INTRODUCTION

One frequent challenge for organisms is coping with density-dependence impacts
resulting from large population size. Though often credited to Malthus (1798), the negative
effects resulting from population growth that formed the basis of Darwin’s famous “struggle for
existence” have been implicated as early as Aristotle (Historia Animalium IX). Density-
dependence is now well established as an important driver of competition, population size, and
community structure (Verhulst 1838, Pearl and Reed 1920, Volterra 1926, Lotka 1932, Gause
1934, Nicholson 1954, Hassell 1975, Cappuccino and Price 1995, Chesson 1996, Turchin 1999,
Hellriegel 2000, Brook and Bradshaw 2006, Johnson et al. 2012). Through a variety of
mechanisms, density-dependence resulting from large population size can affect individual
fitness components such as survival, growth rate, fecundity, and parasite load (Brockelman 1969,
Wilbur and Collins 1973, Hassell 1975, Wilbur 1987, 1977, Anderson and Gordon 1982,
Petranka 1989, Berven 1990, Turchin 1999, Altwegg 2003, Loman 2004, Davenport and
Chalcraft 2014). Classically, the negative effects of density-dependence are thought to arise from
lower per capita resource levels resulting from higher competition over a fixed amount of
resources (Nicholson 1933, Gause 1934, Elton and Nicholson 1942). However, density-
dependence can result from alternative mechanisms whereby increased intraspecific aggression
(Petranka 1989, Semlitsch and Reichling 1989), cannibalism (Pfennig and Collins 1993, Walls
1998, Hoffman and Pfennig 1999), or stress levels (Glennemeier and Denver 2002) can have

similar negative effects on growth, survival, and fecundity.
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Phenotypic plasticity offers a unique response to the negative effects of high population
density. To offset these effects, organisms may undergo changes in morphology (Dudley and
Schmitt 1996), develop a dispersal phenotype (Uvarov 1921, Harrison 1980, Applebaum and
Heifetz 1999, Cisse et al. 2015), or cue ontogenetic niche shifts (Collins and Cheek 1983, Harris
1987, Semlitsch 1987, Pfennig 1992, Newman 1994, Hoffman and Pfennig 1999). Since these
changes can often be dramatic, such as metamorphosis into a new phenotype and/or dispersal to
new habitats, density-dependence must exert significance selection pressure. The negative effects
of density-dependence are typically continuous in nature, whereby increasing numbers of
individuals result in incremental effects on growth, survival, and performance. However, some
plastic responses are polyphenisms, which are environmentally-induced, discrete, alternative
phenotypes that occur in a single population (West-Eberhard 1989, Moran 1992). With a binary
response to continuous environmental variation, organisms must utilize a threshold criterion that
triggers a switch to an alternative phenotype (Moran 1992, Getty 1996). Where this threshold lies
is critical to determining population dynamics, as we should expect large shifts in dispersal or
effects on fitness depending on how the polyphenism responds to changes in population density.

Larval amphibians are classic model organisms that have been used to study density-
dependence, and their growth and body size at metamorphosis have been shown to be strongly
density-dependent (Wilbur and Collins 1973, Semlitsch 1987). Since many amphibians breed in
temporary ponds, which are only viable habitats for a short period of time, there is the potential
for incredibly high population densities. Many amphibians have evolved plastic life history traits
to compensate for such environmental variability by trading away size at metamorphosis for a
shorter time to metamorphosis, thereby shortening the time spent in the larval period (Wilbur and

Collins 1973, Newman 1992, Day and Rowe 2002). However, when conditions are conducive to
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growth and are relatively stable, some species of salamanders have evolved a unique plastic
response to take advantage of the long-lasting, high quality aquatic conditions. These
salamanders exhibit a polyphenism called facultative paedomorphosis, and while they can still
metamorphose when conditions deteriorate, they can also forego metamorphosis and instead
attain sexual maturity while retaining a juvenile morphology (larval, in this case; i.e.,
paedomorphosis) (Gould 1977, Pierce and Smith 1979).

Facultative paedomorphosis is environmentally cued, and three different hypotheses exist
to explain the expression of the alternative phenotypes, metamorphs and paedomorphs (Fig. 1.3).
The “paedomorph advantage” (PA) hypothesis suggests that individuals metamorphose if
conditions are poor, but remain paedomorphic if conditions are favorable. The “best of a bad lot”
(BOBL) hypothesis proposes that the smallest individuals do not reach the minimum size
necessary for metamorphosis and thus remain paedomorpihc to maximize fitness opportunities.
However, both processes can occur simultaneously “dimorphic paedomorph” (DP) hypothesis,
with intermediate-sized individuals metamorphosing because they are inferior competitors and
potentially prey to the largest size classes (Whiteman 1994). Theoretical predictions would
consider high larval density as a poor quality condition that produces small-bodied individuals
and, thus, should induce metamorphosis. Low population densities are high quality conditions
that should favor paedomorphosis. While the patterns are clear at the two extremes of the
population density spectrum (Harris 1987, Semlitsch 1987), it is unclear how the expression of
the alternative phenotypes changes over a density gradient. In order to understand how changes
in larval density affect variation in phenotype expression, | conducted an experiment using a

replicated, gradient mesocosm design with the mole salamander, Ambystoma talpoideum.
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METHODS
Experimental Design

To test the effects of initial density on adult phenotype, | constructed an experimental
array of forty 1.8 m diameter, 1200L cattle tanks (mesocosms; N = 40) in a mowed field at
UMFS. Mesocosms were filled with well-water and randomly received assigned aliquots of both
zooplankton inocula (1.5 L) from a fishless pond (#61) and dry, hardwood leaf litter (2 kg).
Mesocosms were fitted with a window screen lid that closed it to colonization by other
organisms. Mesocosms were assigned one of the following initial larval numbers (starting at 3
individuals followed by increments of 5 individuals): 3, 8, 13, 18, 23, 28, 33, and 38. These
densities, which ranged from 2.5 to 31.67 individuals/m®, cover the range of densities seen in
natural ponds (Semlitsch 1987). Each treatment was replicated five times (n = 5) and each
treatment was represented once in each of the five rows (= blocks) (8 treatments x 5 blocks = 40
Mesocosms).

Egg masses of A. talpoideum were collected from ponds at UMFS in the winter (2016-
2017). They were subsequently housed in small outdoor wading pools for hatching and kept
separated by date of oviposition. A sufficient number of eggs could not be collected from one
night of oviposition for all mesocosms, so the addition of hatchlings to mesocosms occurred in
three phases. On 20 Jan, mesocosms in block 1 received randomly selected A. talpoideum
hatchlings from the earliest cohort of egg masses, and the same was done on 21 Jan for blocks 2

and 3 and 24 Jan for blocks 4 and 5.
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On 11 Feb, screen lids were depressed into the water to allow insect oviposition, which
adds more invertebrate prey to the mesocosms’ food supplies for larval salamanders. | began
night checks for emerging metamorphs on 12 May, and they occurred every three days until late
October when metamorphs stopped emerging. Metamorphs were collected by hand, weighed,
photographed and then released into the terrestrial environment at UMFS. During 14-15 Dec, the
experiment was terminated and all remaining individuals (larvae and paedomorphs) were
collected, weighed and photographed. Paedomorphs were distinguished from larvae by enlarged

testes on males and a swollen cloaca with gravid body shape on females.

Statistical analyses

Using the Ime4 package v1.1.17 (Bates et al. 2015) in R v3.5.1 (R Core Team 2018), |
used linear mixed models (LMMs) to analyze larval response variables: snout-vent length, mass,
larval period, and body condition. Snout-vent length and mass were analyzed with initial density
and phenotype as fixed effects (to examine differences in body size across the different
phenotypes), and survival rate as a fixed covariate (to control for changes in density). Phenotype
was included as a fixed factor to examine differences in body size among phenotypes. Larval
period was analyzed with initial density as a fixed factor and survival rate as a fixed covariate.
Larval body condition (size-independent mass) was assessed in an LMM by performing a second
analysis of mass with the addition of SVL as a fixed covariate (Garcia-Berthou 2001). | modeled
all individuals as data points (as opposed to averaging per mesocosm), so | included mesocosm
nested within block as a random effect in our models to account for this non-independence
among individuals sharing a mesocosm. Significance for linear mixed effects models was tested

with Approximate F Tests (Type 111 Satterthwaite) from the ImerTest package v3.0.1
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(Kuznetsova et al. 2015).

Survival and phenotype proportions were analyzed with logistic GLMMs made with the
Ime4 package (Bates et al. 2015). Survival analysis data were aggregated by mesocosm and, thus,
excluded the nested random term mesocosm, but still included the random term block.
Phenotype proportions were analyzed using three separate logistic GLMMs to compare
metamorphs vs. paedomorphs, metamorphs vs. larvae, and paedormorphs vs. larvae. Three
separate regressions were conducted instead of multinomial regression since multinomial
regression requires repeated analyses with multiple reference levels to perform a complete set of
comparisons. Additionally, GLMMs readily accommodate the nested data structure (mesocosm
nested within block) of our design. Logistic GLMMs followed the structure of the previously
mentioned LMMs by including initial density and survival rate as fixed effects, along with
mesocosm nested within block as a random effect. The significance of logistic GLMMs was
tested with likelihood ratio tests (Bolker et al. 2009, Warton and Hui 2011, Bates et al. 2015).
Since this experiment was explicitly concerned with density effects, fourteen mesocosms with
exceptionally low survival (< 30%) were excluded from analyses. All analyses set o= 0.05.
Plots were made using ggplot2 v3.0.0 (Wickham 2009) and sciplot v1.1.1 (Morales and R Core

Team 2012).
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RESULTS

Survival rate across all initial larval densities for analyzed mesocosms averaged 75.0%
and there was no difference in average survival across different densities (y? = 0.026, p =
0.872). Of all individuals, 71.9% remained as larvae, 17.9% became paedomorphic, and 10.2%
metamorphosed. Initial density had no effect on the relative proportion of paedomorphosis to
metamorphosis (y; = 0.080, p = 0.777), and there was also no effect of survival (y; =0.476,p =
0.490). However, when comparing the proportion of metamorphosis to those remaining as
larvae, fewer individuals metamorphosed and more remained as larvae as initial density (yi =
29.899, p < 0.001) and survival increased (yZ = 10.790, p = 0.001). The same pattern occurred
with paedomorphosis —fewer individuals became paedomorphic and more remained as larvae as
initial density, (y? = 31.187, p < 0.001) and survival increased (y? = 9.268, p = 0.002) (Fig.
2.1).

As expected, there was a logarithmic relationship between mass and snout-vent length
(Fig. 2.2). Size variables reflected density-dependent growth patterns as they all decreased with
increasing initial larval density and survival rate. Mass declined with increasing initial larval
density (F1, 22.84 = 65.65, p < 0.001) and survival rate (Fy, 2286 = 14.73, p < 0.001) (Fig. 2.3), as
did body condition (density: F; 3100 = 8.49, p = 0.007; survival: F; 2926 = 9.15, p = 0.005).
Paedomorphs had the largest body sizes, followed by metamorphs and then larvae (F», 36450 =
110.88, p < 0.001) (Fig. 2.4). Mean SVL decreased with initial larval density (F; 2529 = 126.41, p
< 0.001) and survival rate (Fy 2644 = 17.78, p < 0.001). SVL also differed across phenotypes (Fi,

37338 = 78.13, p < 0.001) with paedomorphs reaching larger sizes than metamorphs or larvae
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(Fig. 2.5). Larval period of metamorphs showed no differences across initial larval densities (F,

1571 = 1.38, p = 0.258) and there was no effect of survival (F1, 1110 = 0.044, p = 0.838).
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Figure 2.2 Phenotype proportions of all individuals across all initial larval densities. The proportion of paedomorphs
was relatively constant until reaching 23.33 individuals/m®, where proportion of individuals remaining as larvae
increased. Metamorph proportions decreased tended to decrease after reaching 6.67 individuals/m®.
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Figure 3.2 The relationship between body mass and snout-vent length is logarithmic, reflecting a decelerating larval
growth pattern. The shaded region surrounding the curve represents the 95% confidence interval.
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Figure 2.4 Mean body mass (+ SE) decreased with increasing larval density.
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Figure 2.5 Mean body mass (+ SE) of each phenotype.
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Figure 2.6 Mean snout-vent length (+ SE) of A. talpoideum over different initial larval densities and separated by
different phenotypes expressed at the end of the experiment.
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DISCUSSION

Larval growth and body size was largely determined by density, with increasing density
having predictably negative effects on body sizes. More interesting were the effects of larval
density on phenotype frequency. The proportion of paedomorphs remained relatively constant
until densities of 23.33 individuals/m®, when the proportion of larvae dramatically increased. The
rate of metamorphosis was expected to increase with increasing density since high population
density is considered “unfavorable” habitat conditions. However, the likelihood of
metamorphosis was clearly negatively density-dependent with a potential threshold near 6.67
individuals/m®. Instead of increased rates of metamorphosis, there were increasing rates of
individuals remaining as larvae, which made up the difference as rates of metamorphosis
decreased (Fig. 2.1). These results only partially support predictions made by the PA and DP
hypotheses, and | found no support for the BOBL hypothesis. Under the predictions of the DP
hypothesis, the proportion of paedomorphs is expected to be greatest at both low and high larval
densities (i.e large and small body sizes), while the expected maximum proportion of
metamorphs is expected at intermediate densities. While I did see high rates of paedomorphosis
at low larval densities, | did not see a similar pattern at high larval densities and | also did not see
increased rates of metamorphosis at intermediate densities. Thus, our results with this population
of A. talpoideum mostly support the PA hypothesis.

Following the PA hypothesis, the paedomorphic individuals reached the largest body
sizes in our study, while metamorphs were consistently smaller across all densities (Fig. 2.5).

Unsurprisingly, individuals remaining as larvae were the smallest among all phenotypes. There
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was no obvious differentiation between large-bodied (PA) and small-bodied (BOBL)
paedomorphs as they showed a rather continuous distribution (Fig. 2.5). Since many individuals
overall were small and many remained as larvae, the data suggests that many of these individuals
did not reach the minimum size required for metamorphosis (~30mm; M*; Fig. 1.8) (Semlitsch
1987, Whiteman 1994). Our experiment used natural density ranges found for A. talpoideum
(Semlitsch 1987), yet I still found patterns that suggest most individuals need to overwinter as
larvae for additional growth. This is a common strategy for many amphibians, but it can be risky
if habitats are temporally variable. However, there is little decision making involved since the
minimum size required for metamorphosis appears to represent some physiological body size
limit that overrides any polyphenic responses.

Our results have narrowed the range of densities in which the polyphenic thresholds
occur for this population (23.33 individuals/m®for paedomorphs, 6.67 individuals/m?* for
metamorphs). Densities above 23.33 individuals/m® appear to have the strongest effect on
phenotype since nearly all individuals remained larval at those densities, and the few that did not
emerged from mesocosms with relatively lower survival (i.e., effectively lower density). Other
thresholds were not as sharply demarcated since all phenotypes emerged at nearly all initial
larval densities. This variability in phenotype frequencies can arise from multiple sources. For
example, we know that variation in initial body size can influence phenotype frequency (Doyle
and Whiteman 2008) and many factors can generate this variation in mesocosms such as
stochastic spatial distribution of prey, genetic growth factors, and aggressive behavior from
conspecific.. Small variations in body size can potentially expand into larger variations in body
size (Walls 1998) because larger individuals can monopolize resources, harass smaller

conspecifics (Walls and Jaeger 1987), and even cannibalize them, which is common in
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Ambystoma (Pfennig and Collins 1993, Hoffman and Pfennig 1999). Cannibalism, especially,
can cause variation in body size among individuals because it simultaneously decreases larval
density and increases the cannibal’s energy intake. Another potential factor is individual
variation (genetic) in sensitivities to and production of hormones that regulate metamorphosis
(Denver 2017). Since metamorphosis is inherently controlled through environmentally-induced
hormone production (Boorse and Denver 2002), some individuals may be more likely than others
to metamorphose under certain circumstances. Furthermore, many of these factors can also
interact, e.g., variation in body size may increase agonistic interactions, which thereby increase
hormone production in smaller individuals.

What is the mechanism of density-dependence? It is classically assumed that the main
mechanism of density-dependence is decreased per capita resources (e.g., prey, light, nutrients,
refuge). However, more factors than just per capita resources are affected when populations
increase. For example, larval injury rates scale with increasing density, suggesting that agonistic
interactions can play an important role in density-dependent growth (Semlitsch 1987, Petranka
1989, Walls 1998, Wildy et al. 2001). Agonistic interactions are also stressful interactions and
environmental stress is known to induce the production of hormones that induce metamorphosis
(CORT, thyroxine) (Boorse and Denver 2002, Denver 2017). In fact, density-dependence in
amphibians has been directly related to CORT production (Glennemeier and Denver 2002), but
there is some conflicting evidence concerning this relationship (Belden et al. 2007). In aquatic
organisms, increased conspecific density can also lower water quality through excessive toxic
ammonia waste, which is a major issue in the development of aquacultures (Huchette et al.
2003). Lastly, many of these alternative factors are non-consumptive effects (the sum total costs

of avoiding the predation) and they have been implicated as a widespread, but unrecognized,
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mechanism regulating density-dependent processes such as the famous Lynx-Hare predator-prey
oscillations (Peckarsky et al. 2008).

These results illustrate the density-dependent nature of facultative paedomorphosis,
which showed a relatively constant frequency of paedomorphosis until densities of 23.33
individuals/m®. Our results did not fit precisely with current theory, suggesting that theory may
not fully explain patterns for all populations. However, using final body size may not be entirely
sufficient to explain why individuals expressed a given phenotype. Instead, it may be useful to
investigate growth trajectories, which will naturally respond to changes in density resulting from
individuals metamorphosing. In other words, it is important to consider how density changes
over time and how this may affect growth patterns and, in turn, phenotype. This type of study is
difficult since handling itself is likely to increase the probability of metamorphosis due to the
relationship between stress and the induction of metamorphosis (Denver 2017). Regardless,
polyphenisms are important responses to environmental variation, and they can only be fully
understood when considering that organisms must respond to some threshold that initiates a

switch to an alternative phenotype.
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CHAPTER 3:
ARE DIRECT DENSITY CUES, NOT RESOURCE COMPETITION, DRIVING LIFE

HISTORY TRAJECTORIES IN A POLYPHENIC SALAMANDER?
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ABSTRACT!?

Polyphenisms, where multiple, discrete, environmentally-cued phenotypes can arise
from a single genotype, are extreme forms of phenotypic plasticity. Cue acquisition and
interpretation are vital for matching phenotypes to varying environments, but can be difficult
if cues are unreliable indicators or if multiple cues are present simultaneously. Facultative
paedomorphosis, where juvenile traits are retained at sexual maturity, is a density-dependent
polyphenism exhibited by many salamanders. Favorable conditions such as low larval
densities and stable hydroperiod delay metamorphosis and promote a paedomorphic strategy.
| investigated proximate cues affecting facultative paedomorphosis in order to understand
how larval newts (Notophthalmus viridescens louisianensis) assess conspecific density. To
isolate the effects of density cues from the effects of resources and agonistic behavior, |
caged larval newts in mesocosms in a 2x2 factorial design that manipulated both background
larval newt densities (high or low) and food levels (ambient or supplemented). | found strong
effects of both food and density on caged individuals. Under high densities, caged larvae
were more likely to become efts, a long-lasting juvenile terrestrial stage, across both food
levels, while paedomorphs were more common under low densities. Though food levels
increased growth rates, density had strong independent effects on metamorphic timing and

phenotype. Competition for food and space are classical density-dependent processes, but

! This chapter was published in this article: Bohenek, J. R., and W. J. Resetarits. 2018. Are direct
density cues, not resource competition, driving life history trajectories in a polyphenic
salamander? Evolutionary Ecology 32:335-357.
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density cues themselves may be a mediator of density-dependent effects on polyphenisms

and life history responses.
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INTRODUCTION

In variable environments, a singular, inflexible phenotype may not be optimal compared
to polyphenisms, which are a type of phenotypic plasticity where multiple, environmentally-cued
phenotypes arise from a single genotype (West-Eberhard 1989). Polyphenisms are potentially
adaptive in that each alternative phenotype maximizes survival and reproductive output under
particular environmental conditions (Moran 1992). The environment bombards organisms with
cues and parsing informative, reliable cues from uninformative, unreliable cues is necessary to
optimize responses. Phenotype mismatching, due to either poor cue acquisition or integration,
can result in potentially severe fitness consequences, thus, we should expect strong selection on
acquisition and evaluation of reliable environmental cues (Getty 1996).

A variety of biotic and abiotic cues influence polyphenisms across a range of
environments and taxa (Grunt and Bayly 1981; Pfennig 1990; McCollum and Van Buskirk 1996;
Moczek 1998; Michimae and Wakahara 2002; Nijhout 2003; Laforsch et al. 2009; Maher et al.
2013). Many polyphenisms are density-dependent, where crowding elicits alternative phenotypes
such as dispersal phenotypes in insects (Uvarov 1921; Nijhout 2003; Pener and Simpson 2009),
and terrestrial (Harris 1987b; Grayson and Wilbur 2009) and cannibalistic phenotypes in
salamanders (Collins and Cheek 1983). Density-dependence is an important driver of
competition, population size and community structure (Verhulst 1838; Pearl and Reed 1920;
Volterra 1926; Lotka 1932; Gause 1934; Brook and Bradshaw 2006). Through a variety of
mechanisms, density-dependence affects fitness components such as survival, growth rate,

fecundity, and parasite load (Brockelman 1969; Wilbur and Collins 1973; Hassell 1975;
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Anderson and Gordon 1982; Petranka 1989b; Turchin 1999). Organisms can respond to negative
effects of high population density via phenotypic plasticity, initiating changes in morphology
(Hoffman and Pfennig 1999), developing dispersal phenotypes (Harrison 1980; Applebaum and
Heifetz 1999; Cisse et al. 2015), or initiating ontogenetic niche shifts (Collins and Cheek 1983;
Harris 1987b; Semlitsch 1987; Pfennig 1992; Newman 1994; Hoffman and Pfennig 1999).

Many amphibians are explosive breeders, resulting in the potential for extreme crowding
and density-dependence in the larval stage (Wilbur and Collins 1973; Petranka 1989a; Van
Buskirk and Smith 1991; Wildy et al. 2001). Thus, larval amphibians possess phenotypic
plasticity in development rate through metamorphosis that can be modulated to either escape
deteriorating conditions or exploit favorable conditions (Wilbur and Collins 1973; Werner and
Gilliam 1984; Newman 1992; Denver et al. 1998). High conspecific density can restrict growth
via exploitative competition to the point where organisms cannot reach minimum size required
for metamorphosis (Newman 1987; Scott 1990). However, density-dependent effects may also
arise from alternative mechanisms (Richter et al. 2009). Stress, as a result of agonistic behavior
(Walls and Jaeger 1987; Petranka 1989a; Semlitsch and Reichling 1989; Wildy et al. 2001,
Glennemeier and Denver 2002), tactile and visual cues (Rot-Nikcevic et al. 2005, 2006) or
chemical cues, has been implicated in increasing amphibian development rates through
metamorphosis (Glennemeier and Denver 2002). Thus, larval growth and survival patterns
typically attributed to exploitative competition may actually be a result of stress from a variety of
cue sources, which can scale with conspecific density and influence development rates (Wildy et
al. 2001; Rot-Nikcevic et al. 2005, 2006; Richter et al. 2009). Understanding the effects of

density cues (tactile, visual, and chemical), independent of the effects of competition and injury
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from agonistic behavior, is problematic, as they are confounded in nature (Petranka 1989a;
Kuzmin 1995; Richter et al. 2009).

Some salamanders are polyphenic and can delay or prevent metamorphosis in favor of
paedomorphosis (Fig. 1.9), which is broadly defined as the retention of aquatic juvenile
characteristics at sexual maturity (Gould 1977). Paedomorphosis in salamanders is either
obligate, where the ability to metamorphose has been lost, or facultative, which is a polyphenism
where either metamorphic or paedomorphic adult phenotypes are possible (Harris 1987b;
Semlitsch 1987; Whiteman 1994; Denoél et al. 2005; Denoél and Ficetola 2014). Delaying or
preventing metamorphosis can be a viable strategy if aquatic conditions are favorable (Wilbur
and Collins 1973; Werner and Gilliam 1984; Whiteman 1994), and such conditions have been
shown to increase the frequency of paecdomorphosis (“paedomorph advantage” hypothesis)
(Wilbur and Collins 1973; Harris 1987b; Semlitsch 1987; Whiteman 1994; Denoél and Ficetola
2014), but not always (see "best of a bad lot" scenario, Whiteman 1994; Whiteman et al. 2012).
Relevant environmental factors that affect the expression of paedomorphosis include pond
drying (Semlitsch 1987; Semlitsch et al. 1990), conspecific density (Harris 1987b; Semlitsch
1987), temperature (Sprules 1974), and food availability (Sprules 1974; Ryan and Semlitsch
2003). Under poor aquatic conditions, metamorphosis may be a better alternative; however,
initiating metamorphosis in a productive aquatic habitat precludes substantial growth
opportunities that can lead to greater fecundity and offspring opportunities (Denoél et al. 2005).
Maximizing growth in the aquatic stage is optimal because size at metamorphosis is a strong
correlate of fitness (Semlitsch et al. 1988). Additionally, favorable conditions may allow larvae
to skip juvenile stages and develop directly into paedomorphs or metamorphosed adults, thus

decreasing age at maturity, which has strong fitness effects (Cole 1954; Stearns and Koella
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1986). Environmental cues affecting timing of metamorphosis, feeding rates and/or onset of
sexual maturity have a large impact because opportunities in the larval stage set the trajectory of
future fitness.

Plentiful food should be essential for “favorable conditions” and should have obvious
effects on growth. However, the interaction between food and facultative paedomorphosis are
complex, conflicting and unresolved. For example, Semlitsch (1987) found no effect of food
levels on the expression of paedomorphosis in Ambystoma talpoideum Holbrook. In contrast,
Denoél and Poncin (2001) found that captive paedomorphic newts (Ichthyosaura alpestris
Laurenti) metamorphosed later with ad libitum food and metamorphosed earlier with low food
levels. The effect of food on the expression of paedomorphosis may interact with the various
stages of larval development. Ryan and Semlitsch (2003) found that high food levels later in
development promote metamorphosis, while low food levels late in development promote
paedomorphosis. Food levels should theoretically interact with larval density (but see Petranka
(1989a)), but Semlitsch (1987) crossed these factors and found only density effects, suggesting
that larvae directly assess density. However, food and density are still confounded in these
studies and it is unknown whether larvae assess density via growth effects arising from
competition and stress from agonistic behavior or via alternative density cues like tactile, visual
and chemical cues.

An experiment was conducted using central newts (Notophthalmus viridescens
louisianensis Rafinesque) (Fig. 1.9) to determine the cues used by larval newts to assess density.
I utilized a fully factorial design with two levels of conspecific density (high and low) crossed
with two levels of food (supplemented and ambient). Our response individuals were individually

caged in each mesocosm to prevent physical interaction, agonistic behavior and environmental
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exploration, but still allowed access to water-borne cues, which I hypothesized as the most
informative and reliable indicator of conspecific density (Dettner and Liepert 1994) and, thus,
habitat quality. | expected that cues indicating high density (i.e., waterborne cues) can
independently promote terrestrial life history strategies, increase development rate and decrease

length of larval periods and body size at metamorphosis.
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METHODS
Breeding Mesocosms

On 5 April 2013, metamorphosed adult newts were collected from ponds at the Tyson
Research Center. Twelve cattle tanks (breeding mesocosms) were filled with 1kg leaf litter and
1200L of well water. For oviposition substrate, four sprigs of either Egeria densa (Planch) and/or
Elodea Canadensis (Michx.) were planted in plastic pots and added to each mesocosm. On 7
April, one male and one female newt were added to each of nine mesocosms and on 7 May, a
pair of newts was added to two more breeding mesocosms. On 26 May, seven male and three
female newts were added to the final breeding mesocosm — all offspring from this mesocosm
were used only as background density (see below) due to multiple females. Eggs were collected
every few days starting 6 May by searching through the water plants. The eggs were transferred
to the lab and placed into individually marked hatching containers filled with aged tap water
(5.68L, 34.3 x 21.0 x 12.1 cm), separating the eggs by consanguinity. The larvae were fed a
mixture of bloodworms (San Francisco Bay Brand, Inc., Newark, CA & Hikari BIO-PURE
Blood Worms, Hikari Sales USA Inc., Hayward, CA) ad libitum until they reached a minimum
total length of 10mm, which was large enough to prevent them from passing through the 1.3 x

1.13mm cage mesh.
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Experimental Mesocosms

Sixteen cylindrical, 1200L plastic mesocosms (1.8 m diameter, 50 cm depth; ARM-
10138, Ace Roto-Mold, Hospers, lowa, USA) were constructed at Tyson from 9-10 May, filled
with well-water and allowed to age for ~50 days. Each mesocosm had 0.5 kg of dry leaf litter
added on 13 June, and were covered with fiberglass screen lids (1.3 x 1.13 mm mesh) to prevent
colonization and oviposition by other organisms. The experiment was a randomized complete
block factorial design: two levels of density (low density [LD] = 8 and high density [HD] = 40
larval newts), similar to those found in natural ponds (Harris 1987b; Harris et al. 1988), crossed
with two levels of food (ambient [AF] and supplemented food [SF]). Mesocosms were assigned
into blocks based on date of larval addition (see below). Each treatment was represented once in
each of the four blocks. Overall, the design consisted of four distinct treatment combinations (k =
4) replicated across four blocks (n = 4) for a total of 16 mesocosms (N = 16).

Each tank held eight cages consisting of a large, black plastic plant pot (28 cm height x
32 cm diameter) with an open cylindrical mesh top (1.3 x 1.13mm mesh, 35.5 cm h x 32 cm d)
extending halfway through the water column and above the water level, supported and propped
open by four wooden dowels. Cages were tall enough to rest on the bottom (stabilized with a
randomly selected rock) and extend out of the water so individuals that developed lungs could
gulp air and metamorphosed efts could crawl out of the water. The bottom half of the cages were
opaque except for 1.3 x 1.13 mm screen covering five ~1cm diameter holes. LD treatments
contained 8 total individuals (6 larval newts/m®) that were all separately caged and HD
treatments contained 40 individuals (32 larval newts/m®), 8 caged and 32 not caged. The caged
individuals were “response” individuals, since they were subject only to density cues. LD

individuals are only exposed to cues from other caged individuals while HD individuals are
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exposed to cues from both caged and background individuals. Thus, HD response individuals
should be exposed to greater density cues than LD response individuals.

Larvae were assigned one at a time to each mesocosm by first randomly selecting a
source breeding mesocosm, and then randomly selecting an individual hatchling. This
randomized process was performed for all individuals in all mesocosms, ensuring that each
mesocosm received randomly selected individuals from a randomly selected breeding
mesocosm. Since newts oviposit single eggs over multiple weeks, larvae were introduced one
block at a time, between the dates of 27 June and 13 July, once sufficient numbers were
accumulated. Each cage was marked with the caged individual’s source breeding mesocosm so
that genetic differences could be accounted for in statistical analyses. Only caged response
individuals could be tracked as background individuals were randomized, but not individually
marked. Of the eleven total females that contributed to mesocosm cages, each experimental
mesocosm received input from 4-6 different breeding mesocosms (mean = 5.3), providing a
relatively balanced contribution across the experimental array.

To parse the effects of resource competition from density effects, supplemental food was
added to SF treatments once per week beginning 7 July until 6 October. Supplemental food
consisted of 0.5¢g/individual/week of frozen bloodworms (Omega One Whole Frozen
Bloodworms, Omega Sea Ltd., Sitka, AK, 6.3% min. crude protein, 0.8% min. crude fat, 0.3%
max. crude fiber, 91.2% max. crude moisture), with amount based on the ad libitum quantities
consumed in hatching containers. Individual rations were greater than individual larval body
mass (>100%) for nearly the entire experiment across all treatments. HDSF tanks received
20g/wk of bloodworms (4g evenly distributed among the 8 cages and 16g outside the cages) and

LDSF received 4g/wk (distributed evenly among the cages). All caged individuals were briefly
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Figure 6.3. Morphometrics of individuals after removal from the mesocosm experiment, which compared the effects
of three different concentrations of the stress hormone, corticosterone (CORT), on salamander body size and
development. (A) Final body mass (g) (mean = 1 SE), (B) snout-vent length (mm), (C) total length (mm), (D) head
width (mm), (E) head length (mm), and (F) growth rate (SVL/day). The pattern seen with growth rate is a result of
non-linear growth rate in the larval period — growth rates are high early in development and then slowing down
once individuals reach maximize larval size. Higher CORT concentrations had higher average growth rates because
more individuals metamorphosed early at smaller sizes, thereby spending less time at the larger, slow-growing sizes.
Larger sizes at metamorphosis are positively correlated with fitness (Semlitsch et al. 1988). Different letters indicate
significant differences (Tukey HSD; p < 0.05).
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Facultative paedomorphosis has been viewed as a specific plastic response to spatially
and temporally variable hydroperiod (Wilbur and Collins 1973, Semlitsch and Gibbons 1985,
Semlitsch 1987), conspecific larval densities (Harris 1987, Semlitsch 1987), resource availability
(Semlitsch 1987, Denoél and Poncin 2001, Ryan and Semlitsch 2003), temperature (Sprules
1974) and other relevant environmental factors (Denoél and Ficetola 2014). However, instead of
responding directly to variation in specific environmental factors (cues), larval salamanders may
be responding to the cumulative effects of one or more interchangeable environmental stressors
that affect CORT levels. Under a stress framework, polyphenic salamanders have a general
response that is useful for unpredictable, heterogeneous habitats (Wilbur and Collins 1973,
Moran 1992). However, a generic response to all environmental stressors can be problematic if
those stressors have disparate effects on fitness, e.g., pond drying or predator presence can be
directly fatal whereas competition with conspecifics may only affect growth rates. Selection can
tune sensitivity to different stressors, thereby creating optimally calibrated responses to specific
environments. Additionally, since metamorphosis in facultatively paedomorphic salamanders is
potentially risky and irreversible, there must be strong pressures to elicit abandonment of the
aquatic environment.

Salamander species are present in a large diversity of ecosystems that vary in the relative
quality of available habitat types (aquatic vs. terrestrial), which can select for either fixation of a
phenotype or polyphenism maintenance, thereby producing a wide range of life history strategies
across diverse lineages. For example, evolutionary processes may be different for populations
with harsh, surrounding terrestrial environments, like alpine lakes, where selection favors

paedomorphs (Wilbur and Collins 1973, Sprules 1974, Whiteman 1994) and metamorphosis may
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be infrequent (e.g., montane Ambystoma tigrinum) or lost (e.g., Ambystoma mexicanum —
axolotls). However, the evolution of facultative paedomorphosis does not require harsh terrestrial
environments to exert strong selection against metamorphs, because facultative paedomorphosis
IS common in areas with suitable terrestrial habitats (Denoél and Ficetola 2014). Paedomorphosis
can be maintained with available suitable terrestrial habitat due to greater expected fitness of
paedomorphs in certain contexts (Denocél et al. 2005). For example, paedomorphs can reach large
body sizes (Rose and Armentrout 1976, Whiteman 1994), have reduced age at first reproduction
(Semlitsch 1985, Semlitsch et al. 1988, Ryan and Semlitsch 1998) and earlier seasonal
oviposition (Ryan and Plague 2004), which can both have large fitness benefits for paedomorphs
over metamorphs (Cole 1954, Roff 1992, Stearns 1992).

The dynamics between stress and facultative paedomorphosis can have significant
impacts on population dynamics because paedomorphs typically mature years earlier than
metamorphs and at larger body sizes (Healy 1974, Harris 1987, Ryan and Semlitsch 1998),
thereby increasing expected lifetime fitness (Cole 1954, Roff 1992, Stearns 1992). The
maintenance of this polyphenism may therefore depend not only on evolutionary fitness tradeoffs
between the alternative phenotypes, but also on spatial and temporal heterogeneity of the
landscape of stress. Our experiment shows that the dynamics of life histories and phenotypic
expression of polyphenisms can be affected by stress hormones. Rather than requiring a specific
link between each individual environmental stressor and the expression of facultative
paedomorphosis, our data suggest a more parsimonious, comprehensive mechanism based on the
common currency of stress hormones. However, characterizing the stress response of individuals
in natural ponds and the differential endocrine impacts of environmental stressors is worthy of

further investigation. This mechanism provides a framework for the integration of multiple
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environmental stressors that simultaneously (or sequentially) impact life history trajectories and
may be broadly applicable to other life history polyphenisms and polymorphisms in a variety of

taxa.
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Table A.1. Summary of alternative models in Ime4 notation.

Model ID

Model

Efts vs. Non-Efts (binomial GLMM)'

Y ~ Density * Food + Survival + (1|Block/Mesocosm)+(1|BreedingMesocosm)
Y ~ Density * Food + Survival + (1|Block/Mesocosm)
Y ~ Density * Food + (1/Block/Mesocosm)

Paedomorphs vs. Non-Paedomorphs (LMM)*

Y ~ Density * Food + Survival + (1|Block)
Y ~ Density * Food + (1/Block)

Larval period, growth rate, SVL and body condition

A W0 N -

Y ~ Density * Food + Survival + (1|Block/Mesocosm)+(1|BreedingMesocosm)
Y ~ Density * Food + Survival + (1|Block/Mesocosm)
Y ~ Density * Food + (1/Block/Mesocosm)+(1| BreedingMesocosm)
Y ~ Density * Food + (1/Block/Mesocosm)

SVL repeated measures

1
2
3

4

Y ~ Density * Food * Time + Survival + (1|Block/Mesocosm)+(1|ID)+(1|BreedingMesocosm)

Y ~ Density * Food * Time + Survival + (1|Block/Mesocosm)+(1|ID)

Y ~ Density * Food * Time + (1)Block/Mesocosm)+(1|ID)+(1|BreedingMesocosm)

Y ~ Density * Food * Time + (1|Block/Mesocosm)+(1|ID)

Only the factors in parentheses are random effects

+ Failure to converge of model “Y ~ Density * Food + (1|Block/Mesocosm) + (1| BreedingMesocosm),” which was excluded.
1 This analysis was conducted on aggregated data (proportions) and necessarily excluded Mesocosm and Breeding Mesocosm terms.
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Table A.2. Summary of complete model parameters

Survival (binomial GLMM)

Model: Y ~ Density * Food + (1|Block/Mesocosm)’

Source Estimate SE z p(>z)
Fixed effects
Intercept 1.686 0.487 346 <0.001
Density 0.582 0.778 0.75 0.454
Food -0.351 0.700 —-0.50 0.616
Density x Food —0.644 1.020 —0.63 0.528
Random effects Variance SE
Mesocosm x Block 0.000 0.000
Block 0.000 0.000
Efts vs. Non-Efts (binomial GLMM) Model: 3 AIC: 101.1 AAIC: 0.92
Source Estimate SE z pClz)
Fixed effects
Intercept —0.355 0.454 —-0.78 0.434
Density -2.321 0.850 —2.73 0.006
Food —0.444 0.657 —0.68 0.499
Density x Food 0.579 1.230 0.47 0.638
Random effects Variance SE
Mesocosm x Block ~0.000 ~0.000
Block 0.183 0.427
Paedomorphs vs. Non-Paedomorphs (LMM) Model: 2 AIC.: 12.6 AjAIC:: 8.41
Source Estimate SE df t pClt)
Fixed effects
Intercept 0.107 0.047 11 2.27 0.044
Density —-0.107 0.067 11 -1.60 0.137
Food -0.007 0.072 11 0.10 0.923
Density x Food 0.035 0.098 11 0.35 0.732
Random effects Variance SE
Block 0.000 0.000
Residuals 0.009 0.094
Larval period (days) Model: 1 AIC.: 852.0 AjAIC,: 3.38
Source Estimate SE df t p(Clt)
Fixed effects
Intercept 107.138  15.007 86.56 7.14 <0.001
Density —-18.019 4.791 88.44 -3.76 <0.001
Food —11.344 5.303 91.82 -2.14 0.035
Survival -16.404  16.557 90.05 -0.99 0.324
Density x Food 2.797 7.296 94.20 0.38 0.702
Random effects Variance SE
Mesocosm x Block ~0.000 ~0.000
Breeding Mesocosm 48.010 6.929
Block 22.370 4.730
Residuals 268.890  16.400
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SVL (mm) Model: 1 AIC.: 442.8 AiAIC,: 2.27
Source Estimate SE df t pClt)
Fixed effects
Intercept 23.027 3.050 8.81 7.55 <0.001
Density —3.926 1.038 6.90 —3.78 0.007
Food 0.229 1.125 7.51 0.20 0.844
Survival 2.430 3.448 8.12 0.71 0.501
Density x Food 1.886 1.537 7.43 1.23 0.257
Random effects Variance SE
Mesocosm x Block 1.482 1.217
Breeding Mesocosm 0.612 0.782
Block 0.632 0.795
Residuals 3.316 1.821
Growth rate (mm SVL/day) Model: 1 AIC.: 615.3 AjAIC,: 0.44¢
Source Estimate SE df t p(Clt)
Fixed effects
Intercept 23.250 4.384 14.26 530 <0.001
Density 0.081 1.474 10.49 0.06 0.957
Food 3.719 1.622 12.14 2.29 0.041
Survival 6.082 4.898 12.93 1.24 0.236
Density x Food 2.629 2.226 12.10 1.18 0.260
Random effects Variance SE
Mesocosm x Block 0.165 0.406
Breeding Mesocosm 3.371 1.836
Block 0.000 0.000
Residuals 24.817 4.982
Residuals body condition approach Model: 2 AIC,: 877.2 A AIC,: 2.42}
Source Estimate SE df t p(Clt)
Fixed effects
Intercept -13.596  21.183 11.85 —0.64 0.533
Density -0.292 7.270 955 —0.04 0.969
Food —4.610 7.886 10.34  -0.59 0.571
Survival 16.211 23.978 11.22 0.68 0.513
Density x Food 12.499  10.612 9.66 1.18 0.267
Random effects Variance SE
Mesocosm x Block 34.440 5.869
Block 0.000 0.000
Residuals 430.910 20.758
Covariate body condition approach? Model: 2 AIC,: 676.0 A AIC,: 2.48
Source Estimate SE df t pClt)
Fixed effects
Intercept =77.742  10.450 26,53 -7.44 <0.001
Density —0.313 2.826 1233  -0.11 0.914
Food —-1.551 2.735 9.47 —0.57 0.584
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SVL 4.587 0.328 64.25 13.97 <0.001

Survival 5.659 8.350 10.22 0.68 0.513
Density x Food 4.349 3.727 9.16 1.17 0.273
Random effects Variance SE
Mesocosm x Block 4.500 2.120
Block 0.000 0.000
Residuals 49.440 7.031
SVL (mm) repeated measures Model: 2 AIC,: 1305.1 A;AIC,: 0.86
Source Estimate SE df t pClt)
Fixed effects
Intercept 16.418 2.945 8.25 5.58 <0.001
Density —-0.699 1.098 11.16 —0.64 0.537
Food -1.478 1.175 1091 -1.26 0.235
Time—Day 51 5.415 0.668 171.90 8.10 <0.001
Time—Final 0.155 0.653 183.16 14.02 <0.001
Survival -0.501 3.192 6.59 —0.16 0.880
Density x Food 1.256 1.572 10.27 0.80 0.442
Density x Time—Day 51 -1.306 0.871 17214 -1.50 0.135
Density x Time—Final —3.476 0.867 180.74 —-4.01 <0.001
Food x Time—Day 51 1.014 0.967 174.27 1.05 0.296
Food x Time—Final 1.843 0.970 187.96 1.90 0.059
Density x Food x Time—Day 51 0.131 1.253 173.87 0.11 0.917
Density x Food x Time—Final 0.014 1.264 183.06 0.01 0.991
Random effects Variance SE
ID 0.914 0.956
Mesocosm x Block 1.131 1.145
Block 3.226 1.796
Residuals 4.330 2.081

Models used default treatment contrasts, which sets the first level of factors (Low Density, Ambient Food and Day 30) as the reference level and
then compares with the additional factor levels (High Density, Supplemented Food, Time—Day 51 and Time—Final) of the listed fixed effects.

A = difference in AIC, from second lowest model

SE = standard error

Bold = Significant

+ Survival was modeled on aggregated data using the methods of Warton and Hui (2011).

1 % 100 to reduce variance decimal places
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