algae, periphyton, and biofilms in 

freshwater systems is well-documented. Tadpoles limit biofilm availability for 

macroinvertebrates, displace them from feeding areas (Atwood and Richardson 2012), 

and reduce rates of macroinvertebrate egg production through competition for periphyton 

(Brönmark et al. 1991, Holomuzki and Hemphill 1996). Cases of extreme competition 

between tadpoles and freshwater invertebrates can lead to intraguild predation, or 

predation among species within the same trophic level. For example, tadpoles compete 

with mosquito larvae for algae in phytotelmata, but will consume mosquitoes if resources 

are limited (von May et al. 2009). Overall, jointly characterizing the competitive, as well 

as consumptive and non-consumptive predatory effects, of tadpoles on freshwater 

invertebrates will facilitate a more complete understanding of their diverse trophic roles. 

Although little is known regarding the consumptive and non-consumptive 

predatory effects of tadpoles on freshwater invertebrate communities, limited 

investigations of such trophic interactions suggest they are largely context-dependent. 

Tadpole trophic interactions are mediated by age and body size, as younger (i.e., smaller) 

tadpoles often cannot prey on, and instead serve as prey for, macroinvertebrates 

 
1 All Tables and Figures are included in the Appendices 
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(Blaustein and Margalit 1996), but later develop into predators that feed on 

macroinvertebrates (Jara 2008). Although such ontogenetic dietary shifts and their 

ecological consequences are well-known among larval salamanders (Leff and Bachmann 

1986, Denoël et al. 2006, Schriever and Williams 2013), there is less evidence of similar 

phenomena among many tadpole species. In addition to tadpole body size, habitat 

shading can also affect tadpole trophic dynamics, as tadpoles occupy higher trophic 

levels under higher levels of canopy coverage (Schalk et al. 2017), because lower levels 

of primary productivity under shade increase the need for carnivory. Complex trade-offs 

between herbivory and carnivory also exist, as Carreira et al. (2016) observed tadpoles 

shifting towards carnivory grew slower but were larger at metamorphosis, although 

others have observed opposite trends (Ramamonjisoa et al. 2016). 

A more comprehensive understanding of the consumptive and non-consumptive 

predatory effects of tadpoles, and how such phenomena interact with the competitive 

effects of tadpoles, is important in both applied and theoretical contexts. Nearly 40% of 

all amphibians are in danger of extinction (Stuart et al. 2004, Bishop et al. 2012), and 

larval amphibians play valuable ecological roles in disease vector control (Bowatte et al. 

2013), nutrient cycling (Montaña et al. 2019), and energy transfer (Regester et al. 2006). 

Investigations of the consumptive and non-consumptive predatory effects of tadpoles on 

invertebrate communities are needed to better understand the potential consequences of 

anticipated declines in amphibian population densities and / or losses in amphibian 

species diversity. In addition, tadpoles are often the dominant vertebrate consumers in 

fishless ponds (Holomuzki 1998, Mallory and Richardson 2005, Walston and Mullin 

2007), and thus greater knowledge of their consumptive and non-consumptive predatory 
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effects would shed light on trophic dynamics in these habitats. Lastly, our limited 

understanding of the impacts of tadpole predation on invertebrates comes primarily from 

tropical, permanent aquatic systems (Ranvestel et al. 2004, Dutra and Callisto 2005, Altig 

et al. 2007, Whiles et al. 2010, Montaña et al. 2019), which do not reflect temperate, 

ephemeral habitats in important ways. Rates of leaf litterfall and levels of plant-derived 

detritus are greater in tropical systems (Vitousek 1984, Vitousek and Sanford 1986, 

Boulton et al. 2008), whereas freshwater invertebrates are more abundant in temperate 

waters (Boulton et al. 2008). Ephemeral habitats, where tadpoles are frequently abundant, 

are smaller and have fewer resources than permanent habitats, which drives more intense 

competition and predation among their inhabitants (Aspbury and Juliano 1998, Blaustein 

et al. 2001). Species inhabiting permanent freshwaters also differ from ephemeral 

freshwater species because they do not need to transition to terrestrial habitats or 

experience dietary shifts (Wickramasinghe et al. 2007, Regester et al. 2008).  

To better understand the trophic roles of larval anurans, this study aimed to use 

experimental mesocosms to quantify: (1) omnivory in naturally occurring wood frog 

(Lithobates sylvaticus) tadpole populations; (2) the response of temperate, freshwater 

invertebrate communities to the consumptive and non-consumptive effects of wood frog 

tadpoles; including how these effects are mediated by shading and predator body size. 

My first objective was to conduct gut content analyses on wood frog tadpoles in 

natural ponds to better understand their roles as predators of freshwater invertebrates. 

Specifically, I sought to determine the frequency of tadpole omnivory, the abundance of 

consumed invertebrates by taxon, whether abundances varied across ponds based on 

heterogeneity in pond area, and if the likelihood of omnivory in tadpoles is influenced by 
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tadpole morphology. I hypothesized that omnivory would be the most common dietary 

strategy, that relative abundances of consumed invertebrates would differ by pond surface 

area (i.e., greater area generally facilitates consumption of more individuals and species), 

and that larger tadpoles would more frequently engage in omnivory (Jara 2008). 

Furthermore, to determine whether mesocosms used in subsequent experiments 

accurately reflected natural ponds, I sought to determine whether abundances of 

invertebrates consumed by tadpoles differed between these venues.  

Second, I used mesocosm experimental approaches to investigate the consumptive 

and non-consumptive predatory effects of tadpoles on freshwater invertebrate abundance 

and community composition, while determining how these predatory effects are 

influenced by habitat shading and tadpole size. I hypothesized that invertebrate 

abundance would be lowest at the end of the experiment in mesocosms with free-

swimming tadpoles (i.e., those that could exert both consumptive and non-consumptive 

effects), and that invertebrate community composition would be influenced by tadpole 

presence. I also predicted that large tadpoles (decreased gape limitations) and shaded 

conditions (reduced primary productivity) would lead to the largest decreases in 

invertebrate abundance and alter community composition by decreasing the relative 

abundances of smaller, herbivorous invertebrates (i.e., these invertebrates are more easily 

consumed and have less available food due to low primary productivity). Environmental 

variables, such as temperature, were also recorded to determine any possible influence of 

such factors on the predator-prey interactions between tadpoles and invertebrates. Lastly, 

tadpole survival and growth were recorded to quantify any reciprocal effects of exposure 

to invertebrate prey on tadpole predators. 
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II. Materials and Methods 

 

Focal Species Life History 

Lithobates sylvaticus is the most widespread anuran species in North America 

(Martof and Humphries 1959) and tadpoles often reach higher densities in temporary 

ponds than top invertebrate predators (Petranka et al. 1994). Normally the first anuran to 

breed in late winter (Berven 1982) or early spring (Redmer and Trauth 2005), female L. 

sylvaticus typically produce between 700-1250 eggs per reproductive effort (Corn and 

Livo 1989). Eggs hatch within four weeks, and tadpoles metamorphose between 65-130 

days later (Redmer and Trauth 2005). The maximum range for L. sylvaticus tadpole body 

length is 50-66 mm (Redmer 2002). Tadpoles consume mixtures of green and blue-green 

algae (Perez et al. 2013), copepods and cladocerans (Sours and Petranka 2007), midge 

larvae and oligochaetes (Petranka and Kennedy 1999), and even smaller conspecific 

(Jefferson et al. 2014) and heterospecific tadpoles (Sours and Petranka 2007). Tadpoles 

are active, diurnal foragers, but will decrease activity and resource consumption in the 

presence of predators (Relyea 2002), such as ambystomatid salamander larvae (Walls and 

Williams 2001) and odonate nymphs (Eaton and Paszkowski 1999). Although tadpoles 

can reach average densities of ~200-1,800 individuals / m2 (Biesterfeldt et al. 1993, Hall 

et al. 2018), maximum densities of ~8,900 individuals / m2 have been reported 

(Biesterfeldt et al. 1993). Regarding factors related to population sizes, tadpole densities 

are negatively correlated with size at metamorphosis and survival (Berven 1982). On 

average, 65.7% of hatchling L. sylvaticus survive to metamorphosis (Seigel 1983).  
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Objective 1: Gut Content Analyses of Lithobates sylvaticus Tadpoles 

From each of ten ephemeral ponds in the Daniel Boone National Forest (DBNF), 

Cumberland Ranger District, eastern Kentucky, USA, 20 L. sylvaticus tadpoles were 

collected on April 8th and 10th, 2021. Only ten tadpoles were collected from an 11th pond 

due to low densities (N = 210 total). Pond surface area was visually estimated, and three 

area classes were established: 1. Small (< 10 m2); 2. Intermediate (10 m2 < X < 100 m2); 

3. Large (> 100 m2). Tadpoles were collected using 1-mm mesh dip nets, immediately 

anesthetized and euthanized with a 250-mg L −1 aqueous solution of benzocaine, and 

preserved in 10% buffered formalin (Steiner 2007). Each tadpole was photographed and 

measured (mm head width, tailfin height, total body length, and gut length of tadpoles) 

using ImageJ to investigate any possible correlation between tadpole morphology and 

diet (Rueden et al. 2017). For example, tadpoles exhibiting tendencies towards herbivory 

over carnivory exhibit longer guts (Altig and Kelly 1974), given that amphibians cannot 

easily process cellulose in algae and plants. The first 10 mm of the gut were excised from 

each tadpole (Ocock et al. 2019); only materials in this part of the gut were examined 

because materials in the rest of the gut are typically indistinguishable (Ghioca-Robrecht 

and Smith 2011). Presence of invertebrates as an indication of omnivory, and invertebrate 

abundances by lowest useful taxon, in tadpole guts were determined under 35x dissection 

microscopy (Merritt and Cummins 1996, Dillard 1999, Smith 2001) per individual.  

 

Objective 2: Consumptive and Non-consumptive Effects of Tadpole Predators 

Sediments containing macroinvertebrates were collected from a forested pond in 

Miller Welch - Central Kentucky Wildlife Management Area (CKWMA), Waco, 
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Kentucky, USA on February 25th, 2021 and from eight ephemeral ponds in DBNF on 

March 5th and March 11th, 2021 using 1-mm mesh dip nets. Zooplankton were collected 

from a pond in Taylor Fork Ecological Area (TFEA), Eastern Kentucky University 

(EKU), Richmond, KY, USA on February 15th, 2021, from CKWMA on February 25th, 

2021, and from DBNF on March 5th and 11th, 2021 using an 80-μm Conical Fieldmaster® 

Student Zooplankton Net. Collected macroinvertebrates and zooplankton were kept in 

separate 1136-liter Rubbermaid™ holding tanks until needed, which were left uncovered 

to allow for colonization by additional invertebrates. On March 5th, 2021, 100 L. 

sylvaticus eggs were collected from each of ten ephemeral ponds in DBNF (N = 1000). 

Once eggs hatched, tadpoles were fed with six Purina® dog chow pellets every two days. 

Between late January and mid-March 2021, 100 76-liter stock tanks (MacCourt 

Products, Denver, Colorado, USA) were established as mesocosms in TFEA. To stock 

each mesocosm, 1900 cm3 of dry leaf litter were added to all tanks on February 6th, 2021. 

American sycamore (Platanus occidentalis) and pin oak (Quercus palustris) leaf litter 

was collected from the EKU campus grounds and TFEA. Each mesocosm contained one 

10 x 6 x 6-cm unglazed ceramic tile attached to the tank interior ~ 15 cm above the leaf 

litter at a standardized compass direction for algal colonization. After the addition of dry 

leaf litter, one “grab” (1215 cm3) of a Fieldmaster® Mighty Grab from the 1136-L 

holding tank with wet leaf litter, sediment, and macroinvertebrates, along with 250 ml of 

concentrated zooplankton solution from holding tanks, were added to each mesocosm on 

March 19th, 2021. Mesocosms were allowed three weeks to establish “normal” ecological 

processes before introducing tadpoles.  
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Ten tadpoles per mesocosm were randomly assigned to one of two experimental 

treatments, and a separate control group was established with no tadpoles on April 9th, 

2021 (Figure 2). The two experimental treatments included a “consumptive + non-

consumptive” (hereafter “C+NC”) treatment group and a solely “non-consumptive” 

(hereafter “NC”) treatment group. In C+NC mesocosms, tadpoles were free-swimming 

and able to feed on macroinvertebrates, zooplankton, plant and biofilm material, and 

detritus, exerting both consumptive and non-consumptive predatory effects, in addition to 

competitive effects, on herbivorous invertebrates. In the NC group, tadpoles were added 

to 25 x 25 x 25-cm basket-like cages constructed from 1.27-cm PVC pipes and 60-μ 

mesh netting to exclude macroinvertebrates and zooplankton (sensu Skelly and Werner 

1990, Maher et al. 2013, Gallagher et al. 2019). Cages were added to all treatment and 

control mesocosms on March 25th, 2021 to account for any generalized “cage effects” on 

response variables. Each cage was open at the top and securely fastened over the rim of 

each mesocosm (Figure 2). This design: a) enabled tadpoles to surface as needed without 

escaping; b) allowed for the transfer of aquatic cues of predators and predation risk from 

the cages to macroinvertebrates and zooplankton outside of cages; and c) permitted 

tadpoles to feed on algae and biofilms on tank sides. Each cage was rotated 45° in the 

mesocosm every five days to allow tadpoles to graze new sources of algae and biofilms. 

Although predatory effects of tadpoles could not be isolated from competitive effects on 

invertebrate communities using this design, tadpoles competed for food with 

invertebrates across all treatments, and thus degree of competition was standardized to 

the best of our abilities. Cages in all mesocosms also received ~607.5 cm3 of wet leaf 

litter, sediment, and macroinvertebrates from a Fieldmaster® Mighty Grab from the 
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holding tank and 250 ml of concentrated zooplankton solution one week prior to the 

introduction of tadpoles. In the NC treatment, cages received crushed zooplankton from a 

250-ml concentrated solution and 20 ml of a crushed commercial Chironomus (ELOS 

FrescoTM) solution every five days as sources of food and aquatic cue of predation risk 

(sensu Skelly and Werner 1990, do Amaral et al. 2018, Gallagher et al. 2019).  

To investigate whether differences in tadpole body size (which influence gape 

limitation and predation risk) and habitat shading (which influence light penetration, and 

thus primary productivity) affect their consumptive and non-consumptive predatory 

effects on freshwater invertebrates, two treatment levels each for tadpole size and degree 

of mesocosm shading were created in a 2 x 2 fully factorial design along with controls 

(Figure 3). In assessing the effects of tadpole body size on consumptive and non-

consumptive predatory effects, two tadpole size classes, large and small, were 

established. To establish large and small size groups, half (N = 500) of the eggs initially 

collected were randomly added to a 1136-liter stock tank filled with rainwater and green 

algae at TFEA, while the other half were randomly separated into eight roughly equal 

groups in 42 x 29 x 15-cm plastic containers with rainwater and kept in an environmental 

chamber within the EKU vivarium facilities at 8°C. Eggs left outside at higher 

temperatures were expected to hatch / develop faster and were designated as the “large” 

size group, whereas those in the environmental chamber were expected to develop slower 

and were designated as the “small” size group. Eggs in the “small” size group were 

transported to another 1136-liter stock tank at TFEA on March 26th, 2021, just before 

hatching. All tadpoles were fed with six Purina® dog chow pellets every two days. 

Tadpoles were visually inspected in each tank, and only the smallest and largest tadpoles 
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from the “small” and “large” size groups, respectively, were included in the experiment, 

thus maximizing body size differences between treatments. A subset of 40 mesocosms 

was established, each containing ten tadpoles designated as “small”, whereas an 

additional 40 mesocosms each received ten tadpoles designated as “large”. To determine 

the influence of shading on consumptive and non-consumptive predatory effects of 

tadpoles on invertebrates, half (N = 20) of the mesocosms in each size group (N = 40 

total) and half (N = 10) of the control mesocosms (N = 20 total) were shaded using 88% 

shade cloths supported by metal posts ~1.5 meters above each mesocosm. Overall, there 

were two control groups, one shaded and one unshaded, with ten mesocosms each, and 

four treatment groups, each with 20 mesocosms: 1) large tadpoles, unshaded; 2) large 

tadpoles, shaded; 3) small tadpoles, unshaded; and 4) small tadpoles, shaded. Each of the 

four treatments consisted of ten mesocosms with free-swimming tadpoles (C+NC) and 

ten mesocosms with caged tadpoles (NC; Figure 3). 

On May 14th, 2021 (35-day study period), tadpoles were collected from tanks, 

anesthetized and euthanized using a 250-mg L −1 aqueous solution of benzocaine, and 

preserved in 10% buffered formalin (Steiner 2007). Tadpoles were photographed and 

measured (mm) using ImageJ (Rueden et al. 2017) at the start and conclusion of the 

experiment to determine growth rates, and dissected following the same procedures 

outlined in Objective 1 to compare gut contents with wild-caught tadpoles. Relative 

fluorescence estimates (RFU) were recorded for each mesocosm using an AquaFluor® 

handheld fluorometer (Turner Designs, San Jose, California, USA) as an estimate of 

primary productivity, and temperature and % dissolved oxygen were recorded using an 

Oakton DO 6+ Meter (Oakton Instruments, Vernon Hills, Illinois, USA). Ceramic tiles in 
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each mesocosm were scraped with razorblades to collect biofilms, which were preserved 

in 2% glutaraldehyde, dried at 60°C for 24 hours, and weighed to determine biomass 

(Smith 2019). Zooplankton were collected by straining 250 ml of water in each 

mesocosm through an 80-µm zooplankton net. To sample benthic macroinvertebrates, 

100 ml of sediment solution were collected from each mesocosm using 1-mm mesh hand 

nets. Macroinvertebrates and zooplankton were euthanized and preserved in 10% 

buffered formalin with Rose Bengal stain, respectively, counted, identified to the lowest 

useful taxon level under 35x dissection microscopy using Merritt and Cummins (1996) 

and Smith (2001), and transferred to 70% ethanol. Abundances of collected invertebrates 

by taxon were compared across all tadpole cage, size, and habitat shading treatments. To 

estimate the “non-consumptive” effects of uncaged tadpole presence on invertebrate 

abundance by taxonomic group, measurements of invertebrate abundance assessed from 

the NC treatment were compared against those same response variable measurements 

from control tanks. We could not solely assess the consumptive predatory effects of 

tadpoles because uncaged tadpoles in the C+NC treatment will exhibit both consumptive 

and non-consumptive effects. Due to an inability to isolate consumptive effects, the 

intensity of consumptive effects alone was estimated by comparing response variable 

measurements between the C+NC treatment and the NC treatment (i.e., consumptive 

effects = (non-consumptive effects + consumptive effects of uncaged tadpoles) – (non-

consumptive effects of caged tadpoles); Figure 2). In addition to the inability to isolate 

consumptive effects, effects of competition could not be separated from effects of tadpole 

predation. Because of this limitation, all estimates of consumptive and non-consumptive 

effects inherently contain the effects of competition between tadpoles and invertebrates.  
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Statistical Analyses 

All statistical analyses were conducted in R version 3.6.1 with a = 0.05 (R Core 

Team 2018). To determine if tadpole omnivory levels differed among natural ponds, 

numbers of wood frog tadpoles from each pond that had consumed invertebrate material, 

relative to those that did not, were counted and compared among ponds using a Chi-

Square Test of Independence (function ‘chisq.test’). To assess differences in tadpole 

foraging preferences based on heterogeneity in pond surface area, a linear mixed effects 

model was constructed (function ‘lmer’), and subsequently summarized using an 

ANOVA table (function ‘anova’). In this model, abundances of a) total invertebrates and 

b) specific invertebrate taxa consumed by individual tadpoles were compared across the 

pond area classes (established in Objective 1 methodology above), with blocking by 

‘pond identity’ as a random effect to avoid pseudoreplication.  

To investigate whether tadpole morphology explains variation in diet, generalized 

linear models with binomial error distributions were constructed between frequency of 

omnivory and all morphological variables described in Objective 1 (function ‘glm’). An 

additional Chi-Square Test of Independence was conducted to determine if total 

abundances of invertebrates consumed by tadpoles differed between ponds and 

mesocosms. For all analyses, consumed invertebrate abundances were log transformed. 

Shapiro-Wilks tests of normality (function ‘shapiro.test’) and Levene’s tests of 

homogeneity of variances (function ‘leveneTest’) were used to test model assumptions.   

The data obtained from the mesocosm experiment were separated into two 

datasets to independently assess the consumptive and non-consumptive predatory effects 
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of tadpoles and the interactive effects with tadpole body size and habitat shading. For the 

first set of analyses, the dataset was restricted to unshaded controls, unshaded mesocosms 

with large, caged tadpoles, and unshaded mesocosms with large, free-swimming tadpoles 

(N = 30), to isolate predatory effects independent of tadpole body size and habitat 

shading. All models in these analyses included only the effect of cage vs. no cage as the 

predictor variable. For the second set of analyses, the dataset included all mesocosms (N 

= 100). In these analyses, all three treatment effects were included as predictor variables 

in the model (cage, shading, and tadpole body size). For both sets of analyses, the 

following four response variables were tested: 1) macroinvertebrate abundance, 2) 

zooplankton abundance, 3) environmental variables (biofilm mass, relative fluorescence, 

% dissolved oxygen, and temperature), and 4) tadpole survival and growth rates, with 

tadpole cage treatment levels (no tadpoles, caged tadpoles, free-swimming tadpoles), 

tadpole size treatment levels (large or small), and habitat shading treatment levels 

(shaded or unshaded) serving as experimental variables. To increase statistical power 

(Chalcraft and Resetarits Jr. 2003), since the response variables were related, separate 

MANOVAs (function ‘manova’) were performed on each subset of response variables. 

When MANOVA indicated significant treatment effects, subsequent one-way ANOVAs 

and Holm’s pairwise t-tests (function ‘pairwise.t.test’ with Holm’s correction) were 

conducted to identify significant differences among treatment levels (Helsel et al. 2020, 

Medina et al. 2021). Response variables were log (discrete variables) and Tukey’s Ladder 

of Powers (continuous variables) transformed and subjected to Shapiro-Wilks tests of 

normality and Levene’s tests of homogeneity of variances to meet model assumptions. 

Because tadpole body measurements were analyzed on an individual basis, a separate 
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linear mixed effects model (function “lmer”) with blocking by ‘mesocosm ID’ as a 

random effect, was constructed prior to running ANOVAs to avoid pseudoreplication.  

To evaluate the effects of the treatments (tadpole cage, habitat shading, and 

tadpole body size) on the invertebrate community composition, an Analysis of Similarity 

(ANOSIM; function ‘anosim’) was performed. The ‘Bray-Curtis’ distance measure was 

selected for this analysis because it is appropriate for use with categorical predictor 

variables and relative abundances. A separate ANOSIM was performed for the 

macroinvertebrate community and the zooplankton community.  

To visualize the effects of the treatments (tadpole cage treatment, habitat shading, 

and tadpole size) on macroinvertebrate and zooplankton community composition, 

separate capscale ordination plots (function ‘ord.plot’) were constructed. The distance 

measure selected for each capscale ordination was also ‘Bray-Curtis’ because of its 

common application to categorical and non-continuous ecological data, such as cage 

treatment and relative abundances of invertebrates among different treatments.  
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III. Results 

 

Objective 1: Gut Content Analyses of Lithobates sylvaticus Tadpoles 

Tadpoles collected from DBNF engaged in omnivory more often than other 

dietary strategies, and occurrence of omnivory varied based on tadpole morphology. 

Among 11 ponds and 210 individuals, 70.48% of tadpoles engaged in omnivory on some 

form of invertebrate matter (e.g., Figures 4 and 5). Invertebrates consumed by tadpoles 

spanned seven taxa, including Cladocera (3.97 ± 0.265), Ostracoda (2.57 ± 0.109), 

Copepoda (3.00 ± 0.001), Chironomidae (1.00 ± 0.001), Nematoda (4.00 ± 0.101), 

Oligochaeta (4.67 ± 0.039), and Rotifera (1.00 ± 0.012). Numbers of tadpoles that 

engaged in omnivory, relative to those engaging in other dietary strategies, significantly 

differed among ponds (X2 = 98.16, df = 10, p < 0.001; Figure 6), ranging from 10% - 

100%. Tadpoles were more likely to be omnivorous as head width (Z = 2.65, p = 0.008) 

and tailfin height (Z = 3.87, p < 0.001) increased, but feeding habits were not influenced 

by tadpole body length (Z = -1.43, p = 0.152) or gut length (Z = -0.10, p = 0.922). 

Although total invertebrates consumed by tadpoles did not significantly differ across 

pond area classes (5.01 ± 0.369; ANOVA F2,8= 4.42, p = 0.053; Figure 6), cladocerans 

(ANOVA F2,8 = 4.59, p = 0.044; Figure 7), the most consumed invertebrate taxon, varied 

in abundance based on pond area. Abundances of invertebrates consumed by tadpoles 

also differed between ponds and mesocosms (X2 = 274.52, df = 8, p < 0.001), with more 

invertebrates being consumed per tadpole in mesocosms (7.95 ± 0.62) than natural ponds 

(3.53 ± 0.37). 
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Objective 2: Consumptive and Non-consumptive Effects of Tadpole Predators 

The relative abundance of macroinvertebrate groups differed by tadpole cage 

treatment (MANOVA F2,27 = 2.66, p < 0.001; Table 1), but total macroinvertebrate 

abundance was not influenced (Table 1; Figure 8). Holm’s pairwise t-tests indicated 

oligochaete eggs were more abundant in controls (39.10 ± 4.62) compared to mesocosms 

with caged (19.35 ± 2.14; p = 0.001) or free-swimming (11.55 ± 1.70; p < 0.001) 

tadpoles, respectively, and mesocosms with caged tadpoles had more oligochaete eggs 

than those with free-swimming tadpoles (p = 0.031). Although trichopterans were 

generally uncommon, abundances were higher in controls (2.40 ± 0.63) compared to 

mesocosms with caged (0.65 ± 0.27; p < 0.001) or free-swimming (0.08 ± 0.06; p < 

0.001) tadpoles, respectively, although abundances did not statistically differ between 

treatments with tadpoles (p = 0.063). Chironomids were more abundant in controls (7.75 

± 1.42) compared to mesocosms with uncaged tadpoles (5.15 ± 0.96; p = 0.038), but did 

not differ in abundance between control and caged (5.50 ± 0.82) tadpole mesocosms (p = 

0.282) or between tadpole treatments (p = 0.282).  

Macroinvertebrate relative abundance also differed between the habitat shading 

(MANOVA F1,90 = 8.78, p < 0.001) and tadpole size (MANOVA F1,90 = 2.84, p = 0.001) 

treatments, and by the interaction between shading and size (MANOVA F1,90 = 4.07, p < 

0.001; Table 1; Figure 9). Macroinvertebrate community composition differed by cage 

treatment (ANOSIM Global R = 0.117, p = 0.001), shading (ANOSIM Global R = 0.160, 

p = 0.001) and tadpole size (ANOSIM Global R = 0.118, p = 0.001; Figure 10). Pairwise 

t-tests indicated higher abundances in unshaded mesocosms of oligochaete adults (103.32 

± 9.29; p < 0.001), oligochaete eggs (23.70 ± 2.31; p = 0.002), trichopterans (1.24 ± 0.34; 
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p = 0.044), and total macroinvertebrates (136.82 ± 10.44; p < 0.001) relative to shaded 

mesocosms (48.92 ± 4.44; 16.66 ± 2.53; 0.30 ± 0.11; 74.14 ± 6.65, respectively). 

Nematodes were less abundant in mesocosms with large (0.33 ± 0.12) compared to small 

tadpoles (2.80 ± 0.91; p = 0.018). Nematodes and total macroinvertebrates differed in 

abundance based on the interaction between shading and tadpole size (Table 1). Overall, 

macroinvertebrates were least abundant in shaded mesocosms with larger tadpoles 

(Figure 9).  

 The relative abundances of zooplankton taxa differed by tadpole cage treatment 

(MANOVA F2,27 = 5.05, p < 0.001; Table 2). Broadly, total zooplankton abundance was 

lower in mesocosms with free-swimming tadpoles (16.90 ± 5.02) compared to 

mesocosms with caged tadpoles (33.90 ± 8.25; p = 0.036) or controls (66.60 ± 6.32; p < 

0.001), and was lower in mesocosms with caged tadpoles compared to controls (p = 

0.011; Table 2; Figure 11). Copepod nauplii were more abundant in mesocosms with 

caged tadpoles (29.93 ± 5.38) than those with free-swimming tadpoles (10.30 ± 2.02; p < 

0.001) or controls (12.80 ± 3.19; p = 0.049), respectively, but did not differ between 

controls and mesocosms with free-swimming tadpoles (p = 0.276). Cladocerans were 

more abundant in controls (14.20 ± 3.65) compared to mesocosms with free-swimming 

(6.23 ± 1.57; p = 0.048) or caged tadpoles (6.03 ± 0.99; p = 0.042), but did not differ 

between tadpole treatments (p = 0.530). Relative to controls, total zooplankton abundance 

declined by 49.10% in association with non-consumptive effects of L. sylvaticus tadpoles 

(i.e., caged tadpoles), by 25.52% in association with purely consumptive effects, and by 

74.62% in association with consumptive and non-consumptive effects (i.e., uncaged 
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tadpoles; Figure 11). Among invertebrate taxa, the effects of tadpole predators were more 

pronounced for zooplankton (Figure 12).  

The relative abundance of zooplankton taxa differed by shade status (MANOVA 

F1,90 = 15.33, p < 0.001). There was also a significant effect of the interaction between 

tadpole cage treatment and shade status (MANOVA F2,90 = 3.65, p = 0.001). Tadpole size 

(MANOVA F1,90 = 4.10, p = 0.004), and the interaction between shade status and tadpole 

size (MANOVA F1,90 = 5.52, p = 0.001; Table 2; Figure 13) also were significant in 

explaining the variation in zooplankton relative abundance.  

Zooplankton community composition did not significantly differ by tadpole cage 

treatment (ANOSIM Global R = 0.019, p = 0.177) or tadpole size (ANOSIM Global R = 

-0.002, p = 0.506), but was influenced by shading (ANOSIM Global R = 0.152, p = 

0.001; Figure 14). In unshaded mesocosms, cladocerans (10.36 ± 1.66; p = 0.002), 

ostracods (13.48 ± 2.48; p < 0.001), and total zooplankton (45.98 ± 4.33; p = 0.002) were 

more abundant compared to shaded mesocosms (5.12 ± 1.28; 1.64 ± 0.31; 30.00 ± 5.28, 

respectively). Additionally, there were fewer cladocerans among large tadpoles (3.55 ± 

0.78) compared to small tadpoles (8.70 ± 1.57; p = 0.003). Copepod nauplii and total 

zooplankton abundances also differed based on the interaction between cage treatment 

and shade status, and the interaction between shade status and tadpole size (Table 2). 

Total zooplankton abundance tended to be lowest in the presence of free-swimming, 

large tadpoles, and under shaded conditions. 

 Environmental variables differed among mesocosms based on tadpole cage 

treatment (MANOVA F2,27 = 5.40, p < 0.001; Table 3). Temperature differed across 

treatments (ANOVA p < 0.001), but Holm’s pairwise t-tests indicated no significant 
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differences between treatments (p > 0.05). Biofilm mass was significantly greater in 

mesocosms with caged (20.52 ± 6.85 mg) compared to free-swimming tadpoles (9.46 ± 

2.58 mg; p = 0.006), but did not differ between controls (14.97 ± 4.48 mg) and 

mesocosms with caged (p = 0.110) or free-swimming tadpoles (p = 0.519). Cage 

treatment had no influence on relative fluorescence or % dissolved oxygen (Table 3). 

Environmental variables differed based on shade status (MANOVA F1,90 = 

125.43, p < 0.001), the interaction between tadpole cage treatment and shade status 

(MANOVA F2,90 = 5.68, p < 0.001), tadpole size (MANOVA F1,90 = 7.42, p < 0.001), 

and the interaction between tadpole cage treatment and size (MANOVA F2,90 = 3.49, p = 

0.011; Table 3). Temperatures were higher in unshaded (15.54 ± 0.18°C) relative to 

shaded mesocosms (12.41 ± 0.13°C; p < 0.001), but did not differ based on tadpole size 

(p = 0.580). Biofilm mass did not differ based on habitat shading (p = 0.740), but was 

lower in the presence of large tadpoles (10.18 ± 2.82 mg) compared to small tadpoles 

(30.87 ± 6.81 mg; p = 0.015). Relative fluorescence was lower in unshaded mesocosms 

(8.19 ± 1.68 RFU) than in shaded mesocosms (16.89 ± 2.27 RFU; p < 0.001), and lower 

in mesocosms containing large (7.79 ± 1.48 RFU) relative to small tadpoles (15.72 ± 2.55 

RFU; p = 0.020). Dissolved oxygen was also reduced in shaded (73.93 ± 1.66%) relative 

to unshaded mesocosms (101.81 ± 1.50%; p < 0.001). The interaction between the 

treatments of cage and shade level was significant in explaining variation in dissolved 

oxygen levels and temperature of mesocosms. The interaction between cage treatment 

and tadpole size was significant in explaining variation in relative fluorescence and 

dissolved oxygen levels of mesocosms (Table 3).  



   

 
 

22 

 Due to differing sample sizes among mesocosms, tadpole survival and growth 

rates by tank (N = 80 mesocosms with tadpoles) were analyzed separately from body 

measurements (N = 599 surviving tadpoles) to avoid unbalanced designs. Tadpole 

survival and growth were collectively not influenced by cage treatment (MANOVA F1,18 

= 1.83, p = 0.150) among the mesocosms, but there was a trend of caged tadpoles 

exhibiting higher rates of survival than free-swimming tadpoles (Table 4). Additionally, 

neither tadpole body length (ANOVA F1,18 = 0.58, p = 0.448; Table 5), nor head width 

(ANOVA F1,18 = 0.60, p = 0.442; Table 5) differed based on cage treatment when 

blocked by ‘mesocosm identity’ as a random effect. 

Tadpole survival and growth were affected by shade status (MANOVA F1,72 = 

27.84, p < 0.001), size class (MANOVA F1,72 = 28.99, p < 0.001), interactions between 

tadpole cage treatment and shade status (MANOVA F1,72 = 8.23, p < 0.001), tadpole cage 

treatment and size class (MANOVA F1,72 = 10.44, p < 0.001), and among all three 

independent variables (MANOVA F1,72 = 2.88, p = 0.042; Table 4). Although tadpole 

survival did not differ based on shading (p = 0.910), it was higher among large (89.00 ± 

2.26%) compared to small tadpoles (58.50 ± 4.45%; p < 0.001; Figure 15). Average 

growth rates in length were higher among unshaded (0.64 ± 0.03 mm/day) compared to 

shaded tadpoles (0.41 ± 0.02 mm/day; p < 0.001), but did not differ based on initial 

tadpole size (p = 0.170), whereas growth rates in width were higher among unshaded 

(0.17 ± 0.01 mm/day) compared to shaded tadpoles (0.11 ± 0.01 mm/day; p < 0.001), and 

among small (0.19 ± 0.01 mm/day) compared to large tadpoles (0.12 ± 0.01 mm/day; p < 

0.001; Figure 16). Tadpole body lengths also differed based on shade status (ANOVA 

F1,72 = 26.96, p < 0.001) but not the interaction between tadpole cage and shade 
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treatments (ANOVA F1,72 = 2.15, p = 0.147; Table 5). On average, unshaded tadpoles 

grew longer bodies (45.93 ± 0.34 mm) than shaded tadpoles (39.10 ± 0.32 mm; p < 

0.001; Figure 17). Additionally, tadpole head widths differed based on shade status 

(ANOVA F1,72 = 55.98, p < 0.001) but not the interaction between tadpole cage and shade 

treatments (ANOVA F1,72 = 0.16, p = 0.735; Table 5). On average, unshaded tadpoles had 

wider heads (11.26 ± 0.07 mm) than shaded tadpoles (9.33 ± 0.07 mm; p < 0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 
 

24 

IV. Discussion 

 

This study demonstrates that L. sylvaticus tadpoles feed on invertebrates in natural 

settings and experimental mesocosms, and elicit consumptive and non-consumptive 

effects on macroinvertebrate and zooplankton abundance and community composition. 

Although total macroinvertebrate abundance was not significantly influenced by cage 

treatment, the reductions in overall zooplankton abundance linked to non-consumptive 

effects of tadpoles were nearly twice as strong as those linked to consumptive effects, 

relative to controls. Most tadpoles collected from natural ponds consumed invertebrates, 

largely zooplankton, indicating that omnivory is a common dietary strategy in this 

species. Frequencies of tadpole omnivory and abundances of invertebrate groups 

consumed by tadpoles differed by pond, and larger body sizes facilitated higher 

frequencies of omnivory. Mesocosm experiments also revealed that predatory effects of 

tadpoles on invertebrate communities vary by habitat shading and tadpole size. 

Invertebrate abundance decreased among shaded mesocosms with reduced dissolved 

oxygen and temperature and in the presence of larger, free-swimming tadpoles, indicating 

that larger tadpoles likely consume more invertebrates when algae and plant matter are 

less available. Reduced biofilm masses in mesocosms with large tadpoles suggest that 

tadpoles may induce stronger limitations on herbivorous invertebrate abundance by 

limiting food availability, an ontogenetic effect amplified by increased habitat shading. 

Finally, unshaded tadpoles tended to grow faster and larger, with larger individuals 

exhibiting greater survivorship, suggesting that shading and aquatic invertebrates 

(mediated by body size) influence tadpole growth, morphology, and overall fitness.  
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Lithobates sylvaticus Tadpoles are Primarily Omnivorous  

Cases of carnivory or omnivory among tadpoles are taxonomically limited but 

reveal several key advantages of these foraging strategies. Classic observational studies 

indicate that some taxa, particularly spadefoot toads, are strict carnivores as tadpoles 

(Barber and King 1927), and that these and other species engage in conspecific tadpole 

cannibalism (Bragg 1964, Crump 1986). Reports of omnivory among tadpoles of other 

species are increasing following the proliferation of stable isotope and fatty acid dietary 

analytical approaches (reviewed in Montaña et al. 2019). Consumption of animal matter 

in tadpoles may constitute adaptive responses in increasing protein intake, associated 

developmental rates, and size at metamorphosis (Pfennig 1990, 1992). In tadpoles with 

morphologies that differ by feeding strategy, carnivorous morphs tend to exhibit greater 

survival in ephemeral ponds than omnivorous morphs (Pfennig 1992), because increased 

consumption of high-protein animal matter accelerates growth (Crump 1990) and 

development (Heinen and Abdella 2005). Metamorphosing anurans that arrive at 

resources first, and at larger sizes, exhibit greater capacities to exclude competitors 

(Werner 1986), conferring higher fitness (Semlitsch 1987, Semlitsch et al. 1988). 

Omnivory in tadpoles is likely an opportunistic feeding strategy which increases 

in frequency throughout ontogeny. Tadpoles with larger gapes at later developmental 

stages consume more invertebrate material, whereas smaller, younger tadpoles are 

typically limited to feeding on algae and detritus (Sousa Filho et al. 2007, Schiesari et al. 

2009). Tadpoles develop relatively wider heads, deeper tails, and smaller gut length:body 

length ratios during ontogeny, making older tadpoles more efficient predators. Wider 
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heads facilitate consumption of larger invertebrates (Walls et al. 1993, Denoël et al. 

2006), deeper tails increase speed and maneuverability (Dayton et al. 2005), and shorter 

relative gut lengths process animal material more efficiently (Wickramasinghe et al. 

2007). In my study, tadpole head width and tail depth were directly related to the 

likelihood of omnivory, suggesting that gape size and swimming ability are indicative of 

feeding strategy in L. sylvaticus. The lack of a relationship between omnivory and 

tadpole gut length could be related to the inverse relationship between gut length and 

temperature (Castaneda et al. 2006), as tadpoles in warmer, unshaded habitats tend to 

develop shorter guts, irrespective of their feeding strategy. Frequencies of omnivory in L. 

sylvaticus tadpoles were likely higher than indicated here, as only the first 10 mm of 

tadpole guts were excised for gut content analyses. To account for underestimation, 10 

tadpoles designated as “non-omnivores” based on the initial analyses had an additional 10 

mm of small intestine dissected and examined. Invertebrate material was found in half of 

these individuals, confirming that estimated proportions of omnivorous tadpoles based on 

initial analyses represented underestimates, and that L. sylvaticus tadpole populations 

likely engage in more omnivory than suggested here. If tadpoles remained in mesocosms 

longer prior to dissection, growth of wider gapes would likely have facilitated increased 

consumption of larger invertebrates (sensu Parker 1994, Petranka and Kennedy 1999, 

Schriever and Williams 2013). The developmental period during which tadpoles consume 

the most animal material is between Gosner stages 31 – 41 (Gosner 1960, Schriever and 

Williams 2013). Tadpoles were collected in my study before they reached Gosner stage 

42, when forelimbs begin development, as digestive organs prepare for metamorphosis 
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(Jenssen 1967) and as larval mouthparts atrophy (Gosner 1960), though additional 

feeding and growth occurs beyond this stage.   

Although L. sylvaticus tadpoles have comparatively smaller gapes than other 

omnivorous tadpoles (Schiesari et al. 2009), evidence from this and previous studies 

supports their roles as important predators of aquatic invertebrates. Despite the lower 

average mass of L. sylvaticus tadpoles (2.15 – 2.85 g; Camp et al. 1990) compared to 

larger L. catesbeianus tadpoles (6.30 – 9.40 g; Dowe 1979), insects have been reported as 

the third most consumed food item among L. sylvaticus (Schriever and Williams 2013). 

Stable isotope analyses show that signatures of 15N, indicative of the quantity of animal 

matter consumed, are similar between omnivorous L. sylvaticus tadpoles and wholly 

carnivorous salamander larvae, whose diets include macroinvertebrates (Schiesari et al. 

2009). With the exceptions of nematodes, oligochaetes, and chironomids, predation by L. 

sylvaticus tadpoles on macroinvertebrates was limited in this study. Infrequent 

consumption of larger macroinvertebrates relative to repeated consumption of smaller 

zooplankton among L. sylvaticus tadpoles in ponds is indicative of larval gape-limitations 

(Schiesari et al. 2009). Although L. sylvaticus tadpoles were unable to feed frequently on 

macroinvertebrates, likely due to their relatively small gapes, they may exert similar net 

predatory effects on invertebrate communities as other larger, less gape-limited 

amphibian larvae through strong consumptive predatory effects on zooplankton (Rettig et 

al. 2021). Amphibian species with larger larval gapes exert strong impacts on 

macroinvertebrates, but comparatively weaker impacts on zooplankton (Petranka and 

Kennedy 1999, Schiesari et al. 2009). Given these differences in invertebrate prey, 

amphibian larvae of different species, and at different sizes, may cause similar reductions 
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in invertebrate biomass through predation, but via predation on different taxonomic and / 

or functional groups (Schiesari et al. 2009, Rettig et al. 2021).  

In addition to gape size, hydroperiod also strongly influences frequencies of 

omnivory among amphibian larvae. Some amphibian larvae consume more animal matter 

in habitats with longer hydroperiods (Ghioca-Robrecht et al. 2009, Kern et al. 2013), 

whereas others engage in more omnivory when occupying highly ephemeral ponds 

(Pfennig 1992, Hopey and Petranka 1994). Relationships between hydroperiod and 

frequency of omnivory in amphibian larvae are therefore not uniform across taxa, and 

whether omnivory increases growth rates or size at metamorphosis depends on the 

ecological context (Carreira et al. 2016, Ramamonjisoa et al. 2016). Some amphibians 

preferentially oviposit in ephemeral ponds because they contain fewer predators of 

tadpoles (Beranek et al. 2021). In such ponds, rates of growth and development by 

tadpoles are mediated by desiccation risk (Márquez-García et al. 2010), and thus tadpoles 

consuming more protein-rich animal matter develop faster and are more likely to reach 

metamorphosis prior to desiccation (Heinen and Abdella 2005, Ramamonjisoa et al. 

2016). In contrast, some amphibians tend to oviposit in ponds with deeper waters and 

longer hydroperiods, which exhibit lower likelihoods of desiccation (Kern et al. 2013), 

but also support more predators of amphibian larvae (Richter-Boix et al. 2007, Amburgey 

et al. 2012). In such habitats, predation risk promotes increased omnivory and subsequent 

increased size (Crump 1990, Carreira et al. 2016) to exceed predator gape limitations. 

Tadpoles in my study consumed more invertebrates in mesocosms than in ephemeral 

ponds, and given the lower relative water volume in mesocosms, suggest that frequency 

of tadpole omnivory was influenced by hydroperiod. Because macroinvertebrate predator 
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densities were relatively low across all mesocosms, tadpoles were more likely driven to 

increased omnivory to increase growth rates in these temporary experimental habitats to 

escape perceived risks of desiccation (Heinen and Abdella 2005, Márquez-García et al. 

2010, Whiles et al. 2010, Ramamonjisoa et al. 2016). Whether tadpoles are driven to 

consume more animal matter in response to threats of desiccation or predation risk, these 

results broadly suggest that likelihood of tadpole omnivory is influenced either directly or 

indirectly by hydroperiod in developmental habitats. Future studies should prioritize 

investigating whether risk of predation or desiccation exert stronger influences on 

omnivory in tadpoles by simultaneously manipulating hydroperiod and predator presence.  

 

Consumptive and Non-consumptive Effects of Tadpoles on Invertebrates 

Consumptive effects, by definition, involve predators eating prey and reducing 

population sizes whereas non-consumptive effects take various forms and can impact 

prey morphology, physiology, behavior, and ultimately abundance and life history 

evolution. Non-consumptive effects of tadpoles often mirror the effects elicited on 

invertebrates by fish predators. In the absence of direct predation, predatory fish reduce 

reproductive rates of invertebrates through production of predatory kairomones (Loose 

and Dawidowicz 1994, McCollum et al. 1998), limiting invertebrate recruitment and 

population sizes. Similar evidence of non-consumptive, kairomone-induced effects of 

tadpoles on invertebrates are limited to reports of tadpole-conditioned medium 

stimulating increased zooplankton abundance, (Sarma et al. 2011), reproduction, and 

generation time (Gama-Flores et al. 2013). Tadpole predators may also impose non-

consumptive effects on invertebrate movement patterns similar to positional changes by 
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zooplankton in the water column to decrease likelihood of consumption by other 

predators (Von Elert and Pohnert 2000). Zooplankton may undergo changes in 

development in response to cues from tadpole predators that are similar to the responses 

of tadpole prey to predation risks from fish, such as non-lethal predator cues promoting 

greater body masses in prey that reduce the likelihood of successful predation 

(Kloskowski 2018). Although direct evidence of non-consumptive effects of tadpole 

predators are minimal, such impacts on invertebrate abundance, behavior, and 

development can be indirectly inferred from similar effects elicited from invertebrates by 

fish (Von Elert and Pohnert 2000) and tadpoles (Kloskowski 2018).  

Tadpoles exhibit consumptive and non-consumptive predatory effects on select 

macroinvertebrate taxa (Whiles et al. 2010, Schalk et al. 2017, Montaña et al. 2019). 

Despite limited support for non-consumptive effects of tadpole predators, evidence 

indicates amphibian larvae influence macroinvertebrate populations via transmission of 

predatory stress hormones (Peacor and Werner 2000, Schoeppner and Relyea 2009), 

disease transfer (Mokany and Shine 2003b), and reduction in oxygen levels via 

defecation (Seale 1980, Borges et al. 2014). Regardless of mechanism, any consumptive 

and non-consumptive effects of tadpole predators would be predicted to act in addition to 

competition between tadpoles and macroinvertebrates (Brönmark et al. 1991, Blaustein 

and Margalit 1994, Mokany and Shine 2003a). In my study, general macroinvertebrate 

abundance was not influenced by tadpole presence, but for select taxa, free-swimming L. 

sylvaticus tadpoles decreased macroinvertebrate abundances directly via consumption 

and indirectly, though the specific mechanism of trait-mediated effects were beyond the 

scope of this study. Although trait-mediated predatory effects on invertebrates are likely, 
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free-swimming tadpoles exerted greater impacts, relative to controls, on 

macroinvertebrate abundances than caged tadpoles, indicating stronger consumptive than 

non-consumptive effects. We did not distinguish whether non-consumptive impacts on 

macroinvertebrate abundance were due to altered foraging behavior, microhabitat 

selection, or other mechanisms (Wirsing et al. 2021), and thus results related to non-

consumptive effects reflect the net impact of all possible mechanisms. Some 

macroinvertebrate taxa, such as trichopterans and oligochaete adults and eggs, exhibited 

reduced abundances in mesocosms with tadpoles, but were not abundant in tadpole guts. 

Tadpoles likely reduced abundances of such taxa predominantly through non-

consumptive effects, such as reductions in oxygen levels from defecation (Borges et al. 

2014) or transmission of chemical cues that stimulated increased refuge use (Schoeppner 

and Relyea 2009), indicating that non-consumptive effects of tadpoles alone can alter 

invertebrate population dynamics. However, given the lack of empirical evidence directly 

demonstrating suppression of prey abundance via purely non-consumptive effects 

(Sheriff et al. 2020), future studies employing long-term monitoring of prey while 

exposed to caged tadpole predators (e.g., Lithobates catesbeianus, which overwinter for 

2-3 years) would be useful in identifying the mechanisms and severity of suppression.  

The impacts of predatory tadpoles on macroinvertebrates extend beyond 

consumption and non-consumptive predatory effects into other indirect ecological 

interactions. Macroinvertebrate populations co-occurring with omnivorous tadpole 

competitors face greater challenges to find algae and plant matter (Brönmark et al. 1991, 

Holomuzki and Hemphill 1996, Atwood and Richardson 2012). In addition to 

competition, tadpoles may have also indirectly influenced invertebrates through changes 
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in water temperature. Algae and plants use the enzyme oxidase during cellular 

respiration, which is linked to heat production (McIntosh 1994). Algal biofilm mass was 

significantly lower in mesocosms with free-swimming compared to caged tadpoles, and 

thus consumption of algae by tadpoles may have been responsible for lower average 

temperatures in this treatment (14.80°C) compared to mesocosms with caged tadpoles 

(15.00°C) or controls (17.70°C). Cooler waters support fewer macroinvertebrates, 

particularly non-insects (Hieber et al. 2005), and thus tadpoles could have exerted 

indirect impacts on their abundance via reduced temperatures. Such indirect effects of 

tadpoles, along with resource competition, would act in concert with impacts of predation 

to affect abundances of certain macroinvertebrate taxa (Sheriff et al. 2020). Although 

tadpole impacts on macroinvertebrates did not span many taxa, and total abundance was 

not affected, community composition was still influenced by their presence, indicating 

that composition can be altered without significant changes in abundances of most taxa in 

communities (Ghioca-Robrecht and Smith 2011).  

 Zooplankton communities experience relatively more frequent and / or intense 

consumptive and non-consumptive predatory effects of tadpoles than macroinvertebrates 

(Ruibal and Laufer 2012, Caut et al. 2013). Amphibian larvae incorporate zooplankton as 

a major portion of their diets and can selectively target certain taxa to maximize energy 

gain relative to handling time (Ranta and Nuutinen 1985, Jacobson et al. 2017). Reports 

of non-consumptive effects of tadpoles on zooplankton prey are rare, but generally focus 

on changes in population dynamics due to chemical cue production (Sarma et al. 2011), 

and responses to these cues may differ among zooplankton taxa (Gama-Flores et al. 

2013). Lithobates sylvaticus tadpoles in my study exerted consumptive and non-
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consumptive effects on zooplankton, which mirrors previous studies (Ranta and Nuutinen 

1985, Jacobson et al. 2017) and indicates that such effects may be relatively common. 

Non-consumptive effects of tadpoles on zooplankton were 23.58% stronger than 

consumptive effects, and when combined, reduced overall zooplankton abundance by 

74.62%. Despite overall negative non-consumptive effects on zooplankton, copepods 

were most abundant in mesocosms with caged tadpoles (‘B’ in Figure 12), indicating 

positive non-consumptive effects in line with previous studies (Sarma et al. 2011, Gama-

Flores et al. 2013). Although estimated non-consumptive effects cannot be distinguished 

from simultaneous competitive effects between tadpoles and zooplankton, the presence of 

zooplankton in tadpole guts indicates that competition was not solely responsible for the 

effects shown here. Certain zooplankton taxa, such as cladocerans, were abundant in 

mesocosms lacking tadpoles, exhibited lower abundances in mesocosms with free-

swimming tadpoles, and were abundant in tadpole guts, indicating direct consumptive 

effects (Rettig et al. 2021). Tadpoles may target certain zooplankton taxa to increase 

feeding efficiency (Ranta and Nuutinen 1985, Jacobson et al. 2017), or simply forage in 

microhabitats, or on food sources, also used by zooplankton (Hamilton et al. 2012) 

without exhibiting preference. Zooplankton graze on benthic algae (Balayla and Moss 

2004) and periphyton (Masclaux et al. 2012) and may have been consumed as bycatch by 

grazing tadpoles (Sarma et al. 2011, Gama-Flores et al. 2013). Alternatively, abundance 

of some zooplankton taxa may have been altered due to non-consumptive impacts of 

tadpole presence on reproduction (Gama-Flores et al. 2013). Tadpoles may therefore 

serve as important regulators of zooplankton community composition by reducing 

populations of certain taxa that would otherwise dominate. Although L. sylvaticus 
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tadpoles demonstrated clear predatory effects on zooplankton communities, it remains 

uncertain whether tadpoles are selectively predating zooplankton or consuming them 

unintentionally. Future studies should compare predation rates on zooplankton between 

tadpoles with different dietary strategies, to determine if herbivorous tadpoles consume 

similar quantities of zooplankton as omnivorous taxa, indicating incidental consumption.  

 

Effects of Tadpoles on Invertebrates are Linked to Shading and Body Size 

Macroinvertebrates generally exhibit lower abundances in shaded habitats (Death 

and Zimmermann 2005, Schalk et al. 2017) with larger predators (Blaustein and Margalit 

1996, Dutra and Callisto 2005, Jara 2008). Studies on habitat shading and wetland trophic 

dynamics support this trend and indicate that habitats with increased canopy coverage 

have less abundant algae, forming food webs with fewer trophic levels and more intense 

predation (Jackson et al. 2013, Schalk et al. 2017). Nearly all macroinvertebrate taxa in 

this study were less abundant in shaded conditions when in the presence of large 

tadpoles, and macroinvertebrate community composition differed based on habitat 

shading, which reflects previous work (Quinn et al. 1997, Skelly 2004, Wheeler et al. 

2007, Schalk et al. 2017). Most macroinvertebrates were likely less abundant in shaded 

conditions due to reduced algal biomass, competition with grazing tadpoles for limited 

food supplies (Brönmark et al. 1991, Blaustein and Margalit 1994, Mokany and Shine 

2003a), and increased predation by tadpoles forced to feed on more animal matter 

(Schalk et al. 2017). Some taxa (e.g., oligochaetes) were less abundant in mesocosms 

with smaller tadpoles, despite tendencies of larger amphibians to predate more 

macroinvertebrates due to larger gapes. Such invertebrate taxa may have low nutrient 
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contents (Smith 1985), and because larger tadpoles outcompete smaller conspecifics for 

prey, smaller individuals may be forced to feed on low-quality invertebrates until they 

mature (Denoël et al. 2006). Future investigations should compare nutrient contents of 

invertebrate prey consumed across the tadpole size spectrum. 

 Zooplankton abundance is predicted to decrease during tadpole ontogeny and 

associated reductions in gape limitations (Carreira et al. 2016, Jacobson et al. 2017), and 

under increased canopy coverage if limited primary productivity does not meet the 

metabolic demands of primary consumers (Hall et al. 2007, Lacerot et al. 2013). My 

observations support these predictions; however, habitat shading may also influence 

consumption of zooplankton indirectly via effects of temperature and light. Higher 

temperatures under unshaded conditions promote more rapid tadpole growth (Maciel and 

Juncá 2009), thereby reducing durations in which tadpoles prey on zooplankton. 

Additionally, increased exposure to UV-B radiation can decrease feeding, and thus 

growth, in tadpoles due to negative impacts on gene stability and tooth development 

(Londero et al. 2017). Although excessive exposure to UV-B radiation can dampen the 

ability of tadpoles to act as predators (Londero et al. 2017), zooplankton were less 

abundant in shaded mesocosms with less light exposure and lower temperatures, which is 

consistent with the hypothesis that tadpoles in cooler waters develop more slowly (Maciel 

and Juncá 2009), spend longer durations in the presence of invertebrate prey, and 

consequently cause greater reductions in zooplankton abundance. 

Some zooplankton develop defensive structures in response to cues of predation 

risk (Gilbert 2012). Despite possessing inducible defenses like head spines, these 

structures grow more slowly and are less effective when zooplankton face larger 
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predators (Riessen and Trevett-Smith 2009). Cladocerans, which develop defensive head 

spines and crowns in response to fish predators (Laforsch and Tollrian 2004, Petrusek et 

al. 2009), were least abundant in mesocosms with large tadpoles under shade, and were 

abundant in tadpole guts. In conjunction with previous data on the susceptibility of 

zooplankton to predation (Hall et al. 2007, Riessen and Trevett-Smith 2009, Lacerot et 

al. 2013), these findings demonstrate two ecological interactions: 1) larger tadpoles 

represent greater threats to zooplankton with inducible defense mechanisms than smaller 

conspecifics; and 2) predatory effects of tadpoles on zooplankton are intensified by 

reduced food availability with increased habitat shading and associated competition. 

Future studies should involve comparisons of zooplankton that possess or lack inducible 

defense mechanisms that are consumed by tadpoles across a spectrum of tadpole sizes.  

 

Growth, Morphology, and Survival of Tadpoles are Linked to Invertebrates 

 Tadpole growth rates are mediated by invertebrate abundance in larval habitats. 

Tadpoles can reach metamorphosis faster by either consuming animal prey (Crump 1990, 

Ramamonjisoa et al. 2016), or in response to cues from predators (Babbitt and Tanner 

1998, Van Buskirk and Yurewicz 1998, Barnett and Richardson 2002). Both mechanisms 

facilitate more rapid metamorphosis, reducing their likelihood of being consumed by 

aquatic predators (McIntyre et al. 2004) and enhancing their ability to secure terrestrial 

resources before competitors (Werner 1986, Semlitsch 1987, Semlitsch et al. 1988). In 

my study, tadpoles grew faster in unshaded mesocosms, which contained more 

zooplankton and macroinvertebrates, suggesting invertebrate abundance is directly 

related to tadpole growth. Tadpoles likely grew faster in mesocosms with more 
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invertebrates due to increased protein availability, rather than in response to cues of 

predation risk, because predatory macroinvertebrates were relatively rare.  

The physiological responses of tadpoles to invertebrates are mediated by degree 

of habitat shading. Sufficient supplies of Vitamin D, which can be synthesized by 

amphibians via sunlight exposure, are necessary for the metabolism of calcium (Michaels 

et al. 2015). Tadpoles developing in shaded conditions may experience Vitamin D 

deficiencies associated with reduced calcium supplies, and resultant developmental 

abnormalities that reduce fitness (Antwis and Browne 2009, Camperio Ciani et al. 2018). 

Given these requirements, tadpoles with sufficient light exposure would be less prone to 

developmental abnormalities (Michaels et al. 2015, Camperio Ciani et al. 2018), would 

have increased ability to prey on invertebrates (Antwis and Browne 2009, Schiesari et al. 

2009), and would reach larger sizes, grow faster (Crump 1990), and achieve higher 

overall fitness. In unshaded mesocosms, larger tadpoles achieve greater survivorship 

(Beachy 1995, Newman 1998, Maciel and Juncá 2009, Dastansara et al. 2017), 

potentially because of their greater capacity to predate invertebrates, coupled with 

increased sunlight availability supporting proper development. Although smaller tadpoles 

in unshaded tanks exhibited lower survivorship, they exhibited faster growth rates. 

Smaller, unshaded tadpoles may have grown faster because of abundant sunlight coupled 

with pressures to quickly reach larger sizes conducive to expanding their dietary breadth 

and increasing fitness. These differences in growth rates indicate non-linear patterns of 

attenuated growth during ontogeny observed in previous studies (Werner 1986) and 

suggest that both food (e.g., invertebrates) and better environmental conditions (e.g., 
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sunlight exposure) are crucial components in tadpole survival (Martins et al. 2013) and 

development (Maciel and Juncá 2009).  

 Given their roles in shaping aquatic invertebrate communities in temperate 

ecosystems (Regester et al. 2006, Bowatte et al. 2013, Montaña et al. 2019), further 

reductions in amphibian abundance and species richness could have severe ecological 

consequences. Larval amphibians serve essential ecosystem functions in aquatic habitats, 

ranging from controlling invertebrate populations via predatory effects (Schiesari et al. 

2009, Whiles et al. 2010, Bowatte et al. 2013) to bioturbation that opens feeding grounds 

for algae-eating taxa (Ranvestel et al. 2004). Additional reductions in amphibian 

abundance and diversity could cause changes in algal densities that create bottom-up 

trophic cascades and destabilize aquatic ecosystems (Whiles et al. 2006). Regardless of 

how larval amphibians influence aquatic ecosystems, future studies should investigate 

how tadpole presence impacts the relative abundance of taxa at each trophic level, to 

better predict how food web structure may change with continued population declines.  
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Appendix A. Tables 

Table 1. MANOVA and subsequent univariate ANOVAs for effects of cage treatment, 
habitat shading, and Lithobates sylvaticus tadpole body size on macroinvertebrate 
abundance by taxa. MANOVA results are reported on the same line where the 
independent variable is shown, whereas one-way ANOVA results are reported on the 
same line as the corresponding dependent variables. Bolded items indicate significant 
treatment effects, and “n,d” represents the numerator and denominator degrees of 
freedom.  
 
Ind. & Dep. Variables    n,d  F  P 

 

Cage Treatment     2,27  2.66          < 0.001 

 Anisoptera     2,27  2.60  0.080 

Belostomatidae    2,27  1.00  0.372 

Chaoboridae     2,27  0.75  0.475 

Chironomidae     2,27  3.23  0.044 

Corixidae     2,27  0.88  0.420 

Culicidae     2,27  0.38  0.684 

Dytiscidae     2,27  0.04  0.961 

Gyrinidae     2,27  0.58  0.560 

Haliplidae     2,27  2.00  0.141 

Hydrophilidae adults    2,27  0.88  0.420 

Nematoda     2,27  3.44  0.036 

Notonectidae     2,27  0.75  0.475 

Oligochaeta     2,27  0.80  0.452 

Oligochaete Eggs    2,27  21.71          < 0.001 

Physidae     2,27  1.92  0.152 

Pleidae      2,27  1.08  0.344 

Simulidae     2,27  0.75  0.475 

Trichoptera     2,27  23.59          < 0.001 

Turbellaria     2,27  0.88  0.420 

Zygoptera     2,27  0.75  0.475 
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Table 1. (continued). 

 

Ind. & Dep. Variables    n,d  F  P 

 

Total Abundance    2,27      2.56  0.083 

 

Shading Status      1,90  8.78          < 0.001 

 Anisoptera     1,90  0.10  0.925 

Belostomatidae    1,90  3.00  0.087 

Chaoboridae     1,90  1.00  0.320 

Chironomidae     1,90  1.89  0.173 

Corixidae     1,90  2.00  0.161 

Culicidae     1,90  3.04  0.084 

Dytiscidae     1,90  0.39  0.536 

Gyrinidae     1,90  0.33  0.565 

Haliplidae     1,90  1.00  0.320 

Hydrophilidae adults    1,90  2.00  0.161 

Nematoda     1,90  39.24          < 0.001 

Notonectidae     1,90  1.00  0.320 

Oligochaeta     1,90  27.03          < 0.001 

Oligochaete Eggs    1,90  15.95          < 0.001 

Physidae     1,90  6.22  0.014 

Pleidae      1,90  0.36  0.550 

Simulidae     1,90  1.00  0.320 

Trichoptera     1,90  9.31  0.003 

Turbellaria     1,90  0.00  1.000 

Zygoptera     1,90  1.00  0.320 

Total Abundance    1,90  35.35          < 0.001 

 

Tadpole Size      1,90  2.84  0.001 

 Anisoptera     1,90  0.13  0.718 
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Table 1. (continued). 

 

Ind. & Dep. Variables    n,d  F  P 

 

Belostomatidae    1,90  0.00  1.000 

Chaoboridae     1,90  1.25  0.267 

Chironomidae     1,90  2.23  0.139 

Corixidae     1,90  0.63  0.431 

Culicidae     1,90  2.28  0.135 

Dytiscidae     1,90  1.28  0.260 

Gyrinidae     1,90  0.42  0.520 

Haliplidae     1,90  0.00  1.000 

Hydrophilidae adults    1,90  0.63  0.431 

Nematoda     1,90  17.69          < 0.001 

Notonectidae     1,90  1.25  0.267 

Oligochaeta     1,90  2.30  0.133 

Oligochaete Eggs    1,90  5.01  0.028 

Physidae     1,90  2.29  0.134 

Pleidae      1,90  1.80  0.183 

Simulidae     1,90  1.25  0.267 

Trichoptera     1,90  6.77  0.011 

Turbellaria     1,90  0.63  0.431 

Zygoptera     1,90  1.25  0.267 

Total Abundance    1,90  0.39  0.536 

 

Cage Treatment x Shade Status   2,90  1.21  0.211 

 Anisoptera     2,90  2.08  0.131 

Belostomatidae    2,90  1.00  0.372 

Chaoboridae     2,90  0.75  0.475 

Chironomidae     2,90  0.22  0.800 

Corixidae     2,90  0.88  0.420 
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Table 1. (continued). 

 

Ind. & Dep. Variables    n,d  F  P 

 

Culicidae     2,90  1.77  0.176 

Dytiscidae     2,90  0.26  0.774 

Gyrinidae     2,90  0.25  0.779 

Haliplidae     2,90  0.02  0.141 

Hydrophilidae adults    2,90  0.88  0.420 

Nematoda     2,90  0.59  0.557 

Notonectidae     2,90  0.75  0.475 

Oligochaeta     2,90  2.48  0.090 

Oligochaete Eggs    2,90  2.61  0.079 

Physidae     2,90  1.92  0.152 

Pleidae      2,90  2.52  0.086 

Simulidae     2,90  0.75  0.475 

Trichoptera     2,90  5.41  0.006 

Turbellaria     2,90  1.88  0.159 

Zygoptera     2,90  0.75  0.475 

Total Abundance    2,90      2.18  0.119 

 

Cage Treatment x Tadpole Size   1,90  1.11  0.362 

 Anisoptera     1,90  1.69  0.197 

Belostomatidae    1,90  0.00  1.000 

Chaoboridae     1,90  1.25  0.267 

Chironomidae     1,90  5.23  0.025 

Corixidae     1,90  0.88  0.420 

Culicidae     1,90  2.28  0.135 

Dytiscidae     1,90  1.28  0.260 

Gyrinidae     1,90  3.75  0.056 

Haliplidae     1,90  0.00  1.000 
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Table 1. (continued). 

 

Ind. & Dep. Variables    n,d  F  P 

 

Hydrophilidae adults    1,90  0.63  0.431 

Nematoda     1,90  0.16  0.690 

Notonectidae     1,90  1.25  0.267 

Oligochaeta     1,90  0.26  0.611 

Oligochaete Eggs    1,90  0.47  0.497 

Physidae     1,90  2.29  0.134 

Pleidae      1,90  1.80  0.183 

Simulidae     1,90  1.25  0.267 

Trichoptera     1,90  3.02  0.087 

Turbellaria     1,90  0.63  0.431 

Zygoptera     1,90  1.25  0.267 

Total Abundance    1,90  0.60  0.442 

 

Shading Status  x Tadpole Size   1,90  4.07          < 0.001 

 Anisoptera     1,90  0.88  0.351 

Belostomatidae    1,90  0.00  1.000 

Chaoboridae     1,90  1.25  0.267 

Chironomidae     1,90  1.05  0.308 

Corixidae     1,90  0.63  0.431 

Culicidae     1,90  2.28  0.135 

Dytiscidae     1,90  1.28  0.260 

Gyrinidae     1,90  0.42  0.520 

Haliplidae     1,90  0.00  1.000 

Hydrophilidae adults    1,90  0.63  0.431 

Nematoda     1,90  31.73          < 0.001 

Notonectidae     1,90  1.25  0.267 

Oligochaeta     1,90  1.98  0.163 
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Table 1. (continued). 

 

Ind. & Dep. Variables    n,d  F  P 

 

Oligochaete Eggs    1,90  0.00  1.000 

Physidae     1,90  2.29  0.134 

Pleidae      1,90  1.80  0.183 

Simulidae     1,90  1.25  0.267 

Trichoptera     1,90  3.02  0.087 

Turbellaria     1,90  0.63  0.431 

Zygoptera     1,90  1.25  0.267 

Total Abundance    1,90  3.18  0.078 

 

Cage x Shade x Tadpole Size Treatment  1,90  0.92  0.566 

 Anisoptera     1,90  0.09  0.764 

Belostomatidae    1,90  0.00  1.000 

Chaoboridae     1,90  1.25  0.267 

Chironomidae     1,90  2.41  0.124 

Corixidae     1,90  0.63  0.431 

Culicidae     1,90  0.25  0.616 

Dytiscidae     1,90  0.38  0.537 

Gyrinidae     1,90  0.42  0.520 

Haliplidae     1,90  0.00  1.000 

Hydrophilidae adults    1,90  0.63  0.431 

Nematoda     1,90  1.06  0.307 

Notonectidae     1,90  1.25  0.267 

Oligochaeta     1,90  0.10  0.752 

Oligochaete Eggs    1,90  0.24  0.624 

Physidae     1,90  2.29  0.134 

Pleidae      1,90  1.80  0.183 

Simulidae     1,90  1.25  0.267 
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Table 1. (continued). 

 

Ind. & Dep. Variables    n,d  F  P 

 

Trichoptera     1,90  6.77  0.011 

Turbellaria     1,90  0.63  0.431 

Zygoptera     1,90  1.25  0.267 

Total Abundance    1,90  0.01  0.947 
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Table 2. MANOVA and subsequent one-way ANOVAs for effects of cage treatment, 
shading, and Lithobates sylvaticus tadpole body size on zooplankton abundance by taxa. 
MANOVA results are reported on the same line where the independent variable is shown, 
whereas one-way ANOVA results are reported on the same line as the corresponding 
dependent variables. Bolded items indicate significant treatment effects, and “n,d” 
represents the numerator and denominator degrees of freedom. 
 

Ind. & Dep. Variables    n,d  F  P 

 

Cage Treatment     2,27  5.05          < 0.001 

 Cladocera     2,27  4.52  0.013 

Copepoda Adults    2,27  2.44  0.093 

Copepoda Nauplii    2,27  13.13          < 0.001 

Ostracoda     2,27  6.80  0.002 

Total Abundance    2,27      14.91          < 0.001 

 

Shading Status      1,90  15.33          < 0.001 

 Cladocera     1,90  16.36          < 0.001 

Copepoda Adults    1,90  6.86  0.010 

Copepoda Nauplii    1,90  0.17  0.683 

Ostracoda     1,90  50.79          < 0.001 

Total Abundance    1,90  16.12          < 0.001 

 

Tadpole Size      1,90  4.10  0.004 

 Cladocera     1,90  13.26          < 0.001 

Copepoda Adults    1,90  4.31  0.041 

Copepoda Nauplii    1,90  1.13  0.290 

Ostracoda     1,90  4.59  0.035 

Total Abundance    1,90  7.13  0.009 

 

Cage Treatment x Shade Status   2,90  3.65  0.001 

 Cladocera     2,90  2.80  0.066 
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Table 2. (continued). 

 

Ind. & Dep. Variables    n,d  F  P 

 

Copepoda Adults    2,90  0.40  0.670 

Copepoda Nauplii    2,90  7.29  0.001 

Ostracoda     2,90  2.29  0.107 

Total Abundance    2,90  5.62  0.005 

 

Cage Treatment x Tadpole Size   1,90  1.85  0.126 

 Cladocera     1,90  1.00  0.321 

Copepoda Adults    1,90  0.83  0.365 

Copepoda Nauplii    1,90  0.31  0.577 

Ostracoda     1,90  2.63  0.108 

Total Abundance    1,90  0.39  0.534 

 

Shade Status x Tadpole Size    1,90  5.52             0.001 

 Cladocera     1,90  2.14  0.150 

Copepoda Adults    1,90  0.01  0.916 

Copepoda Nauplii    1,90  19.67          < 0.001 

Ostracoda     1,90  2.92  0.091 

Total Abundance    1,90  10.74  0.001 

 

Cage x Shade x Tadpole Size Treatment  1,90  1.25  0.297 

 Cladocera     1,90  0.28  0.600 

Copepoda Adults    1,90  1.31  0.256 

Copepoda Nauplii    1,90  1.82  0.181 

Ostracoda     1,90  0.91  0.343 

Total Abundance    1,90  0.02  0.877  
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Table 3. MANOVA and subsequent one-way ANOVAs for effects of cage treatment, 
habitat shading, and Lithobates sylvaticus tadpole body size on relative fluorescence 
(RFU), % dissolved oxygen, temperature (°C), and biofilm mass (mg). MANOVA results 
are reported on the same line where the independent variable is shown, whereas one-way 
ANOVA results are reported on the same line as the corresponding dependent variables. 
Bolded items indicate significant treatment effects, and “n,d” represents the numerator 
and denominator degrees of freedom. 
 

Ind. & Dep. Variables    n,d  F  P 

 

Cage Treatment     2,27  5.40          < 0.001 

 Relative Fluorescence    2,27  0.90  0.410 

Dissolved Oxygen    2,27  0.83  0.441 

Temperature     2,27  11.72          < 0.001 

Biofilm Mass     2,27  5.62  0.005 

 

Shading Status      1,90  125.43          < 0.001 

 Relative Fluorescence    1,90  15.60          < 0.001 

Dissolved Oxygen    1,90  205.75          < 0.001 

Temperature     1,90  321.05          < 0.001 

Biofilm Mass     1,90  0.13  0.719 

 

Tadpole Size      1,90  7.42          < 0.001 

 Relative Fluorescence    1,90  9.13  0.003 

Dissolved Oxygen    1,90  6.74  0.011 

Temperature     1,90  1.43  0.235 

Biofilm Mass     1,90  8.82  0.004 

 

Cage Treatment x Shade Status   2,90  5.68          < 0.001 

 Relative Fluorescence    2,90  1.34  0.267 

Dissolved Oxygen    2,90  9.84          < 0.001 

Temperature     2,90  11.80          < 0.001 
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Table 3. (continued). 

 

Ind. & Dep. Variables    n,d  F  P 

 

Biofilm Mass     2,90  0.92  0.403 

 

Cage Treatment x Tadpole Size   1,90  3.49  0.010 

 Relative Fluorescence    1,90  4.78  0.031 

Dissolved Oxygen    1,90  8.34  0.005 

Temperature     1,90  0.14  0.709 

Biofilm Mass     1,90  1.02  0.316 

 

Shade Status x Tadpole Size    1,90  1.68  0.163 

 Relative Fluorescence    1,90  1.45  0.232 

Dissolved Oxygen    1,90  0.71  0.401 

Temperature     1,90  4.20  0.043 

Biofilm Mass     1,90  0.72  0.398 

 

Cage x Shade x Tadpole Size Treatment  1,90  0.72  0.584 

 Relative Fluorescence    1,90  0.01  0.939 

Dissolved Oxygen    1,90  2.67  0.106 

Temperature     1,90  0.48  0.490 

Biofilm Mass     1,90  0.05  0.818 
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Table 4. MANOVA and subsequent one-way ANOVAs for effects of cage treatment, 
habitat shading, and Lithobates sylvaticus tadpole size class on % tadpole survival per 
mesocosm and growth (mm/day). MANOVA results are reported in the row where the 
independent variable is listed, whereas one-way ANOVA results are reported on the line 
that corresponds to each dependent variable. Bolded items indicate significant treatment 
effects, and “n,d” represents the numerator and denominator degrees of freedom. Degrees 
of freedom are lower than for previous analyses because these analyses were restricted to 
mesocosms containing tadpoles, whereas previous analyses included controls. 
 
Ind. & Dep. Variables    n,d  F  P 

 

Cage Treatment     1,18  1.83  0.150 

 % Survival     1,18  3.50  0.065 

Growth in Length    1,18  0.84  0.363 

Growth in Width    1,18  1.12  0.292 

 

Shading Status      1,72  27.84          < 0.001 

 % Survival     1,72  0.02  0.887 

Growth in Length    1,72  64.80          < 0.001 

Growth in Width    1,72  73.64          < 0.001 

 

Tadpole Size      1,72  28.99          < 0.001 

 % Survival     1,72  37.92          < 0.001 

Growth in Length    1,72  4.05  0.048 

Growth in Width    1,72  45.11          < 0.001 

 

Cage Treatment x Shade Status   1,72  8.23          < 0.001 

 % Survival     1,72  2.60  0.111 

Growth in Length    1,72  2.40  0.125 

Growth in Width    1,72  5.07  0.027 
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Table 4. (continued). 

 

Ind. & Dep. Variables    n,d  F  P 

 

 Cage Treatment x Tadpole Size   1,72  10.44          < 0.001 

 % Survival     1,72  0.32  0.574 

Growth in Length    1,72  28.01          < 0.001 

Growth in Width    1,72  6.85  0.011 

 

Shade Status x Tadpole Size    1,72  0.55  0.652 

 % Survival     1,72  1.59  0.211 

Growth in Length    1,72  < 0.01  0.963 

Growth in Width    1,72  < 0.01  0.986 

 

Cage x Shade x Tadpole Size Treatment  1,72  2.88  0.042 

 % Survival     1,72  3.12  0.081 

Growth in Length    1,72  0.15  0.701 

Growth in Width    1,72  2.13  0.149 
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Table 5. One-way ANOVAs for effects of cage treatment and habitat shading on final 
body lengths and head widths (mm) of Lithobates sylvaticus tadpoles, blocked by 
mesocosm. Bolded items indicate significant treatment effects, and “n,d” represents the 
numerator and denominator degrees of freedom. 
 

Ind. & Dep. Variables    n,d  F  P 

 

Cage Treatment      

Body Length     1,18  0.58  0.448 

Head Width     1,18  0.60  0.442 

 

Shading Status       

Body Length     1,72  26.96          < 0.001 

Head Width     1,72  55.98            < 0.001 

 

Cage x Shade       

Body Length     1,72  2.15             0.147 

Head Width     1,72  0.12  0.735 
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Appendix B: Figures 

 

Figure 1. Food web illustrating trophic relationships within and among tadpoles and 
invertebrates. Omnivorous tadpoles and carnivorous invertebrates exert competitive 
effects on each other, as well as consumptive and non-consumptive predatory effects on 
herbivorous tadpoles and invertebrates, whereas herbivorous tadpoles and invertebrates 
exert competitive effects on each other.  
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Figure 2. Hypothesized differences in macroinvertebrate and zooplankton abundance by 
treatment. Abundance was expected to be highest in control mesocosms lacking 
Lithobates sylvaticus tadpoles, intermediate in caged-tadpole mesocosms, and lowest in 
mesocosms with free-swimming tadpoles.  
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Figure 3. Mesocosm layout / organization by treatment group (shade and Lithobates 
sylvaticus tadpole size) and subgroup (control, consumptive + non-consumptive, and 
non-consumptive). Each circle represents one mesocosm, with ten mesocosms per 
subgroup.  
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Figure 4. Three cladocerans found in small intestine contents of a Lithobates sylvaticus 
tadpole from the Cumberland Ranger District of Daniel Boone National Forest, preserved 
in 10% buffered formalin and stained with Rose Bengal (35x dissection microscopy). 
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Figure 5. A chironomid found in the small intestine contents of a Lithobates sylvaticus 
tadpole from the Cumberland Ranger District of Daniel Boone National Forest preserved 
in 10% buffered formalin and stained with Rose Bengal (35x dissection microscopy). 
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Figure 6. Average number of invertebrates consumed by Lithobates sylvaticus tadpoles 
(left) and proportions of omnivorous tadpoles (right) across 11 ponds (increasing 
estimated pond surface area from left to right) in the Cumberland Ranger District of the 
Daniel Boone National Forest; estimates based on contents of the first 10 mm of the 
small intestines.  
 
  
 



   

 
 

74 

 
Figure 7. Total number of invertebrates per taxon consumed by Lithobates sylvaticus 
tadpoles across 11 ponds in the Cumberland Ranger District of the Daniel Boone 
National Forest (increasing estimated pond surface area from left to right). 
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Figure 8. Average abundance (±1 S.E.) of macroinvertebrates in mesocosms by 
Lithobates sylvaticus tadpole cage treatment.   
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Figure 9. Average abundance (±1 S.E.) of macroinvertebrates in mesocosms by 
Lithobates sylvaticus tadpole body size and habitat shading treatments.   
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Figure 10. Distance-based redundancy capscale ordination of macroinvertebrate 
abundance by taxon based on Lithobates sylvaticus tadpole presence, tadpole size, and 
degree of habitat shading. Each labelled red plus represents the relative abundance of 
each macroinvertebrate group in relation to the independent variables shown in blue. The 
distance measure used for the ordination was Bray-Curtis. 
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Figure 11. Average zooplankton (±1 S.E.) abundance in mesocosms by Lithobates 
sylvaticus tadpole cage treatment.    
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Figure 12. Average abundances (±1 S.E.) of two common zooplankton (A. Cladocera, B. 
Copepoda) and macroinvertebrate (C. Chironomidae, D. Oligochaeta) taxa in mesocosms 
by Lithobates sylvaticus tadpole cage treatment. 
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Figure 13. Average abundance (±1 S.E.) of zooplankton in mesocosms by Lithobates 
sylvaticus tadpole body size and habitat shading treatments.   
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Figure 14. Distance-based redundancy capscale ordination of zooplankton abundance by 
taxon based on Lithobates sylvaticus tadpole presence, tadpole size, and degree of habitat 
shading. Each labelled red plus sign represents the relative abundance of each 
zooplankton group in relation to the independent variables shown in blue. The distance 
measure used for the ordination was Bray-Curtis. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 



   

 
 

82 

 
Figure 15. Average % survival (±1 S.E.) of Lithobates sylvaticus tadpoles in mesocosms 
by tadpole body size and habitat shading treatments.   
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Figure 16. Average growth in head width (mm/day; ±1 S.E.) of Lithobates sylvaticus 
tadpoles in mesocosms by tadpole body size and habitat shading treatments.   
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Figure 17. Average body length (mm; ±1 S.E.) of Lithobates sylvaticus tadpoles in 
mesocosms by tadpole cage and habitat shading treatments.   
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