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ABSTRACT 

Body size is a critical aspect of an organism’s biological identity mediated by 

various biotic and abiotic factors. Body size historically been approached through “single 

optima” approaches, but body size variation modifies both inter- and intraspecific 

interactions and impacts competition-driven fitness outcomes within populations. 

Understanding optimal levels of body size variation will help illuminate how variation 

influences competitive outcomes and reproductive fitness. Populations may be structured 

through resource partitioning or competitive hierarchies, yet these structures predict 

contradictory size variation optima. This study sought to determine optimal levels of 

intraspecific body size variation in populations of larval salamanders to evaluate these 

mechanisms. Larval Ambystoma maculatum were raised in mesocosm populations along 

a continuum of body size variation at both high and low densities. Rates of larval growth, 

survival, size at metamorphosis, and length of the larval period were used to characterize 

optimum levels of body size variation. High density populations exhibited 38% lower 

survival than low density mesocosms, and metamorphs from high density populations 

were 11% smaller. Population size structures experienced shifts throughout the larval 

period, generally becoming less variable, though populations with higher initial levels of 

size variation exhibited shorter larval periods. Increased fitness through shorter larval 

periods in highly variable populations demonstrates fitness optima occur at high levels of 

intraspecific variation in body size, which is indicative of resource partitioning. However, 

the fitness benefits of this partitioning appear to be concentrated among larger 

individuals.   
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I. Introduction 
Body size mediates most of an animal’s ecological interactions; thus, this trait is 

paramount when evaluating such emergent properties as metabolic rates (Peters 1989), 

population density and distribution (Damuth 1981), ecosystem function (Woodward et 

al. 2005), and evolutionary dynamics (LaBarbera 1989, Luhring and DeLong 2020). 

Body size is in turn mediated by resource availability (Pyke 1978, Kindlmann and 

Dixon 1992), conspecific density/competition (Marquet et al. 1990), and predation 

(Burley et al. 2006, Barriga et al. 2012), among other factors. Theoretical modeling 

within these contexts has produced general predictions of optimal body size for 

organisms ranging from zooplankton to large mammals (Ziółko and Kozłowski 1983, 

Brown et al. 1993), as well as taxon-specific predictions including, but not limited to, 

mammals (Ziółko and Kozłowski 1983, Demment and Van Soest 1985), birds 

(Blackburn and Gaston 1994), reptiles  (Naganuma and Roughgarden 1990, Boback and 

Guyer 2003), amphibians (Werner 1986, Hom 1988), fish (Chaparro‐Pedraza and Roos 

2020), and insects (Pyke 1978, Kindlmann and Dixon 1992). Theoretical models of 

body size evolution indicate that optimal body sizes maximize rates of development 

(Werner 1986, Chaparro‐Pedraza and Roos 2020), foraging (Pyke 1978, Demment and 

Van Soest 1985), predator avoidance (Ludwig and Rowe 1990), and ultimately, 

reproductive success (Hom 1988, Brown et al. 1993), adding to our understanding of 

the adaptive significance of ontogenetic and evolutionary shifts in body size. However, 

despite demonstrating the ecological and evolutionary implications of body size, trait-

based theoretical approaches primarily tend to predict single body size optima within 

species (Werner 1986, Brown et al. 1993) while discounting the substantial implications 
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of intraspecific body size variation for population, community, and ecosystem processes 

(Bolnick et al. 2011, Violle et al. 2012, Des Roches et al. 2018).  

Recent studies on the evolutionary and ecological importance of intraspecific 

trait variation have documented its effects on individual specialization (Woodward et al. 

2005), intensity of interspecific interactions (Miller and Rudolf 2011, Violle et al. 2012, 

Carlson and Langkilde 2017) and resulting community structure (Post et al. 2008), 

ecosystem trait diversity (Cianciaruso et al. 2009, Albert et al. 2012), ecosystem 

function (Raffard et al. 2018, Des Roches et al. 2018), and speciation rates (Bolnick et 

al. 2011). Intraspecific variation in body size is positively correlated with niche breadth, 

leading to competitive release among size classes in size-structured populations 

(Roughgarden 1972, Bolnick et al. 2007). Intraspecific competitive release through 

niche partitioning is widespread among animals, having been observed in insects (Polis 

1984), amphibians (Székely et al. 2020), reptiles (Schoener and Gorman 1968, Bolnick 

et al. 2007), fish (Bolnick et al. 2007), birds (Traba et al. 2015), and mammals (Jones et 

al. 2020). Although niche partitioning due to intraspecific body size variation can 

reduce competition, increased size variation can also increase rates of cannibalism 

(Cushing 1992, Maret and Collins 1994, Woodward and Hildrew 2002) and non-lethal 

injury (Wissinger et al. 2010, Mott and Steffen 2014), while altering refuge use and 

decreasing activity in smaller conspecifics (Buskirk 1992, Rudolf 2006). Ecological 

effects of intraspecific trait variation in populations can then be compounded in 

communities composed of multiple species of variable size to produce novel patterns of 

niche overlap and functional diversity (Violle et al. 2012).  
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Conspecifics have historically been modeled as exhibiting identical ecological 

functions within communities, but incorporating intraspecific trait variation increases 

the complexity of community interactions, stabilizing communities and leading to novel 

ecosystem-level effects (Cianciaruso et al. 2009, Violle et al. 2012, Des Roches et al. 

2018). In populations or communities exhibiting increased trait variation, interactions 

may occur between discrete phenotypic classes within species rather than solely 

between and/or among species, leading to increased quantities of relatively lower 

intensity ecological interactions. In size-structured predator populations, cannibalism 

and variation in individual trophic position among size classes interact to decrease 

consumptive pressure on basal resources as foraging interactions increase in breadth 

and decrease in intensity through size variation (Woodward and Hildrew 2002, 

Woodward et al. 2005, Miller and Rudolf 2011). In prey populations, relative predation 

risk is mediated by predator:prey body size ratios, and therefore body size variation 

decreases proportions of individuals available as prey to gape-limited predators (Miller 

and Rudolf 2011, Carlson and Langkilde 2017). As intraspecific interactions become 

more numerous, yet less intense, communities are stabilized due to general weakening 

of individual trophic interactions, with resulting effects on ecosystem processes 

including rates of respiration, primary production, and decomposition (Hughes et al. 

2008, Rudolf and Rasmussen 2013a, 2013b). Recent studies of intraspecific body size 

variation have dramatically increased our understanding of its wide-ranging population, 

community, and ecosystem effects; however, optimality approaches to characterize the 

fitness consequences of the emergent trait of intraspecific body size variation (as 
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opposed to single mean body size optima) are necessary to represent the ecological 

complexity of size-structured populations.  

Experimental investigations of intraspecific size variation that identify peaks of 

maximized fitness (size variation optima – SVO) will offer insight into competitive 

interactions in populations, which are hypothesized to exhibit one of two opposing 

structures (fig. 1). The competitive hierarchy hypothesis (CHH) predicts resource 

requirements change little with increasing individual size, but with larger individuals 

consistently functioning as superior competitors (Wilson 1975, Persson 1985, Smith 

1990). This hypothesis therefore predicts one body size optima (i.e., “largest”) which 

offers competitive advantages, with sub-optimal body sizes occupying lower positions 

on competitive gradients. If the SVO is “low variation” because large individuals 

consistently outcompete smaller ones and monopolize fitness, then intraspecific 

competitive relationships are hierarchically structured. Alternatively, the resource 

partitioning hypothesis (RPH) predicts resource use changes dramatically with body 

size, allowing competitive release between size classes due to niche partitioning 

(Roughgarden 1972, Werner and Gilliam 1984, Polis 1984). Under these conditions, the 

SVO is “high variation” because smaller individuals avoid larger conspecifics and 

utilize different resources, which is indicative of populations structured through 

resource partitioning. The specific mechanism of competitive organization for 

populations will be illuminated by population SVO, and evaluating competing 

hypothesized mechanisms adds additional incentive to explore the field of optimal size 

variation as an emergent property of biological populations.  
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Larval amphibians present a tractable system with which to examine 

intraspecific size variation optima, as larval size variation affects competition and 

cannibalism (Urban 2007, Wissinger et al. 2010), which mediate fitness via effects on 

time to and size at metamorphosis (Wilbur 1972, Wildy et al. 1998) that produce 

carryover effects on survival and reproduction in metamorphs, juveniles, and adults 

(Semlitsch et al. 1988, Earl and Whiteman 2015). Previous studies have identified 

single amphibian body size optima for larval and adult life stages (Werner 1986, Olalla-

Tárraga and Rodríguez 2007, Cvetković et al. 2009) and documented effects of 

intraspecific size variation on ecological interactions and associated larval development 

(Smith 1990, Maret and Collins 1994, Brunkow and Collins 1996). However, no studies 

to our knowledge have investigated optimality in intraspecific body size variation and 

its relationships to resource use. 

The spotted salamander (Ambystoma maculatum) is an ideal species for 

examining intraspecific size variation optimality and its association with competitive 

structure, as populations of larval A. maculatum exhibit considerable size variation and 

are under intense competitive pressure from conspecifics (Voss 1993, Petranka 1998). 

Ambystoma maculatum breed mostly in ephemeral, fish-free ponds in mature deciduous 

forests (Petranka 1998). Breeding occurs from late January to mid-February, often 

during several mass breeding events (Welter and Carr 1939, Green 1956, Keen 1975), 

after which females deposit two to four egg masses of up to 250 eggs each (Bishop 

1941, Shoop 1974). This pattern of explosive breeding leads to larval populations with 

densities as high as 258 larvae/m2, though densities vary in response to predation and 

habitat quality (Cortwright 1988, Wilbur 1997, Anderson et al. 2017). Initial variation 
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in hatchling larval size arises due to intraspecific variation in egg size, phenology of 

oviposition, location of egg masses within ponds, and developmental temperatures 

(Dushane and Huthcinson 1944, Worthington 1968, Voss 1993, Petranka 1998). Larvae 

are gape limited predators and prey diversity is positively correlated with larval growth. 

All larvae consume zooplankton, while relatively larger individuals incorporate wider 

varieties of macroinvertebrates, and even other larval amphibians, allowing for niche 

partitioning through increasing size variation (Branch and Altig 1981, Freda 1983, 

Nyman 1991, Petranka 1998). Though cannibalism is rare among larval Ambystoma 

maculatum, interference competition is common; larger individuals regularly lunge at 

and bite conspecifics, providing the former with potential competitive advantages 

(Walls and Semlitsch 1991, Mott and Sparling 2016). Intense competition can reduce 

larval survival rates to less than 10% (Petranka 1998), with larval size and growth rates 

negatively correlated with density (Smith 1990, Brunkow and Collins 1996, Wilbur 

1997, Anderson et al. 2017). Under this scenario, reduction in competition may occur 

through intraspecific variation in larval size and related prey selection.  

Based on the presence of both competitive gradients and niche partitioning 

associated with intraspecific body size variation in Ambystoma maculatum larval 

populations, competitive structures could follow either the CHH or the RPH, and 

determining SVO would clarify which hypothesis best explains larval competition. To 

identify SVO, I created populations of larval spotted salamanders (Ambystoma 

maculatum) along a gradient of intraspecific size variation using experimental 

mesocosms and monitored survival to, time to, and size at metamorphosis as indicators 

of fitness. Since competitive intensity affects size variation in aquatic larval amphibian 
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populations (Peacor and Pfister 2006, Huss et al. 2007), I will examine the effects of 

size variation on these response variables at relatively high and low larval densities. 

These data will be used to identify SVO (the level of variation which optimizes 

population fitness) and characterize the shape and direction of the size variation vs 

fitness relationship for larval Ambystoma maculatum. The SVO and direction of the size 

variation vs fitness relationship will serve to illuminate which competitive structure 

(CHH or RPH) serves to structure populations of larval Ambystoma maculatum.  
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II. Materials and Methods 
Mesocosm Design 

 This study used experimental mesocosms to assess fitness optimality across a 

gradient of intraspecific body size variation and at two levels of larval density in A. 

maculatum. Mesocosms were constructed at Eastern Kentucky University’s (EKU) 

research station at Taylor Fork Ecological Area (TFEA). The mesocosm array consisted 

of 86 20-gallon stock tanks (MacCourt Plantainer, Denver Colorado) covered with 1-

mm window screen to prevent colonization by non-target organisms. Mesocosms were 

filled with rainwater and contained oak (Quercus spp.) and American sycamore 

(Platanus occidentalis) leaf litter at various stages of decomposition from several 

previous field seasons. In preparation for the study, an additional 0.2 kg Quercus spp. 

and Platanus occidentalis litter were added to all mesocosms, and water was 

homogenized across mesocosms prior to leaf addition. Zooplankton and 

macroinvertebrates characteristic of natural ponds containing Ambystoma maculatum 

already inhabited mesocosms, so mesocosms provided microhabitat and food resources 

typical of breeding ponds used by Ambystoma maculatum (Wilbur 1997, Anderson and 

Whiteman 2015).  

Gradients in intraspecific size variation were created across mesocosms by using 

combinations of lab-reared larvae and larvae collected from natural ponds. Eggs for lab-

rearing were collected in mid-March from ponds in the Miller-Welch Central Wildlife 

Management Area (CWMA) near Richmond, Kentucky and hatched in two 

environmental chambers maintained at 12°C or 7°C on a 12L:12D photoperiod (Ling et 

al. 1986) in the EKU Vivarium facilities. Temperature differences between 

environmental chambers and variation in time of hatching among egg masses created 
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variation in larval size, as larval growth rates are correlated with temperature (Voss 

1993). In late April, unhatched egg masses were moved from environmental chambers 

to 10- or 20-gallon mesocosms at TFEA to hatch. Mesocosm size differences led to 

variation in water temperature and resource availability, which produced additional 

larval size variation. To supplement lab-reared populations with additional individuals, 

larval Ambystoma maculatum were collected from CWMA in late March and from the 

Daniel Boone National Forest near Morehead, Kentucky in late April. At these times, 

larval Ambystoma maculatum have hatched but not attained advanced development 

towards metamorphosis (Petranka 1998).  

After hatching of eggs and collection of larvae from field sites, mesocosms were 

populated between May 16 - 25 with larval salamanders at one of two larval densities 

for four gradient levels of intraspecific body size variation. Before introduction into 

mesocosms, larvae were measured and assigned to small, medium, and large relative 

size classes. Mesocosms populations were then systematically established from these 

size classes to yield coefficient of body size coefficient of variation (BCV) values in 

low (0.09 – 0.18), medium low (0.18-0.28), medium high (0.25-0.33), and high (0.33-

0.53) ranges. This systematic assignment of individuals created mesocosm populations 

with varying levels of body size variation while maintaining equivalent mean body size 

across mesocosms. Prior to introduction, all mesocosm populations were photographed 

in a white collecting tray with a 15-cm ruler for scale. These photographs were analyzed 

in ImageJ to measure the precise total length of all larvae. BCV and mean total length 

were then calculated for each mesocosm population.  
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The mesocosm array consisted of ten blocks of eight mesocosms, with each 

block containing low, medium low, medium high, and high BCV mesocosms at two 

levels of density (fig 2). Mesocosms in “low”  and “high” density treatment levels 

received 8 and 16 larvae (105 and 210 larvae/m3, respectively); these densities are 

within the range of natural densities for ambystomatid larvae observed in field studies 

(Cortwright 1988, Mott and Sparling 2016). One additional block was created to make 

the total distribution of BCV  levels more uniform. This block did not conform to the 

other block layouts and contained only three high density and three low density 

mesocosms.  

Sampling 
 Mesocosms were sampled twice (between June 13 - 23 and between July 5 - 13) 

to measure larval density and growth rates while also tracking progress towards 

metamorphosis. At each sampling event, all mesocosms were dip netted five times. The 

first sweep covered the center of the water column without disturbing the substrate, with 

four subsequent sweeps passing around the mesocosm edge while agitating the 

substrate. Larvae were placed in a white collecting tray with a ruler and photographed 

for analysis in ImageJ to measure density and total length of larvae. Image analyses 

were used to quantify growth rates along the continuum of BCV and between densities, 

as well as to identify potential departures from the experimentally established initial 

BCV levels during larval ontogeny. During sampling, individuals were monitored for 

signs of metamorphosis (reabsorption of gills and/or tailfin). Once larvae approached 

metamorphosis in late May, sections of polyethylene foam were added to mesocosms as 

floating platforms onto which metamorphs could emerge. Mesocosms were thereafter 

sampled daily for emerging metamorphs. Any metamorphs observed either on the 
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platform or floating at the water surface were removed from tanks, anesthetized, and 

euthanized using benzocaine, and preserved in 10% buffered formalin. Preserved larvae 

were photographed for subsequent measurement. Dates of metamorphosis were 

recorded to determine the total length of the larval period. Beginning on July 22, when 

emergence had slowed, mesocosms were sampled for emerging metamorphs every 

other day. Sampling for metamorphs continued daily until no new metamorphs were 

observed for five consecutive days.  

Fitness Metrics 
 Larval counts from larval sampling periods and length measurements of both 

larvae and metamorphs were used to calculate five fitness metrics for each mesocosm 

population: adjusted change in larval density, larval growth, average time to 

metamorphosis, average size at metamorphosis, and percent survival to metamorphosis. 

Adjusted density was calculated as the change in larval density between the first and 

second sampling periods divided by the initial mesocosm population size (8 or 16 

individuals). Growth rate was calculated by dividing average length (determined 

through ImageJ measurements) of larvae at the first larval sampling period minus the 

average length of larvae at mesocosm population establishment by the number of days 

between establishment and larval sampling (29 days). Time to metamorphosis was 

calculated as the average number of days between mesocosm population establishment 

and emergence dates for individual metamorphs. Size at metamorphosis was calculated 

by averaging metamorph lengths from ImageJ analysis. Percent survival to 

metamorphosis was calculated by dividing the number of metamorphs by the total 

number of larvae in the initial mesocosm population (8 or 16).  
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Data Analysis 
 Changes in intraspecific body size variation and the effects of intraspecific body 

size variation and larval density in A. maculatum on indicators of population fitness 

were assessed using analysis of variance (ANOVA) and multivariate analysis of 

covariance (MANCOVA) in R (Version 3.6.3). One-way ANOVA was used to indicate 

potentially significant changes in BCV between mesocosm establishment and at the first 

sampling period. A subsequent factorial ANOVA was used to characterize the effects of 

initial BCV, density, and/or their interaction, on final change in BCV. MANCOVA was 

used to characterize the effects of intraspecific body size variation, larval density, or 

their interaction, on our combined fitness parameters (adjusted change in density, 

growth rate, average size at metamorphosis, average time to metamorphosis, and 

percent survival to metamorphosis). In MANCOVA analysis, density level was the 

categorical variable, and BCV was the continuous covariate. Size variation is a 

continuous variable because, though mesocosms were populated with four variation 

“levels”, there was considerable variability BCV present at each level, creating a 

continuum of body size variation among all mesocosms.  

There was a need to remove mesocosms from analyses that either produced no 

metamorphs or had no larvae present at the first sampling period. These null value 

mesocosms unnaturally skewed data by yielding negative size change values and null 

time to metamorphosis and size at metamorphosis values. Because of this, separate 

MANCOVAs were run for response variables from the two life stages: larval (change in 

density, growth rate) and metamorph (percent survival, average size at metamorphosis, 

average time to metamorphosis). This division maximized the sample size of the 
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MANCOVA for larval metrics, as there were many mesocosms which produced no 

metamorphs but did have larvae present at the first sampling period.  
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III. Results 
Of the 1,032 larval A. maculatum added to experimental mesocosms, 116 

survived to metamorphosis, resulting in a larval survival rate of 11.2%. However, 

subsequent MANCOVA reflects survivorship percentages excluding mesocosms that 

produced no metamorphs so as not to confound other fitness metrics by producing 

inaccurate zero values for size at metamorphosis and time to metamorphosis. In 

mesocosms with larvae present at the first larval sampling period, population BCV 

decreased by 36% from establishment (x̄ = 0.266) to the first larval sampling period (x̄ 

= 0.17), a period of 28 days (ANOVA F1,148 = 36.47, P < 0.001 (Figure 3). The 

coefficient of variation in population BCV (i.e., the variation of BCV values among 

mesocosms) among all experimental mesocosms also decreased by 37% from 

establishment (0.27) to first larval sampling (0.17), with BCV values becoming more 

homogenous among mesocosms between the establishment and the first larval sampling 

period (Figure 4). The change in population BCV was not consistent across all 

mesocosms, as those with higher initial BCV values experienced larger rates of BCV 

decrease (ANOVA F1,76 = 61.34, P < 0.001) (Figure 5). Additionally, BCV change was 

negatively correlated with survival at both high (r = -0.25) and low (r = -0.09) densities 

(Figure 6). 

 MANCOVA of the effects of density and initial BCV of mesocosm populations 

on the larval fitness metrics of size change and percent density reduction showed a 

significant multivariate effect of density, but not initial BCV or the interaction between 

density and BCV (F2,76 = 3.17, P = 0.047) (Table 1). Subsequent univariate analyses 

revealed the multivariate effect was driven by density effects on growth over the first 28 

days of the larval period. Average growth rates were significantly lower (x̄ = 0.653 
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mm/day) in high density mesocosms than in low density mesocosms (x̄ = 0.772 

mm/day) (Figure 7).  

MANCOVA of the effects of density and initial BCV of mesocosm populations 

on the metamorph fitness metrics of percent survival, size at metamorphosis, and length 

of the larval period revealed that both density and initial BCV had significant 

multivariate effects on these metrics (Density: F3,54 = 5.07, P = 0.004; BCV: F3,54 = 5.11, 

P = 0.003) (Table 2). Subsequent univariate analyses indicated significant effects of 

density on both percent survival and size at metamorphosis, with high density 

mesocosms having lower average survivorship (x̄ = 15.4%) than low density 

mesocosms (x̄ = 24.6%), and smaller metamorphs (x̄ = 4.75 cm) than low density 

mesocosms (x̄ = 5.34 cm) (Figures 8 - 9). The significant multivariate effect of initial 

BCV is explained by a significant univariate effect of initial BCV on time to 

metamorphosis. Initial BCV (a continuous variable) was negatively associated with 

length of the larval period, resulting in right (i.e., early) skewed emergence density 

distributions for higher BCV mesocosms, while mesocosms from lower BCV groups 

were more normally distributed in their emergence density distributions (Figures 10 - 

12).  
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IV. Discussion 
Results Summary 

Initial body size coefficient of variation (BCV) for larval Ambystoma maculatum 

populations had no significant effect on changes to larval density, larval size change, 

size at metamorphosis, or percent survival to metamorphosis. However, there was a 

significant effect of initial BCV on time to metamorphosis, with more variable 

populations requiring less time to reach metamorphosis. Conversely, initial larval 

density significantly affected larval size change, size at metamorphosis, and percent 

survival to metamorphosis but did not impact change in larval density or time to 

metamorphosis. Larvae in high density populations experienced smaller size increases, 

were smaller at metamorphosis, and exhibited reduced survival to metamorphosis. BCV 

did not remain constant throughout the larval period, as populations generally 

experienced size variation channelization wherein body size variation was reduced more 

dramatically for populations with higher initial BCV. 

Larval BCV   

Identifying size variation optima (SVO) is necessary to determine which 

hypothesis (resource portioning or competitive hierarchy) best characterizes competitive 

outcomes in larval Ambystoma maculatum populations. However, most fitness metrics, 

such as survival to metamorphosis, growth rate, and size at metamorphosis were not 

affected by initial larval coefficients of variation of body size (BCV). The absence of 

discrete BCV values that maximize fitness makes it challenging to identify SVO and 

evaluate the efficacy of either the RPH or CHH, but temporal patterns in BCV indicate 

size variation channelization (a reduction in variation in population size structure) may 

explain the limited effects of initial BCV on fitness metrics. If initial differences in 
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larval size variation created during establishment of experimental mesocosms decreased 

quickly during the beginning of the larval period, impacts of increased size variation on 

fitness outcomes hypothesized by either the RPH or CPH would be prevented from 

occurring. By homogenizing BCV across mesocosms, such variation channelization 

may have unified niche breadth across all larval populations, resulting in equivalent 

competitive and aggressive hierarchies. Recent studies of larval salamanders in natural 

ponds and experimental mesocosms show ontogenetic decreases in BCV (Mott 

unpublished data, Smith 2019, Anderson 2023). Beyond general ontogenetic decreases 

in BCV, the extents of ontogenetic decreases in BCV positively scaled with initial 

BCV, supporting predictions that extreme initial BCVs may be quickly channelized, 

and reduce their relevance for agonistic interactions and subsequent fitness outcomes.   

Channelization of BCV in experimental mesocosms, if present, may have been 

driven by mortality-dependent and/or mortality-independent ecological processes. If 

driven by mortality-dependent processes, channelization would be mediated by 

mortality of small individuals due to predation or competition from larger individuals in 

high variation mesocosms (Wildy et al. 1998, Anderson and Whiteman 2015), leading 

to increases in average larval size but corresponding reductions in BCV. If driven by 

non-mortality processes, channelization would be mediated by relatively earlier 

metamorphosis of larger individuals (Wilbur and Collins 1973), leading to similar 

decreases in BCV but relative decreases in average larval size if sampling occurred after 

metamorphosis of larger individuals. Analysis of emergence density distributions across 

size structure classes offers some insight into how these mechanisms functioned in 

mesocosm populations. Mesocosm populations with the most variable size structures 
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(BCV 0.33-0.53) exhibit right-skewed (i.e., positively skewed) emergence density 

distributions, indicating most metamorphs emerged early in the study period and were 

presumably from the “large” initial size class. That this distribution is right-skewed, and 

not bimodal, indicates individuals from the “small” initial size class were unlikely to 

emerge, and therefore channelization of BCV during ontogeny represents a mortality-

driven process associated with the loss of small individuals. Larval amphibians are 

highly aggressive interference competitors and may lunge at, bite, or otherwise harm 

and disturb conspecifics (Petranka 1998, Mott and Sparling 2009, Petrović et al. 2020, 

Fouilloux et al. 2022). These interactions collectively drive increased mortality among 

smaller individuals while simultaneously allowing larger individuals to grow more 

rapidly, survive at a higher rate, and achieve metamorphosis earlier as superior 

competitors (Wilbur and Collins 1973, Doyle et al. 2010). Based on my collective 

evidence, both mechanisms of variation channelization seem to be occurring 

simultaneously in experimental mesocosms, with smaller individuals suffering 

relatively increased mortality and larger individuals exhibiting relatively increased 

survival rates and shorter larval periods.  

Previous studies of larval ambystomatid populations initially appear at odds with 

the phenomena of variation channelization, indicating that large ambystomatid larvae 

tend to suppress growth rates of smaller individuals through interference competition, 

leading to increasingly right-skewed size distributions with increasingly larger 

coefficients of variation for body size during ontogeny (Wilbur and Collins 1973, 

Wilbur 1997, Ziemba and Collins 1999). However, such studies typically characterized 

size distributions soon after hatching, when populations exhibited limited size structure, 
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and used repeated measurements of size structure that occurred relatively early in the 

larval period. (Wilbur and Collins 1973, Wilbur 1997, Ziemba and Collins 1999). These 

studies may therefore have missed changes in size structure occurring later in ontogeny. 

Informed by previous studies, interpretation of data from my mesocosm populations 

suggests larval salamander populations experience initial periods of competition-

induced increases in BCV followed by periods of variation channelization via 

metamorphosis of large individuals or mortality of small individuals (Wilbur 1997, 

Anderson et al. 2023). Similar ontogenetic channelization of BCV was also recently 

observed in mesocosm populations of Ambystoma opacum (Anderson et al. 2023). To 

truly characterize patterns of intraspecific body size variation and the potential fitness 

implications of these shifts, it would be necessary to measure natural body size variation 

at hatching and then track ontogenetic changes in body size variation and fitness metrics 

for populations of ambystomatid salamander larvae. However, this approach could not 

be used for my study, as manipulation of population size structure required establishing 

populations several weeks after some larvae have hatched. Examining ontogenetic size 

structure shifts and their effects in situ may reveal that larval amphibian populations 

undergo variation channelization more rapidly than initial variation can affect fitness.  

Although most fitness metrics for larval Ambystoma maculatum were not 

impacted by larval size variation because of variation channelization, differences in the 

length of the larval period across variable size structures may illuminate competitive 

and fitness consequences of high degrees of intraspecific variation. Timing of 

metamorph emergence is an important fitness metric. Delays in metamorphosis can 

expose larvae to stressors unique to aquatic environments, including elevated 
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competition, predation, and the threat of desiccation following pond drying (Werner 

1986, Petranka 1998). Date of metamorphosis has also been linked to fitness parameters 

for terrestrial juveniles and adults, including size and age at first reproduction 

(Semlitsch et al. 1988). Earlier reproduction at larger sizes serves to maximize the 

number of reproductive events and clutch size, thus increasing fitness (Voss 1993). 

Despite mesocosm populations with higher initial BCV exhibiting shorter larval 

periods, I observed equivalent larval growth rates and sizes at metamorphosis among all 

mesocosms regardless of  initial size structure, which aligns with previous observations 

that larval growth rates appear unaffected by differences in population size structure 

(Smith 1990, Brunkow and Collins 1996).   

While growth rates were unaffected by population size structure, ontogenetic 

characteristics of larval amphibians highlight the distinction between “growth” and 

“development”, as previous studies have demonstrated decoupled rates of growth and 

development in response to various stressors. Developmental suppression is distinct 

from reduced growth rates in that the former manifests as slowed progression through 

the stages of larval development, rather than reduced size increases or increased 

mortality rates. Development towards sexual maturity (e.g., Gosner and Harrison stages; 

Harrison 1924, Gosner 1960) progresses separately from growth for many amphibian 

taxa (Ryan and Semlitsch 1998, Gomez-Mestre et al. 2010, Bonett et al. 2022). This 

“decoupling” of growth and development occurs in tadpoles in response to stressors 

including accelerated pond drying, which increases the threat of desiccation, as well as 

increasing density and thus competitive pressure (Gomez-Mestre et al. 2013). 

Additionally, paedomorphic salamanders provide an extreme example of decoupling of 
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sexual and somatic development in salamanders (Ryan and Semlitsch 1998, Bonett et 

al. 2022). Given this precedent, and observations that mesocosm populations with low 

variability exhibited reduced developmental rates without showing reduced growth 

rates, it can be inferred that developmental suppression may be responsible for longer 

larval periods in mesocosm populations with less variable size structures. If larvae in 

low variation populations responded to increased competition from equivalently sized 

conspecifics by allocating resources to growth rather than development, developmental 

suppression would be undetected based on the fitness parameters I monitored (i.e., 

larval growth, time to and size at metamorphosis). Studies of intraspecific interactions 

in low-variation populations indicate changes in size structure may lead to physiological 

and behavioral changes in response to elevated competition from equivalently-sized 

conspecifics that drive suppression of developmental rates independent of growth rates 

in ambystomatid larvae (Maret and Collins 1994, Brunkow and Collins 1998).  

Variation channelization or developmental suppression may each function 

individually to shape population fitness metrics, but larval amphibian populations and 

communities are frequently shaped by multiple interactive factors (Kerby et al. 2011, 

Relyea 2012, Ortiz-Santaliestra et al. 2012, Johnson et al. 2013, Hanlon and Parris 

2014). The predominant mechanisms mediating fitness may change during ontogeny in 

larval amphibian populations. If early ontogeny is characterized by periods of 

increasing size structure due to increased growth by a subset of individuals (Wilbur 

1972), such increased variation may reduce developmental suppression compared to 

low-variation populations through decreased competition and increased niche breadth 

(Whiteman et al. 2012, Shanbhag et al. 2016). Following initial increases in variation, 



22 

variation channelization late in ontogeny may occur as the largest larvae undergo 

metamorphosis. In contrast, populations not characterized by initial increases in 

variation will continue to experience developmental suppression due to limited size 

structure, resulting in later dates of metamorphosis. Data from my mesocosm 

populations present evidence for the simultaneous action of variation channelization and 

developmental suppression in size-structured larval salamander populations. Knowledge 

of the mechanisms creating and maintaining size structure expands our understanding of 

the ecology of larval amphibian populations and presents opportunities for further 

study. Studies that are more robust in their temporal scale, incorporate studies of 

behavioral interactions between size classes, and focus on tracking success of individual 

larvae related to their position in the population size structure (sensu Maret and Collins 

1994), would all expand our understanding of size-structured populations and the 

relative importance of variation channelization and developmental suppression within 

these populations.  

Density-Dependence 
Effects of size variation on aquatic populations are often modified by density-

dependence (Schindler et al. 1997, Benard and Maher 2011, Bolnick et al. 2011), and 

associated with shifts in morphology, physiology, and behavior with far reaching 

implications for many fitness metrics, including survival, growth, and timing of 

metamorphosis (Petranka 1989, Wildy et al. 2001, Doyle and Whiteman 2008). 

Morphological and behavioral responses to density include shifts in foraging behavior, 

habitat use, and pronounced life history changes such as paedomorphosis and trophic 

polyphensism (Jaskula and Brodman 2000, Ortiz-Santaliestra et al. 2012, Anderson and 
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Whiteman 2015, McLean et al. 2016). Decreased survival at high larval densities has 

been widely observed in larval amphibian populations in a wide variety of experiments 

(Wilbur 1972, 1997, Petranka 1989, Boone and Semlitsch 2001), including my 

experimental mesocosm populations. Increased mortality at higher densities is often 

accompanied by decreased growth rates that prolong the time to metamorphosis and 

produce smaller metamorphs (Semlitsch 1987, Petranka 1989, Wildy et al. 2001). In my 

mesocosm populations, growth rates were reduced, and metamorphs were smaller, in 

high-density populations. Reduced size at metamorphosis from high-density 

populations has important fitness implications, as larger juvenile pond-breeding 

salamanders are more resistant to desiccation, survive to reproduction at higher rates, 

reproduce earlier, and are larger during initial reproductive events (Smith 1987, 

Semlitsch et al. 1988, Messerman and Leal 2021). A major factor that may contribute to 

reduced average growth rates in high-density populations is repressed growth of smaller 

individuals by larger individuals, which primarily results from intraspecific aggression 

and interference competition (Wilbur 1976, 1980). Decreased growth under high intra- 

and interspecific densities serves to extend larval periods by extending times required to 

reach size thresholds for metamorphosis (Scott 1990), and can increase larval mortality 

by exacerbating predation risk or leaving larvae vulnerable to pond drying (Stenhouse et 

al. 1983). Intense density-dependent mortality in larval stages can reduce metamorph 

recruitment in Ambystoma maculatum populations to 1%, and recruitment rarely 

exceeds 15% (Shoop 1974, Ireland 1989, Petranka 1998). Similarly, my experimental 

mesocosm populations exhibited rates of larval survival of 11.2%. High larval mortality 

due to many density-dependent factors indicates that Ambystoma maculatum 
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populations are density-regulated in larval stages, wherein larvae experience saturation 

densities inversely proportional to larval mortality and rates of metamorphosis (Wilbur 

1972, 1980, Van Buskirk and Smith 1991). Conversely, in terrestrial adult habitats, 

survival is relatively constant among individuals, as resources are non-saturated (Wilbur 

1980).  

Despite myriad effects of increased density on larval fitness, including reduced 

larval growth rates, increased density did not significantly lengthen time to 

metamorphosis in my experimental mesocosms, despite this change being noted in other 

experiments (Wildy et al. 2001). However, theoretical models of larval amphibian 

ecology point towards a potential explanation. Emergence from aquatic environments 

has been modeled as a trade-off between the resource/risk ratios of aquatic and 

terrestrial habitats (Werner 1986, Chaparro‐Pedraza and Roos 2020). For individuals in 

low-density treatments, it may be advantageous to remain in aquatic environments after 

surpassing metamorphosis size thresholds due to abundant aquatic resources and 

reduced competition (Wilbur and Collins 1973, Werner 1986). Conversely, individuals 

in high-density treatments may emerge as soon as size thresholds for metamorphosis are 

reached to escape highly competitive aquatic environments (Werner 1986, Chaparro‐

Pedraza and Roos 2020). Additional research may help characterize the cues which 

mediate the metamorphosis size threshold in response to these tradeoffs. Despite some 

inconsistencies, results from mesocosm populations indicate pronounced actions of 

density-dependent mechanisms in regulating larval mesocosm populations of 

Ambystoma maculatum.  
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Competitive Structure of Ambystomatid Larval Populations 
Significant effects of both size variation and density on larval fitness metrics 

indicate broad influences of density-dependent regulatory mechanisms and size 

structure in dictating fitness outcomes, and further examination of trends in average 

metamorph timing and patterns of metamorph emergence among size structure classes 

serve to illuminate the nature of these effects, and thus which hypothesis (RPH or CHH) 

best characterizes the competitive structure of Ambystoma maculatum larval 

populations. The resource partitioning hypothesis (RPH) predicts populations with 

highly variable size structures experience competitive release through increased 

population niche breadth, leading to increased average fitness. Under the RPH, resource 

use scales with body size, and small and large individuals are released from competition 

due to divergent patterns of resource use (Roughgarden 1972, Werner and Gilliam 1984, 

Polis 1984), leading to predicted size variation optima (SVO) at maximum levels of 

body size variation. Under the CHH, large and small individuals compete for similar 

resources and average fitness is reduced through increases in interference competition, 

as well as lethal and nonlethal aggressive encounters (Wilson 1975, Persson 1985, 

Smith 1990). The CHH predicts SVO at minimal levels of body size variation, as such 

size structure will maximize competitive symmetry. Previous research on the 

competitive ecology of pond breeding salamander species, in combination with SVO 

identified in experimental mesocosms, may offer support for a particular competitive 

hypothesis.  

Evidence exists for partitioning between co-occurring amphibian species (Toft 

1985, Fasola 1993, Crawford and Peterman 2013, Cudmore and Bury 2014), and 



26 

although more limited, for intraspecific habitat partitioning in a variety of larval 

amphibians (Alford and Crump 1982, Denoël 2005, Mott and Steffen 2014). Studies 

addressing the fitness implications of partitioning in larval ambystomatid populations 

have yielded inconclusive results that have led researchers to infer limited fitness 

consequences of size structure in these populations (Smith 1990, Brunkow and Collins 

1996, Anderson et al. 2023). However, these studies did not track metamorphs 

throughout ontogeny, and thus would not have detected potential fitness consequences 

linked to altered developmental rates and lengths of larval periods based on body size 

variation. In my study, negative relationships between larval BCV and average larval 

period length indicate high-variation populations experience improved fitness via 

shorter larval periods, demonstrating a high SVO for larval populations of Ambystoma 

maculatum. This increased fitness may be due to competitive release minimizing 

developmental suppression in high-variation populations and would offer support for 

the resource partitioning hypothesis. Attempts to compare these results to the literature 

revealed only one study which specifically tracked developmental rates in populations 

of larval ambystomatid salamanders with varying size structures. Developmental rates 

increased in populations with low size variability, the inverse of trends I observed in 

mesocosm populations (Brunkow and Collins 1996). However, this experiment tracked 

only “focal” larvae from a medium size class, making this study less apt for comparison 

to examinations of average development rates from populations. Though trends in 

average larval period length across mesocosm populations seem to support the RPH, 

examination of differences in patterns of metamorph emergence across broad size 

structure categories indicates some potential complications.  
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Examination of emergence patterns across BCV ranges indicate the largest 

individuals benefit disproportionately from competitive release in populations with 

increased size structure. Emergence histograms of high-variation mesocosms show 

metamorphosis is highly concentrated relatively early in the larval period, supporting 

previous observations that larger, or earlier-hatching, individuals are more likely to 

survive to metamorphosis (Smith and Petranka 1987, Ryan and Plague 2004). This 

emergence phenomenon indicates that, while competitive release is beneficial for larger 

larvae and allows them to reach metamorphosis sooner, the benefits of competitive 

release do not extend to individuals in smaller size classes, because otherwise survival 

would have been relatively higher in high-variation populations. When fitness metrics 

are averaged across populations, it appears that fitness benefits conferred on larger 

individuals in high-variation populations is sufficient to outweigh the fitness 

consequences to smaller individuals, resulting in overall higher fitness for high-

variation populations as expressed by shorter average larval periods. The apparent 

competitive superiority of larger individuals in high-density populations indicates that, 

although average fitness is maximized under highly variable size structures, competitive 

hierarchies are still exacerbated by such variation. The action of these two hypothesized 

mechanisms (RPH and CHH) in concert is unexpected and offers insight into the 

competitive structure of ambystomatid larval populations.  

Competition-mediated fitness outcomes in mesocosm populations of Ambystoma 

maculatum larvae reveal an important nuance of the RPH/CHH question. Research 

across many taxa has shown that larger individuals generally have competitive 

advantages in both inter- and intraspecific contexts (Persson 1985, Buskirk 1992, Liu et 
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al. 2021). This advantage may manifest through interference competition, exploitation 

competition, reduced predation risk, heightened cannibalistic ability, or increased 

reproductive success (Honěk 1993, Byström and García-Berthou 1999, Ziemba and 

Collins 1999, Rausch et al. 2014, Fouilloux et al. 2022). Often, the competitive 

advantage of larger size manifests in the form of competitive gradients, which have 

been observed in mammals (Sharpe et al. 2016), birds (Moreno-Opo et al. 2020), 

reptiles (Hollis et al. 2004), fish (Pettersson et al. 1996), and invertebrates (Savolainen 

and Vepsäläinen 1988, Balfour et al. 2003, Liu et al. 2021). These trends manifested in 

my mesocosm populations, with larger individuals experiencing relatively higher 

survival rates. Under these conditions, populations of uniformly large individuals may 

experience the highest average fitness (following the CHH hypothesis of a low SVO 

and high mean body size). However, even in competitive hierarchies, increased 

variation caused by the presence of smaller individuals may lead to competitive release. 

Smaller individuals often forage less efficiently (Ayers and Shine 1997, Persson et al. 

1998), utilize habitat differently (Branch and Altig 1981, Santoyo-Brito et al. 2021), and 

are less threatening aggressors (Mitchem et al. 2019). When smaller individuals are 

present, competitive release may occur for members of larger size classes, allowing for 

elevated average fitness when compared to uniformly “large-sized” population. In my 

experimental mesocosms, highly variable mesocosms did show evidence of competitive 

release through shorter average larval periods, and the benefits of competitive release 

appeared concentrated in individuals of larger size classes. When considering any 

highly competitively structured population, it is important to consider that fitness 

benefits of competitive release may not be uniformly distributed throughout a 
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population, and instead may be another “resource” to be distributed unevenly across a 

competitive gradient, with superior competitors experiencing more release. 

  



30 

References 
Albert, C. H., F. de Bello, I. Boulangeat, G. Pellet, S. Lavorel, and W. Thuiller. 2012. 

On the importance of intraspecific variability for the quantification of functional 

diversity. Oikos 121:116–126. 

Alford, R. A., and M. L. Crump. 1982. Habitat partitioning among size classes of larval 

southern leopard frogs, Rana utricularia. Copeia 1982:367–373. 

Anderson, T. L., J. J. Burkhart, J. A. Cianci-Gaskill, and J. M. Davenport. 2023. 

Limited population and community effects of hatching asynchrony in a pond-

breeding salamander. Ecosphere 14:e4372. 

Anderson, T. L., C. L. Mott, B. A. Hartman, and H. H. Whiteman. 2017. Biotic and 

abiotic predictors of larval salamander size and density. Copeia 105:237–248. 

Anderson, T. L., and H. H. Whiteman. 2015. Asymmetric effects of intra- and 

interspecific competition on a pond-breeding salamander. Ecology 96:1681–

1690. 

Ayers, D. Y., and R. Shine. 1997. Thermal influences on foraging ability: body size, 

posture and cooling rate of an ambush predator, the python Morelia spilota. 

Functional Ecology 11:342–347. 

Balfour, R. A., C. M. Buddle, A. L. Rypstra, S. E. Walker, and S. D. Marshall. 2003. 

Ontogenetic shifts in competitive interactions and intra-guild predation between 

two wolf spider species. Ecological Entomology 28:25–30. 

Barriga, J. P., M. Á. Battini, M. García-Asorey, C. Carrea, P. J. Macchi, and V. E. 

Cussac. 2012. Intraspecific variation in diet, growth, and morphology of 

landlocked Galaxias maculatus during its larval period: The role of food 

availability and predation risk. Hydrobiologia 679:27–41. 



31 

Benard, M. F., and J. M. Maher. 2011. Consequences of intraspecific niche variation: 

phenotypic similarity increases competition among recently metamorphosed 

frogs. Oecologia 166:585–592. 

Bishop, S. C. 1941. Salamanders of New York. New York State Museum Bulletin 

324:1–365. 

Blackburn, T. M., and K. J. Gaston. 1994. The distribution of body sizes of the world’s 

bird species. Oikos 70:127-130. 

Boback, S. M., and C. Guyer. 2003. Empirical evidence for an optimal body size in 

snakes. Evolution 57:345–451. 

Bolnick, D. I., P. Amarasekare, M. S. Araújo, R. Bürger, J. M. Levine, M. Novak, V. H. 

W. Rudolf, S. J. Schreiber, M. C. Urban, and D. A. Vasseur. 2011. Why 

intraspecific trait variation matters in community ecology. Trends in Ecology & 

Evolution 26:183–192. 

Bolnick, D. I., R. Svanback, M. S. Araujo, and L. Persson. 2007. Comparative support 

for the niche variation hypothesis that more generalized populations also are 

more heterogeneous. Proceedings of the National Academy of Sciences 

104:10075–10079. 

Bonett, R. M., N. M. Ledbetter, A. J. Hess, M. A. Herrboldt, and M. Denoël. 2022. 

Repeated ecological and life cycle transitions make salamanders an ideal model 

for evolution and development. Developmental Dynamics 251:957–972. 

Boone, M. D., and R. D. Semlitsch. 2001. Interactions of an insecticide with larval 

density and predation in experimental amphibian communities. Conservation 

Biology 15:228–238. 



32 

Branch, L. C., and R. Altig. 1981. Nocturnal stratification of three species of 

Ambystoma larvae. Copeia 1981:870-873. 

Brown, J. H., P. A. Marquet, and M. L. Taper. 1993. Evolution of body size: 

consequences of an energetic definition of fitness. The American Naturalist 

142:573–584. 

Brunkow, P. E., and J. P. Collins. 1996. Effects of individual variation in size on growth 

and development of larval salamanders. Ecology 77:1483–1492. 

Brunkow, P. E., and J. P. Collins. 1998. Group size structure affects patterns of 

aggression in larval salamanders. Behavioral Ecology 9:508–514. 

Burley, L. A., A. T. Moyer, and J. W. Petranka. 2006. Density of an intraguild predator 

mediates feeding group size, intraguild egg predation, and intra- and 

interspecific competition. Oecologia 148:641–649. 

Buskirk, J. V. 1992. Competition, cannibalism, and size class dominance in a dragonfly. 

Oikos 65:455-464. 

Byström, P., and E. García-Berthou. 1999. Density dependent growth and size specific 

competitive interactions in young fish. Oikos 86:217–232. 

Carlson, B. E., and T. Langkilde. 2017. Body size variation in aquatic consumers causes 

pervasive community effects, independent of mean body size. Ecology and 

Evolution 7:9978–9990. 

Chaparro‐Pedraza, P. C., and A. M. Roos. 2020. Density‐dependent effects of mortality 

on the optimal body size to shift habitat: Why smaller is better despite increased 

mortality risk. Evolution 74:831–841. 



33 

Cianciaruso, M. V., M. A. Batalha, K. J. Gaston, and O. L. Petchey. 2009. Including 

intraspecific variability in functional diversity. Ecology 90:81–89. 

Cortwright, S. A. 1988. Intraguild predation and competition: An analysis of net growth 

shifts in larval amphibian prey. Canadian Journal of Zoology 66:1813–1821. 

Crawford, J. A., and W. E. Peterman. 2013. Biomass and habitat partitioning of 

Desmognathus on wet rock faces in the southern Appalachian mountains. 

Journal of Herpetology 47:580–584. 

Cudmore, W. W., and R. B. Bury. 2014. Resource partitioning in two stream 

salamanders, Dicamptodon tenebrosus and Rhyacotriton cascadae, from the 

Oregon Cascade Mountains. The American Midland Naturalist 172:191–199. 

Cushing, J. M. 1992. A size-structured model for cannibalism. Theoretical Population 

Biology 42:347–361. 

Cvetković, D., N. Tomašević, G. F. Ficetola, J. Crnobrnja-Isailović, and C. Miaud. 

2009. Bergmann’s rule in amphibians: Combining demographic and ecological 

parameters to explain body size variation among populations in the common 

toad Bufo bufo. Journal of Zoological Systematics and Evolutionary Research 

47:171–180. 

Damuth, J. 1981. Population density and body size in mammals. Nature 290:699–700. 

Demment, M. W., and P. J. Van Soest. 1985. A nutritional explanation for body-size 

patterns of ruminant and nonruminant herbivores. The American Naturalist 

125:641–672. 

Denoël, M. 2005. Habitat partitioning in facultatively paedomorphic populations of 

palmate newts Triturus helveticus. Ambio 34:476–477. 



34 

Des Roches, S., D. M. Post, N. E. Turley, J. K. Bailey, A. P. Hendry, M. T. Kinnison, J. 

A. Schweitzer, and E. P. Palkovacs. 2018. The ecological importance of 

intraspecific variation. Nature Ecology & Evolution 2:57–64. 

Doyle, J. M., J. R. Nolan, and H. H. Whiteman. 2010. Effects of relative size on growth 

rate and time to metamorphosis in mole salamanders (Ambystoma talpoideum). 

Journal of Herpetology 44:601–609. 

Doyle, J. M., and H. H. Whiteman. 2008. Paedomorphosis in Ambystoma talpoideum: 

Effects of initial body size variation and density. Oecologia 156:87–94. 

Dushane, G., and C. Huthcinson. 1944. Differences in size and developmental rate 

between eastern and midwestern embryons of Ambystoma maculatum. Ecology 

25:414–423. 

Earl, J. E., and H. H. Whiteman. 2015. Are commonly used fitness predictors accurate? 

A meta-analysis of amphibian size and age at metamorphosis. Copeia 103:297–

309. 

Fasola, M. 1993. Resource partitioning by three species of newts during their aquatic 

phase. Ecography 16:73–81. 

Fouilloux, C. A., L. Fromhage, J. K. Valkonen, and B. Rojas. 2022. Size-dependent 

aggression towards kin in a cannibalistic species. Behavioral Ecology 33:582–

591. 

Freda, J. 1983. Diet of larval Ambystoma maculatum in New Jersey. Journal of 

Herpetology 17:177-179. 



35 

Gomez-Mestre, I., S. Kulkarni, and D. R. Buchholz. 2013. Mechanisms and 

consequences of developmental acceleration in tadpoles responding to pond 

drying. PLoS ONE 8:e84266. 

Gomez-Mestre, I., V. L. Saccoccio, T. Iijima, E. M. Collins, G. G. Rosenthal, and K. M. 

Warkentin. 2010. The shape of things to come: Linking developmental plasticity 

to post-metamorphic morphology in anurans. Journal of Evolutionary Biology 

23:1364–1373. 

Gosner, K. L. 1960. A simplified table for staging anuran embryos and larvae with 

notes on identification. Herpetologica 16:183–190. 

Green, N. B. 1956. The ambystomatid salamanders of West Virginia. Proceedings of 

the West Virginia Academy of Sciences 27:16–18. 

Hanlon, S., and M. Parris. 2014. The interactive effects of chytrid fungus, pesticides, 

and exposure timing on gray treefrog (Hyla versicolor) larvae: Multiple 

perturbations affect gray treefrogs. Environmental toxicology and chemistry 

31:216-222. 

Harrison, R. G. 1924. Some unexpected results of the heteroplastic transplantation of 

limbs. Proceedings of the National Academy of Sciences 10:69–74. 

Hollis, K. L., L. A. Blouin, M. C. Romano, K. S. Langworthy-Lam, and J. Siegenthaler. 

2004. Maintaining a competitive edge: Dominance hierarchies, food competition 

and strategies to secure food in green anoles (Anolis carolinensis) and firemouth 

cichlids (Thorichthys meeki). International Journal of Comparative Psychology 

17:222–240. 



36 

Hom, C. L. 1988. Optimal reproductive allocation in female dusky salamanders: A 

quantitative test. The American Naturalist 131:71–90. 

Honěk, A. 1993. Intraspecific variation in body size and fecundity in insects: A general 

relationship. Oikos 66:483–492. 

Hughes, A. R., M. T. J. Johnson, and N. Underwood. 2008. Ecological consequences of 

genetic diversity. Ecology Letters 11:609–623. 

Huss, M., L. Persson, and P. Byström. 2007. The origin and development of individual 

size variation in early pelagic stages of fish. Oecologia 153:57–67. 

Ireland, P. H. 1989. Larval survivorship in two populations of Ambystoma maculatum. 

Journal of Herpetology 23:209-215. 

Jaskula, J. M., and R. Brodman. 2000. Density-dependent effects on microhabitat 

selection and activity of two species of larval Ambystoma salamanders. Journal 

of the Iowa Academy of Science 103:146-150. 

Johnson, L., B. Welch, and S. Whitfield. 2013. Interactive effects of pesticide mixtures, 

predators, and environmental regimes on the toxicity of two pesticides to red-

eyed tree frog larvae. Environmental Toxicology and Chemistry 32:2379-2386. 

Jones, K. A., N. Ratcliffe, S. C. Votier, J. Newton, J. Forcada, J. Dickens, G. Stowasser, 

and I. J. Staniland. 2020. Intra-specific niche partitioning in Antarctic fur seals, 

Arctocephalus gazella. Scientific Reports 10:3238. 

Keen, W. H. 1975. Breeding and larval development of three species of Ambystoma in 

central Kentucky (Amphibia: Urodela). Herpetologica 31:18-21. 



37 

Kerby, J., A. White, and A. Storfer. 2011. Combined effects of virus, pesticide, and 

predator cue on the larval tiger salamander (Ambystoma tigrinum). EcoHealth 

8:46–54. 

Kindlmann, P., and A. F. G. Dixon. 1992. Optimum body size: Effects of food quality 

and temperature, when reproductive growth rate is restricted, with examples 

from aphids. Journal of Evolutionary Biology 5:677–690. 

LaBarbera, M. 1989. Analyzing body size as a factor in ecology and evolution. Annual 

Review of Ecology and Systematics 20:97–117. 

Ling, R. W., J. P. VanAmberg, and J. K. Werner. 1986. Pond acidity and its relationship 

to larval development of Ambystoma maculatum and Rana sylvatica in Upper 

Michigan. Journal of Herpetology 20:230-236. 

Liu, Z., J. D. Wickham, and J. Sun. 2021. Fighting and aggressive sound determines 

larger male to win male‐male competition in a bark beetle. Insect Science 

28:214–203. 

Ludwig, D., and L. Rowe. 1990. Life-history strategies for energy gain and predator 

avoidance under time constraints. The American Naturalist 135:686–707. 

Luhring, T. M., and J. P. DeLong. 2020. Trophic cascades alter eco-evolutionary 

dynamics and body size evolution. Proceedings of the Royal Society B: 

Biological Sciences 287:20200526. 

Maret, T. J., and J. P. Collins. 1994. Individual responses to population size structure: 

the role of size variation in controlling expression of a trophic polyphenism. 

Oecologia 100:279–285. 



38 

Marquet, P. A., S. A. Navarrete, and J. C. Castilla. 1990. Scaling population density to 

body size in rocky intertidal communities. Science 250:1125–1127. 

McLean, K. I., C. A. Stockwell, and D. M. Mushet. 2016. Cannibalistic-morph tiger 

salamanders in unexpected ecological contexts. The American Midland 

Naturalist 175:64–72. 

Miller, T. E. X., and V. H. W. Rudolf. 2011. Thinking inside the box: Community-level 

consequences of stage-structured populations. Trends in Ecology & Evolution 

26:457–466. 

Mitchem, L. D., R. Debray, V. A. Formica, and E. D. Brodie. 2019. Contest interactions 

and outcomes: Relative body size and aggression independently predict contest 

status. Animal Behaviour 157:43–49. 

Moreno-Opo, R., A. Trujillano, and A. Margalida. 2020. Larger size and older age 

confer competitive advantage: Dominance hierarchy within European vulture 

guild. Scientific Reports 10:2430. 

Mott, C. L., and D. W. Sparling. 2009. Ontogenetic patterns of agonistic behavior in a 

guild of larval ambystomatid salamanders. Journal of Herpetology 43:532–540. 

Mott, C. L., and D. W. Sparling. 2016. Seasonal patterns of intraguild predation and 

size variation among larval salamanders in ephemeral ponds. Journal of 

Herpetology 50:416–422. 

Mott, C. L., and M. A. Steffen. 2014. Associations between non-lethal injury, body size, 

and foraging ecology in an amphibian intraguild predator. Ethology 120:42–52. 

Naganuma, K. H., and J. D. Roughgarden. 1990. Optimal body size in lesser Antillean 

anolis lizards‐‐a mechanistic approach. Ecological Monographs 60:239–256. 



39 

Nyman, S. 1991. Ecological aspects of syntopic larvae of Ambystoma maculatum and 

the A. laterale-jeffersonianum complex in two New Jersey ponds. Journal of 

Herpetology 25:505-509. 

Olalla-Tárraga, M. Á., and M. Á. Rodríguez. 2007. Energy and interspecific body size 

patterns of amphibian faunas in Europe and North America: Anurans follow 

Bergmann’s rule, urodeles its converse. Global Ecology and Biogeography 

16:606–617. 

Ortiz-Santaliestra, M. E., M. J. Fernández-Benéitez, and A. Marco. 2012. Density 

effects on ammonium nitrate toxicity on amphibians. Survival, growth and 

cannibalism. Aquatic Toxicology 110:170–176. 

Peacor, S. D., and C. A. Pfister. 2006. Experimental and model analyses of the effects 

of competition on individual size variation in wood frog (Rana sylvatica) 

tadpoles: Effects of competition on size variation. Journal of Animal Ecology 

75:990–999. 

Persson, L. 1985. Asymmetrical competition: Are larger animals competitively 

superior? The American Naturalist 126:261–266. 

Persson, L., K. Leonardsson, A. M. de Roos, M. Gyllenberg, and B. Christensen. 1998. 

Ontogenetic scaling of foraging rates and the dynamics of a size-structured 

consumer-resource model. Theoretical Population Biology 54:270–293. 

Peters, R. H. 1989. The ecological implications of body size. Cambridge University 

Press, Cambridge New York. 

Petranka, J. W. 1989. Density-dependent growth and survival of larval Ambystoma: 

evidence from whole-pond manipulations. Ecology 70:1752–1767. 



40 

Petranka, J. W. 1998. Salamanders of the United States and Canada. Smithsonian 

Institution Press. 

Petrović, T. G., T. Z. Vučić, S. Z. Nikolić, J. P. Gavrić, S. G. Despotović, B. R. 

Gavrilović, T. B. Radovanović, C. Faggio, and M. D. Prokić. 2020. The effect of 

shelter on oxidative stress and aggressive behavior in crested newt larvae 

(Triturus spp.). Animals 10:603. 

Pettersson, J., J. I. Johnsson, and T. Bohlin. 1996. The competitive advantage of large 

body size declines with increasing group size in rainbow trout. Journal of Fish 

Biology 49:370–372. 

Polis, G. A. 1984. Age structure component of niche width and intraspecific resource 

partitioning: Can age groups function as ecological species? The American 

Naturalist 123:541–564. 

Post, D. M., E. P. Palkovacs, E. G. Schielke, and S. I. Dodson. 2008. Intraspecific 

variation in a predator affects community structure and cascading trophic 

interactions. Ecology 89:2019–2032. 

Pyke, G. H. 1978. Optimal body size in bumblebees. Oecologia 34:255–266. 

Raffard, A., F. Santoul, and J. Cucherousset. 2018. The community and ecosystem 

consequences of intraspecific diversity: A meta-analysis. Biological Reviews of 

the Cambridge Philosophical Society 94:648-661. 

Rausch, A. M., M. Sztatecsny, R. Jehle, E. Ringler, and W. Hödl. 2014. Male body size 

and parental relatedness but not nuptial colouration influence paternity success 

during scramble competition in Rana arvalis. Behaviour 151:1869–1884. 



41 

Relyea, R. A. 2012. New effects of Roundup on amphibians: Predators reduce herbicide 

mortality; herbicides induce antipredator morphology. Ecological Applications 

22:634–647. 

Roughgarden, J. 1972. Evolution of Niche Width. The American Naturalist 106:683–

718. 

Rudolf, V. H. W. 2006. The influence of size-specific indirect interactions in predator–

prey systems. Ecology 87:362–371. 

Rudolf, V. H. W., and N. L. Rasmussen. 2013a. Ontogenetic functional diversity: Size 

structure of a keystone predator drives functioning of a complex ecosystem. 

Ecology 94:1046–1056. 

Rudolf, V. H. W., and N. L. Rasmussen. 2013b. Population structure determines 

functional differences among species and ecosystem processes. Nature 

Communications 4:2318. 

Ryan, T. J., and G. R. Plague. 2004. Hatching asynchrony, survival, and the fitness of 

alternative adult morphs in Ambystoma talpoideum. Oecologia 140:46–51. 

Ryan, T. J., and R. D. Semlitsch. 1998. Intraspecific heterochrony and life history 

evolution: Decoupling somatic and sexual development in a facultatively 

paedomorphic salamander. Proceedings of the National Academy of Sciences 

95:5643–5648. 

Santoyo-Brito, E., S. Perea-Fox, H. Núñez, and S. F. Fox. 2021. Maternal care and 

secretive behaviour of neonates in the highly social lizard Liolaemus 

leopardinus (Squamata: Liolaemidae) from the central Chilean Andes may 

relate to size-specific bird predation. Behaviour 158:195–223. 



42 

Savolainen, R., and K. Vepsäläinen. 1988. A competition hierarchy among boreal ants: 

Impact on resource partitioning and community structure. Oikos 51:135–155. 

Schindler, D. E., J. R. Hodgson, and J. F. Kitchell. 1997. Density-dependent changes in 

individual foraging specialization of largemouth bass. Oecologia 110:592–600. 

Schoener, T. W., and G. C. Gorman. 1968. Some niche differences in three lesser 

Antillean lizards of the genus Anolis. Ecology 49:819–830. 

Scott, D. E. 1990. Effects of larval density in Ambystoma opacum: An experiment 

large-scale field enclosures. Ecology 71:296–306. 

Semlitsch, R. D. 1987. Density-dependent growth and fecundity in the paedomorphic 

salamander Ambystoma talpoideum. Ecology 68:1003–1008. 

Semlitsch, R. D., D. E. Scott, and J. H. K. Pechmann. 1988. Time and size at 

metamorphosis related to adult fitness in Ambystoma talpoideum. Ecology 

69:184–192. 

Shanbhag, B., S. Mogali, and S. Saidapur. 2016. Influence of desiccation, predatory 

cues, and density on metamorphic traits of the bronze frog Hylarana temporalis. 

Amphibia-Reptilia 37:199-205. 

Sharpe, L. L., J. Rubow, and M. I. Cherry. 2016. Robbing rivals: Interference foraging 

competition reflects female reproductive competition in a cooperative mammal. 

Animal Behaviour 112:229–236. 

Shoop, C. R. 1974. Yearly variation in larval survival of Ambystoma maculatum. 

Ecology 55:440–444. 

Smith, C. K. 1990. Effects of variation body size on intraspecific competition among 

larval salamanders. Ecology 71:1777–1788. 



43 

Smith, C. K., and J. W. Petranka. 1987. Prey size-distributions and size-specific 

foraging success of Ambystoma larvae. Oecologia 71:239–244. 

Smith, D.S. 2019. Ecosystem functional consequences of body size variation in an apex 

predator (Ambystoma jeffersonianum) Thesis. Eastern Kentucky University, 

Richmond, Kentucky, United States of America.  

Stenhouse, S. L., N. G. Hairston, and A. E. Cobey. 1983. Predation and competition in 

ambystoma larvae: Field and laboratory experiments. Journal of Herpetology 

17:210-220. 

Székely, D., D. Cogălniceanu, P. Székely, and M. Denoël. 2020. Adult—Juvenile 

interactions and temporal niche partitioning between life-stages in a tropical 

amphibian. PLOS ONE 15:e0238949. 

Toft, C. A. 1985. Resource partitioning in amphibians and reptiles. Copeia 1985:1–21. 

Traba, J., M. B. Morales, C. P. Carmona, and M. P. Delgado. 2015. Resource 

partitioning and niche segregation in a steppe bird assemblage. Community 

Ecology 16:178–188. 

Urban, M. C. 2007. Predator size and phenology shape prey survival in temporary 

ponds. Oecologia 154:571–580. 

Van Buskirk, J., and D. C. Smith. 1991. Density-dependent population regulation in a 

salamander. Ecology 72:1747–1756. 

Violle, C., B. J. Enquist, B. J. McGill, L. Jiang, C. H. Albert, C. Hulshof, V. Jung, and 

J. Messier. 2012. The return of the variance: Intraspecific variability in 

community ecology. Trends in Ecology & Evolution 27:244–252. 



44 

Voss, S. R. 1993. Effect of temperature on body size, developmental stage, and timing 

of hatching in Ambystoma maculatum. Journal of Herpetology 27:329-333. 

Walls, S. C., and R. D. Semlitsch. 1991. Visual and movement displays function as 

agonistic behavior in larval salamanders. Copeia 8:936-942. 

Welter, W. A., and K. Carr. 1939. Amphibians and Reptiles of Northeastern Kentucky. 

Copeia 1939:128-130. 

Werner, E. E. 1986. Amphibian metamorphosis: Growth rate, predation risk, and the 

optimal size at transformation. The American Naturalist 128:319–341. 

Werner, E. E., and J. F. Gilliam. 1984. The ontogenetic niche and species interactions in 

size-structured populations. Annual Review of Ecology and Systematics 

15:393–425. 

Whiteman, H. H., S. A. Wissinger, M. Denoël, C. J. Mecklin, N. M. Gerlanc, and J. J. 

Gutrich. 2012. Larval growth in polyphenic salamanders: Making the best of a 

bad lot. Oecologia 168:109–118. 

Wilbur, H. M. 1972. Competition, predation, and the structure of the Ambystoma-Rana 

sylvatica community. Ecology 53:3–21. 

Wilbur, H. M. 1976. Density-dependent aspects of metamorphosis in Ambystoma and 

Rana sylvatica. Ecology 57:1289–1296. 

Wilbur, H. M. 1980. Complex life cycles. Annual Review of Ecology and Systematics 

11:67–93. 

Wilbur, H. M. 1997. Experimental ecology of food webs: Complex systems in 

temporary ponds. Ecology 78:2279–2302. 



45 

Wilbur, H. M., and J. P. Collins. 1973. Ecological aspects of amphibian metamorphosis. 

Science 182:1305–1314. 

Wildy, E. L., D. P. Chivers, J. M. Kiesecker, and A. R. Blaustein. 1998. Cannibalism 

enhances growth in larval long-toed salamanders, (Ambystoma macrodactylum). 

Journal of Herpetology 32:286-289. 

Wildy, E. L., D. P. Chivers, J. M. Kiesecker, and A. R. Blaustein. 2001. The effects of 

food level and conspecific density on biting and cannibalism in larval long-toed 

salamanders, Ambystoma macrodactylum. Oecologia 128:202–209. 

Wilson, D. S. 1975. The adequacy of body size as a niche difference. The American 

Naturalist 109:769–784. 

Wissinger, S. A., H. H. Whiteman, M. Denoël, M. L. Mumford, and C. B. Aubee. 2010. 

Consumptive and nonconsumptive effects of cannibalism in fluctuating age-

structured populations. Ecology 91:549–559. 

Woodward, G., B. Ebenman, M. Emmerson, J. Montoya, J. Olesen, A. Valido, and P. 

Warren. 2005. Body size in ecological networks. Trends in Ecology & Evolution 

20:402–409. 

Woodward, G., and A. G. Hildrew. 2002. Body-size determinants of niche overlap and 

intraguild predation within a complex food web. Journal of Animal Ecology 

71:1063–1074. 

Worthington, R. 1968. Observations on the relative sizes of three species of salamander 

larvae in a Maryland pond. Herpetologica 24:242–246. 

Ziemba, R. E., and J. P. Collins. 1999. Development of size structure in tiger 

salamanders: The role of intraspecific interference. Oecologia 120:524–529. 



46 

Ziółko, M., and J. Kozłowski. 1983. Evolution of body size: an optimization model. 

Mathematical Biosciences 64:127–143. 

 
 



47 

APPENDICES



48 

Appendix A: Tables



49 

 

Appendix A: Tables 

Table 1. MANCOVA and subsequent univariate ANCOVAs for the effects of 
Ambystoma maculatum larval density and body size coefficient of variation (BCV) on 
larval fitness metrics of average size change (over the first 28 days of the larval period) 
and percent density reduction (over the first 28 days of the larval period). MANCOVA 
results are reported on the same line where the independent variable is shown, whereas 
one-way ANCOVA 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 

Density 2,76 3.17 0.047 

      Growth Rate  4.61 0.035 

      Percent Density Reduction  1.81 0.182 

Body Size Coefficient of Variation (BCV) 2,76 .052 0.599 
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Table 2. MANCOVA and subsequent univariate ANCOVAs for the effects of 
Ambystoma maculatum larval density and body size coefficient of variation (BCV) on 
metamorph fitness metrics of time to metamorphosis, size at metamorphosis, and 
percent survival to metamorphosis. MANCOVA results are reported on the same line 
where the independent variable is shown, whereas one-way ANCOVA 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 

Density 3,54 5.07 0.004 

      Time to Metamorphosis  0.35 0.556 

      Size at Metamorphosis  6.07 0.017 

      Percent Survival  7.83 0.007 

Body Size Coefficient of Variation (BCV) 3,54 5.11 0.003 

      Time to Metamorphosis  12.77 <0.001 

      Size at Metamorphosis  1.11 0.296 

      Percent Survival  1.29 0.261 
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Figure 1. Proposed relationships between population “fitness” and intraspecific body 
size variation according to both the competitive hierarchy hypothesis (yellow) and the 
resource partitioning hypothesis (blue). 
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Figure 2. One block from the mesocosm array. Circles represent individual mesocosms, 
with larval numbers corresponding to density treatment and size class numbers 
indicating the number of small (S), medium (M), and large (L) size class larvae in each 
mesocosm. Positioning of mesocosms within each block at the field site was randomly 
assigned. CV values generated in mesocosm populations fell within range observed 
within natural ambystomatid communities (Mott, unpublished data) 
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Figure 3. Changes in body size coefficient of variation (BCV) in larval Ambystoma 
maculatum populuations between establishment of the larval mesocosm populations and 
a sampling period 28 days into the larval period. 
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Figure 4. Changes in body size coefficient of variation (BCV) for individual 
Ambystoma maculatum mesocosm populations between establishment and larval period 
sampling 28 days post-establishment. Each connected set of dots represents one 
mesocosm. 
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Figure 5. Relationship between initial body size coefficient of variation (BCV) and 
change in BCV at 28 days post-establishment for mesocosm populations of A. 
maculatum. Line of best fit generated using local regression fitting.   
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Figure 6. Correlation between body size coefficient of variation (BCV) change over the 
first 28 days of the larval period and percent survival to metamorphosis for mesocosm 
populations of Ambystoma maculatum. 
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Figure 7. Average growth rate in a larval Ambystoma maculatum populuations between 
establishment of the larval mesocosm populations and the sampling period 28 days into 
the larval period for mesocosms with high (16) and low (8) larval densities. 
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Figure 8. Average percent survival to metamorphosis for mesocosm populations of 
Ambystoma maculatum with high (16) and low (8) larval densities. 
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Figure 9. Average size at metamorphosis for mesocosm populations of Ambystoma 
maculatum with high (16) and low (8) larval densities. 
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Figure 10. Relationship between initial body size coefficient of variation (BCV) and 
length of the larval period for mesocosm populations of A. maculatum. Line of best fit 
generated using local regression fitting.   
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Figure 11. Accumulation of Ambystoma maculatum metamorphs from mesocosm 
populations at four different levels of body size coefficient of variation (BCV) over the 
course of the larval period.   
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Figure 12. Emergence density of Ambystoma maculatum metamorphs from mesocosm 
populations at four different levels of body size coefficient of variation (BCV) over the 
course of the larval period.   
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