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ABSTRACT

Mapping the Dorsal Skin Pigmentation Patterns ob Bympatric Populations of Ambystomatid

Salamandergimbystoma opacum andA. maculatum from Northeast Tennessee

by
Lok Raj Pokhrel

Because of growing concern of habitat fragmentagiod its adverse effects on salamander
communities in Appalachian region, sympatric popafes of ambystomatid salamandérs
opacum andA. maculatum were studied in Northeast Tennessee to addressibar of
guestions: i) the extent of sexual size dimorphiS®D) in both species, ii) what traits influence
the dorsal skin pigmentation and how, iii) whetgender differences in developmental stability
occur, and iv) the extent of phenotypic variatiathim each species. The findings of this study
revealed SSD in both species of salamanders. Tisépaosimonious statistical model was
developed that explained the influence of body madesal body area, and sex on development
of dorsal white pigmentation in marbled salamandeeta on asymmetry indicate that females
are under more stress than males in marbled satiergmwhile for spotted salamanders
nonsignificant asymmetry is indicative of similawél of stress in both sexes. Data on
coefficient of variation (CV) suggest stabilizinglaction on optimal body size and mass in
female marbled salamanders compared to males; wev spotted salamanders CV indicates

relatively similar selection pressure for body sarel mass for both sexes.
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CHAPTER 1
INTRODUCTION

Amphibians are declining at an unprecedented g@&enan 1990), anévidence
suggests that they might be facing a large extnatrisis (Beebee and Griffiths 2005;
Mendelson et al. 2006; McCallum 2007; Roelantd.e2@7). Global Amphibian Assessment
(GAA conducted by IUCN 2005) revealed that betw88% and 50 % of the world’s 6000
amphibian species are currently threatened witimetikon and over 120 species have already
disappeared since 1980 (Stuart et al. 2004; MaodeChurch 2008). Researchers think the
sudden decline in amphibian populations might otflee environmental degradation, as
amphibians may be considered as biomarkers of@mviental health (Wyman 1990) because of
their sensitivity to habitat perturbations and hoAreduced changes (Blaustein and Wake 1990).
The global concern regarding amphibian declineigitgs from the important ecological roles
that amphibians play in wetlands and the surrountirrestrial habitats. In wetlands, amphibian
larvae are found to be significant predators, gByellman and Trueb 1994), and herbivores
(Morin et al. 1990). In upland habitats, adult aibgns act as both predators and prey (Porter
1972). Amphibians account for much of the vertebkatdiversity in uplands and wetlands
(Duellman and Trueb 1994). Thus, loss of amphibraag have adverse effects on the wetland
and its surrounding terrestrial communities (Beel@25).

With the growing human population, increase in estbgenic activities is generally
thought to decrease the viability of the local gafians by degrading habitat quality (Francl and
Gary 2002), limiting feeding and breeding opportiesi and subsequently increasing regional
extinctions of wildlife species (Fernandez-Juriei@l. 2004). Anthropogenic changes in the

environment are significant environmental stresaoig may be linked to contemporary
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evolution (Reznick and Ghalambor 2001). One ofrtiagor challenges in conservation and
evolutionary biology is to understand how natui@ylations respond to anthropogenically
induced environmental changes (Soderman 2006). Wétlongoing changes of weather
patterns, depletion of atmospheric ozone, varigdsives, pollutants (Soderman 2006), and
emerging diseases like chytridiomycosis (Davidsioal.2003) and iridoviruses (Jancovich et al.
1997), sensitive amphibians will be affected (sewi@son et al. 2003), and such effects may be
manifested during ontogeny as asymmetric phenaiyreght and Zamudio 2002).

Developmental Stability and Bilateral Asymmetry

Developmental stability is the process by whicloeganism executes the genetically
programmed developmental pathways correctly, priodug phenotype without developmental
errors (Clarke 1995). Under normal conditions, dewaent follows genetically determined
pathways and minor perturbations are controlledéyelopmental stability mechanisms.
However, under stress the efficacy of stability heasms may be reduced such that
development cannot be restored resulting in asymer@tenotypes (Clarke 1995). As
developmental stability can be greatly affectedbth genetic and environmental influences
during ontogeny (Palmer and Strobeck 1986; LeadyAdtendorf 1989; Markow 1995), the
ability to buffer against stressors is viewed a#ta indirect fitness component (Clarke 1995).

Pigmentation Biology and Phenotypic Variation

The dorsal skin pigmentation system has longuragtthe interest of developmental
biologists, geneticists and ecologists (Hoeksti@620 Color quality and/or pigmentation
patterns frequently exhibit variation both withimdabetween species in quantifiable ways
(Endler 1990). Functions of pigmentation such gpsis, thermoregulation, and sexual signaling

may impact the nature of variation in pigmentatiom color patterns (Thayer 1909; Cott 1940).
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In vertebrates, several mechanisms may contriloutegional variation in skin
pigmentation. Though several genes have been fdehthat are linked to melanocyte
development and dispersal (Baxter et al. 2004); hithe is known about their spatial and
temporal control. It has been hypothesized thaeligmental timing could play an important
role in generating regular patterns. For instasuabtle differences in the timing of melanocyte
differentiation could be responsible for phenotyyaciation in the skin pigmentation patterns in
zebra and other mammals (Bard 1977).

All pigment cells originate from a common neurastrprecursor whose commitment
towards a definite type of chromatophore is natldgthed before its localization in a specific
area of the body. Depending on localization, tlgena@nt cells are differentiated from neural
crest cells into melanophores, chromatophores|eraphores/iridophores. Some pigment cells
then migrate into epidermis earlier in life, whathers remain in the dermis and migrate into the
epidermis during metamorphosis (Bagnara 1987). Mestal crest cells are pluripotent,
whereas a few are already committed toward a defpfienotype. Environmental effects are
also thought to play important role in determinthg final phenotype (Bagnara et al. 1979b).
Ultrastructure of larval skin has revealed thatgratformation in spotted salamander is closely
related toTriturus alpestris, where pattern formation is governed by environimen
PhylogeneticallyA. maculatum is closely related té. mexicanum andA. tigrinumin which skin
pattern formation is solely based on cell-cell iat#ion (see Epperlein et al. 1996).

Variation during ontogeny that is manifested inpdtgpe is typically induced by
environmental heterogeneity or environmental st(Bssrigan and Scheiner 2004; Gabriel

2005). For instance, the larvae of Arizona tigéasenders change their body color depending
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on substrates in the ponds (Fernandez and CoRBi&8)1 Temperature is also found to be crucial
in the fate of development of the pigmentationgrats (Davison 1964).

In a small ecological niche where competition amthrggindividuals of the same species
may be intense, intra-population variation wouldgbeater (Adolph 1931). Both inter- and intra-
population variation are often related to phenatyariation induced by local environmental
differences (e.g., temperature, resources, comopgtipredators) to which the individuals are
exposed (Berven 1982; Reznick 1982; Berven and1@8R3; Stearns 1983). Intra-population
variation can be influenced by genotypic variatioon-genetic maternal effects, random effects
among individuals (Travis 1980; Kaplan and Coo@84), and annual variation in
environmental conditions (Collins 1979).

Amphibian metamorphs may differ both at age and @4ennig 1992; Collins et al.
1993). Differences are also seen in maturatiorepatretaining larval phenotype and becoming
sexually mature in the larval aquatic habitat (€Sgnora tiger salamander), or metamorphosing
and becoming sexually mature in the typical uplmcestrial habitats (e.g., anurans and other
salamanders) (Newman 1992; Collins et al. 1993jvéder, in rare occasion alternate morphs
have also been encountered (Pfennig 1992).

To understand the evolution of morphological traitss vital to understand the
ecological factors that may influence variatiorthie life history traits of the individuals in the
local populations. Body size is possibly the mastdflamental trait of an animal (Schmidt-
Neilsen 1984). The ontogeny of body size and tre¥ashape of amphibians differ in
predictable ways along environmental gradientscivig suggestive of adaptive response to
food scarcity, predation and extreme environmesdatitions (e.g., Lee 1993; Cummins and

Swan 1995; Morrison et al. 2004; Phillips et al0@D Thus, body size has considerable
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influence on organization of ecological communiaes on the fithess and survival of the
individuals (Lawton 1990).

As most amphibians are nocturnal and differentietiipred, it has been regarded that the
bright color patterns of nocturnal animals functionncrease foraging success by providing
attractive visual cues to nocturnal prey becaugghbparts of the animals stand out from the
background (Heiling et al. 2003; Tso et al. 20N&.

Sexual Size Dimorphism (SSD)

In amphibians, sexual dimorphism in body size andpinology has drawn great
attention (e.g., Shine 1979), but less is knowruabexual dimorphism in regard to skin
pigmentation patterns (Todd and Davis 2007). Iebanal niche divergence and/or dietary
divergence can also amplify or restrain the degfesxual dimorphism generated by aspects of
reproductive biology (Shine 1988). Among amphibjdamales are often larger than males
because they are presumably selected for highendity (Salthe and Duellman 1973).
However, males are larger than females when malie-combat is present (Shine 1979; but see
Halliday and Verrell 1986). Although sexual sizendrphism is typically associated with
selection for reproductive roles (Shine 1988; Haddand Temeles 1989), ecological differences
between the sexes in regard to habitat use, pogdatid diet have also been related to
dimorphism (Shine 1989; Anderson and Vitt 1990;n&ien and Nosil 2004).

Among salamanders, males are larger than femal@®& desmognathine species
(Bruce 1993; Bakkegard and Guyer 2004). Howevaheatfamily Plethodontidae, dimorphism
tends to be female-biased (Bruce 2000), excegtiydromantes platycephalus (Adams 1942).

This study investigated the influence of body simass, and sex on the extent of dorsal

skin pigmentation in marbled salamandembystoma opacum. The most parsimonious
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explanatory model using general linear model (G developed via the process of statistical
eliminations to illustrate the relationships. Thiady also determined the extent of sexual size
dimorphism in two species of ambystomatid salamendg quantitative studies on SSD using
several parameters of these species were lackewgls of developmental stability and
phenotypic variation within the populations werscastudied

The following hypotheses were tested: (H1) Themeiaual size dimorphism in marbled
and spotted salamanders. The prediction was tkaaksize dimorphism would be reflected in
the extent of skin pigmentation, different body dimions, and body mass. (H2) The dorsal
body area, body mass, and sex of the individualddvafluence the extent of pigmentation
patterns on the dorsum of marbled salamanderspiitiction was that the body dimensions
and their interactions with sex would show sigmfitinfluence on the extent of white
pigmentation in marbled salamanders because aalddnge pigmentation develops soon after
metamorphosis, pigmentation is thought to be somehfiuenced by sex related body growth.
(H3.1) Phenotypic variation is relatively greatemales than in females of marbled
salamanders. Since female marbled salamanders spmmedime in parental care during
October-December for which there may be stabilizelgction on optimal body size and mass,
and because such traits are correlated with inedeelsitch size, it was predicted that females
would show less coefficient of variation than malésnarbled salamanders. (H3.2) Phenotypic
variation between sexes of spotted salamandelaivedy similar. Because spotted salamanders
have similar life history between sexes, it wasfmted that both sexes would show relatively
similar coefficients of variation. (H4) The degrefedevelopmental stability will differ between
sexes in both species. It is predicted that asi¢igeee of stress differs between sexes, it would be

manifested as subtle differences in bilateral molggjical traits like skin pigmentation. So, it
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was expected that the relative measure of asymmetmyd be significantly different between

sexes in both species of salamanders.
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CHAPTER 2
MATERIALS AND METHODS

Species Biology

The study organisms are sympatric populationsefthrbled salamandémbystoma
opacum and spotted salamand&rmaculatum that inhabit disturbed and fragmented habitats
near South Holston Dam in Northeast Tennessee, (38Ath 2004)In Appalachian
ecosystems, salamander communities are very impg@sathey often exceed the combined
biomass of other terrestrial vertebrates (Hairdi®87). Because habitat fragmentation and clear-
cutting of the woodland have adverse impacts cemsahder populations (Ash 1997, Harpole
and Hass 1999), it is important to document pheagiotyariation in salamander populations.

Marbled Salamander

Ambystoma opacum (Gravenhorst 1807) is widely distributed in eastdorth America
inhabiting mixed deciduous forests from easternabeand Oklahoma, northeast through lllinois
and Indiana to southern New Hampshire and centeaslssichusetts, and south to north Florida
(Scott 2005). Some disjunct populations can bedpsach as along the southern edge of Lake
Michigan (Anderson 1967) and at Osceola island(Fiimed et al. 2007) on which this study is
based.

Ambystoma opacum is a stout, medium sized salamander that hasc& gl@und color
overlain by distinct cross-bands on the entire gorsMales have silvery white bands, whereas
females have silvery gray bands (Petranka 1998}hleve is no consistency in dorsal patterns
within sexes (Nobel and Brady 1933).They may halte apan of 8-10 years (Graham 1971,

Taylor and Scott 1997).
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Males often arrive gtotential breedin sites about a week befdemales (Petrank

1998). Breeding takes pla®m August to November when each female lays betwder?D0
eggs on the soil under the cc of leaf litter in the dry pond. Eggse often brooded by femal
for 1 to 2months, and then leave the eggs be they are inundatedsfeen 195; Worthington
1968; Petranka 1990). Theanbled salamander the only species dimbystoma that shows
parental care (Nussbaum 1985, 1987). The larvaagaeessive and are ang the dominant
predators in fishlegsonds. They are voracic, and will eat both conspecific and heterospe«
salamander larvae in ponds (Smitl90) in addition to zooplanktoisopods, fairy shrimp:
insects, snailgnd even caterpillars (Petranka 1998). As aquati@k, animals are greer-
yellow to black and emerdgeom natal ponds as dark animals with minor white spe=, which

become conspicuous and seen as white es or bands as they age (Conant and Collins 1

Figure 1 Distribution rangeskaded dai) of marbled salamander8)and spotted salamandke
(B) in USA (Modified fromUnited State: ARMI National Atlas for Amphibians Distributior
2004).
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Spotted Salamander

The spotted salamand&mbystoma maculatum (Shaw 1802) is distributed from southern
Canada to eastern and central United States (Ratf®98). It is a slow moving animal with
limited dispersal capabilities (Madison 1997) anldabits deciduous hardwood and mixed
bottomland forests along rivers, swamps, and fisk-¥ernal pools. Epends most of the time
hiding in leaf litter, under fallen wood, or in tuels below groun@Petrankal998).

The spotted salamander has brown to black skin biitterally oriented orange to
yellow spots leading down its dorsum, which areuaregl following metamorphosis (Petranka
1998). A few spots are also located on the headegsd This species is an explosive breeder
(breedingen masse), and breeds between late winter to early springnadnfemale usually
deposits 2 to 4 egg masses with 1 to 250 eggscim@atch (Petranka 1998). Adults remain in
the pond for only few nights every year (TennessahZamudio 2003; Savage and Zamudio
2005). Larvae develop in ponds throughout thedpteng and early summer (Zamudio and
Wieczorek 2007). Adults migrate to breeding ponaisrdy late winter to early spring, typically
during rainy evenings. They exhibit strong homimtpévior to their breeding sites (Whitford and
Vinegar 1966), often even entering and exitinggbed repeatedly at similar locations. Homing
behavior is sufficiently strong that when captuiredividuals were released into unfamiliar
breeding habitats, they bypassed this habitat eudmed to their natal breeding ponds (Shoop
1968; Stenhouse 1985; Sexton et al. 1986).

Study Site and Salamander Collections

The study site is located at Osceola Island Reoreétrea in Sullivan County,
Tennessee, USA. It is a vernal pool of about 9@0 ifecircumference (Smith 2004) and is

situated one mile below the South Holston Dam @enHblston View Dam road (36.5239°N,

21



82.1100°Wat altitude 1478 ft). This pond was inadvertently teelavhen the Tennessee Valley
Authority (TVA) made a borrow pit to construct arkiag lot at the recreational area. It fills with
water in the late winter but dries out by the ehthe summer (Smith 2004). A mixed deciduous
forest primarily composed of SycamoRgntus occidentalis), Sweet GumlL({iquidambar
stryaciflua) and White OakQuercus alba), and non-native bamboo patdPhyllostachys
aureosulcata; 0.5 ha) borders the south of the pond, while shyuatdeless habitat borders the
east, west and north of the pond (Figure 2). Alé@uteet away from the pond toward the north
runs the Holston View Dam road, and across thid isa small isolated, fragmented, and
disturbed mixed deciduous forest (0.79 ha) maininposed of Virginia Pin€Pinus

virginiana), Box Elder Acer negundo), and SycamoreP{antus occidentalis) (Hamed et al.

2008) .

Mixed Deciduous Forest with Bamboo Stands

S
Pitfall Trapﬂo 9. D//Drift Fence £ i’“} W
Treeless Shrubby Treeless Shrubby N
Area Area
O
O
Holston Dam View Road
Parking Fragmented and Disturbed
Area Mixed Deciduous Forest

Holston River

Figure 2 Schematic representation of the study ar®©sceola Island, South Holston River, TN
(diagram not to scale)

All marbled salamanders were collected from theesatady site during their post-

breeding migration during October and November 2008sing pitfall traps and drift fence that
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are installed around the pond. Spotted salamang=esalso collected during post-breeding
migration during March 2008 using the same methedtianed earlier (for details see Table 1).
They were then transported into the laborator@ii (5x1.5) cu. feet rectangular plastic
containers with moistened leaf litter, added taumddehydration of the animals, from the same
habitat. The procedures used for collections amdlliveg of the salamanders for this study were
approved by the ETSU animal care and use comn{exocol # P070902-AS).

Table 1 Collection of Salamanders from OsceoknidlRecreational Area, TN

Specimen Collection date Male Femal@otal salamandey
collected (N)
Marbled salamander 10/19/2008 100 0
(A. opacum) 10/30/2008 6 36 275
11/28/2008 2 131
Total 108 167
Spotted salamander 03/12/2008 8 14
(A. maculatum) 03/20/2008 56 53 131
Total 64 67

Photography and Measurements

Salamanders were photographed (Fujifilm FinePix0B58BMP digital camera) on the
same day of collection and were released to tHeata@n site the next day. For photography, the
camera was mounted at a fixed distance from tlgestad the specimen along with a standard
metric ruler was positioned directly under the caemiens so that both the left and right sides of
the specimen were present on each digital imageaobled salamanders. The purpose of using
the standard metric ruler was to provide a calibrescale for Image analysis. For spotted
salamanders, two images were taken for each specone from the left side and the other from
the right side so that the spots could be precisgbyured in the same plane. All images were

taken in the same room.

23



Image analysis software, ImageJ (NIH, Image Pracgssd Analysis in Java) was used
to calculate the dimensions of selected objectigital images by calculating the number of on-
screen pixels in each selected object, then reptiie actual dimensions of the object in
millimeters based on a user-defined pixel-to-miéliter ratio. The pixel-to-mm ratio for the
images was obtained by measuring the digitized @dgtandard metric ruler. Depending upon
the agility of the salamanders during photogragioyme were anesthetized using MS-222 (2%)
for 15-30 minutes. The gender of animals was idiedtiooking at the vent (for both species,
males have parallel ridges inside the cloaca traperpendicular to the cloacal slit).

For marbled salamanders, the following measurenveeits obtained (Figure 3): (1) eye-
to-eye length (EEL) was measured from the distel gfdeft eye to the distal part of right eye;
(2) neck length was measured at the constrictedopéine neck; (3) width between fore limbs
(WBFL) was measured from the anterior part of flefe-limb to the anterior part of right fore-
limb; (4) dorsal body length was measured by drgwaitine mid-dorsally that extended from
anterior part of fore-limbs to anterior part of éihmbs (DBL); (5) right body pigmented area
(RBPA) was measured by tracing each band on tihe sige and taking their sum; (6) left body
pigmented area (LBPA) was measured by tracing baol on the left side and taking their sum
; (7) dorsal body area (DBA) was measured by imvgithe image so that the edge of the bands
make the lateral boundaries and the fore limbsthadhind limbs make the anterior and
posterior boundaries such that the area considietbfwhite bands and dark melanic areas; (8)
width between hind limbs (WBHL) was measured fréwa &nterior part of left hind limb to the
anterior part of right hind limb; and (9) snout-t«ength (SVL) was measured from the tip of
the snout to the distal margin of the vent in lwremals. For spotted salamanders (shown right,

Fig. 3), (1) total length (TL) was measured frora tip of the snout to the tip of the tail; (2)
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snout-ventiength (SVL) was measured from the tip of the sriouhe posterior part of vent
live animals; and (3) yi®w spots were counted only from the main b

All morphometric measurements obtained for botlcigsewere rounded to three decir
places. A line was drawn down the dorsum of marbldmanders (see Figure 3) in orde
separate bands on left andhtigides so that a relative measure of asymmetrigldze

determined. The body mass was measured with ati@iecbalance to the nearest 0.0(

Figure 3 Imageanalysis procedure to geate morphological measurements for mart
salamander (left) anspotted salamander (rig
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Statistical Analyses

All linear morphological traits measured were tddta normality using Kolmogorov-
Smirnov test (Table 11) and the data distributMese visualized via frequency histograms. As
all the traits showed normal distribution, transfations were not made unless otherwise stated.

Outliers were not removed from the analyses.

Sexual size dimorphism was explored using one WA@XA for both species.
Additionally Principal Component 1 (PC1-Bartlet§sores), which explained the body size, was
used to investigate the extent of sexual size dimem in marbled salamander. The conditions
for Principal Component Analysis (PCA) were met Keiser-Meyer-Olkin (KMO) test and
Bartlett’s test of sphericity. Data were rotatechgs/arimax rotation with Kaiser Normalization,
and Principal Components were obtained by usingetairon matrix. This was followed by
Hierarchical cluster analysis by using the measfifquared Euclidean distance and centroid
method to generate a dendrogram in order to classifilar animals. Linear morphometric traits
such as snout-vent-length, eye-to-eye length, mistdetween fore limbs, and distance between
hind limbs were used to produce the dendrograntessify the marbled salamanders into similar
groups.

The most parsimonious explanatory model was deeelop investigate the influence of
different body dimensions, body mass, and sex erextent of dorsal white pigmentation in
marbled salamanders by using General Linear MdsleM) via the process of statistical
eliminations. Several candidate sets of plausibeets were developed with and without
interactions and observed for significance. Thaddadized residuals were plotted against the
unstandardized residuals (fitted value) in orddest the validity of the fitted model. In several

cases, frequency histograms of the standardizédlieds were also plotted for visualizing
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normality. When the model showed significance,rdsedual plot/histogram did not support
linearity because of skewness. Transformations@ftiependent variable improved the
predicting power of the model. Then by removingegessary variables from the models, called
model simplification, the most parsimonious exptanamodel was designed that could predict
the extent of dorsal skin pigmentation in marbleldsmanders.

Coefficient of Variation (CV) is an index that mag used to describe the amount of
phenotypic variation within and among populations.

Mathematically,

CV= (standard deviation/mean) X100 ..ot e ()

CV is patrticularly useful when comparing dispersiomnlatasets with different means or
with different units of measurement. For differpopulations or sources, the mean and standard
deviation of the traits often tend to change togetio that the CV is relatively stable or constant
(Snedecor and Cochran 1980). With the increasenmally distributed sample size, the sample
CV provides the better estimate of population C\afivhoudvand et al. 2007).

Relative measure of asymmetry is a measure of dpnedntal stability that is calculated
as the ratio of absolute value of difference betwtegit on left and right sides to the trait size.
Mathematically,

Relative measure of asymmetry = |R-L|/ (R+L) .covvviiiiii i (V)
Where
|R-L | = absolute value of the difference in means betwiggn side trait and left side trait, and

(R+L) = summation of the mean values of tight side trait and left side trait.
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CHAPTER III

RESULTS

Sexual Size Dimorphism (SSD)

1. Marbled Salamander

The correlation between white pigmentation andrafphological traits measured were
found to be significant (P<0.001; see Table 2 fetads). But the small correlation coefficient

values indicate that total white pigmentation miglsb be correlated with third variable.

Table 2 Correlation Coefficients for differentiteaof marbled salamanders

Trait Total White Pigmentation P
Correlation r
Body Mass (Q) 0.430 <0.001
Snout-Vent-Length (mm) 0.448 <0.001
Dorsal Body Length (mm) 0.411 <0.001
Dorsal Body Area (mA) 0.511 <0.001
Eye-to-Eye Length (mm) 0.367 <0.001
Neck Width (mm) 0.502 <0.001
Width b/w Fore Limbs (mm) 0.387 <0.001
Width b/w Hind Limbs (mm) 0.446 <0.001

Therefore, Principal Component Analysis (PCA) wagied out to investigate how the variables
were interrelated (see Table 3 for details). PpacComponent 1 (PC1) explained most of the
variances for different linear body dimensions (@ace=73.971% and eigenvalue=6.657), thus it
was taken as body size; PC2 explained most ofdhances for body mass (variance=8.942%),
while PC3 explained most of the variances for tataite pigmentation (variance=5.899%).
However, PC1 was only used for further analyseSSiD as it showed greater eigenvalue (Eigen

value=6.657). The eigenvalues for PC2 and PC3 {essethan 1, and therefore were not used

for further analyses.
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Table 3 Rotated Component Matrix with Principah@onents for marbled

salamanders

Trait Rotated Component Matrix

PC1 PC2 PC3

Body Mass (WT) 0.362 0.870 0.241
Snout-Vent-Length (SVL) 0.845 0.414 0.161
Dorsal Body Length (DBL) 0.848 0.383 0.127
Dorsal Body Area (DBA) 0.862 0.329 0.271
Eye-to-Eye Length (EEL) 0.895 0.292 0.098
Neck Width (NW) 0.797 0.059 0.432
Width b/w Fore Limbs (WBFL) 0.898 0.241 0.161
Width b/w Hind Limbs (WBHL) 0.781 0.217 0.332
Total White Pigmentation (TWP) 0.204 0.205 0.932

Results showed a significant difference betweeesé@xmarbled salamanders in regard
to body size obtained as PC1 (Welch-F=116.222,0%0).see Figure 4). This finding supported

the hypothesis of SSD in several body dimensiors opacum.

17
O 147

170

D56

o0

Principal Component1 (Bartlett's Scores-Body Size)
I
|

Sex: 1=Male, 2=Female

Figure 4 Marbled salamander: SSD in body sizainbt as Principal Component 1(Bartlett’s
Score) using 8 morphological chaec{as shown in Table 2)
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Additionally one way ANOVA was used for each tiaittest whether significant
differences in body dimensions between sexes oéchtann-Whitney non-parametric test was
used to test the significance for percentage ofeypigmentation as it was scaled with dorsal
body area. All nine morphological traits showechgfigant differences between sexes (P<0.001),
except for total white pigmentation (F=0.024, PY@#d total number of white bands (F=2.253,
P>0.1). Details on sexual size dimorphism are ginefable 4 (see Appendix for Figures 9-13
on SSD). This finding supported the hypothesiseaiual size dimorphism in different body
dimensions of marbled salamanders.

Table 4 One way ANOVA test for sexual size dintasm in marbled salamanders using
several morphological traits

Trait MeantSD F P
Male Female
Body Mass 6.685+1.886 7.81£1.355 33.443 <0.001
Snout-Vent-Length 60.426+6.424 70.56#6.314 | 166.314 <0.001
Eye-to-Eye Length 9.990+0.740 11.1940.818 | 152.811 <0.001
Neck Width 9.399+1.042 10.10%1.075 28.843 <0.001

Width between Fore Limbs| 10.322+1.144 12.0791.104 160.614 <0.001
Width between Hind Limbs 9.799+1.079 10.8321.151 55.283 <0.001

Dorsal Body Length 32.5114.605 39.9734.202 | 191.130 <0.001
Dorsal Body Area 325.160:78.092 | 444.99689.009| 130.119 <0.001
% White Pigmentation 54.866+9.535 41.1349.563 | 2715.000 <0.001
Total White Pigmentation | 179.47355.377 | 180.44%47.987| 0.024 >0.5
# White Bands 5.70+0.924 5.86+0.840 2.253 >0.1

Results showed that females are on average significlarger (both in body length and
body widths) and heavier (in body mass), but wiginiicantly lesser coverage of percentage of
dorsal white pigmentation than males. However,ignicant difference was observed in total
number of white bands and total white pigmentabietween sexes. The mean number of bands
was 5.70 and 5.86 for males and females respegtiVeke mean total white pigmentation was

179.473 mrhand 180.445 mffor males and females respectively.
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Hierarchical Cluster Analysis was performed usimg ineasure of Squared Euclidean
distance that classified the marbled salamandeyswo large groups of males and females; but
one small cluster of smaller males was also prodiwdgch was not expected. Linear
morphometric traits such as snout-vent-length,teyeye length, distance between fore limbs,
and distance between hind limbs were used to petheedendrogram (Figure 5) using centroid

clustering method that showed the relative cohesise of the groups of marbled salamanders.

VALES FEMALES
Least| Heavier Less Heavier | More Heavier More Heavier Most Heavier
Less | Whiter Less Whiter | More Whiter Less Whiter Less Whiter
|_T ] ] ] | | | |
405 4449 51-56 5660  59-61 63-66 66-74 71-76 65.4 75 7679 7983
1F BMAF TN 3OVAF 24MEF 26M:4tF  49FTM 2ZFIM 1F 1F 39FM 10F

Figure 5 Dendrogram generated by Hierarchical €€tusnalysis of marbled salamanders using
linear morphometric traits such as snout-vent-lenigody length, eye-to-eye length, distance
between fore limbs, and distance between hind lildlasa just below the branch of dendrogram
represent the range of SVL below which are the malseepresenting the ratio of number of
males (M) to females (F).

2. Spotted Salamander
There was a significant difference between sexspatted salamander in body mass,
snout-vent-length and total length, but not foatspots number on the dorsum (Table 5).

Table 5 One way ANOVA test for sexual size dimasphin spotted salamanders

MeantS. D. F P
Trait Male Female
Weight (Q) 16.403t3.240 | 18.32°A43.781 9.740 <0.005
Snout-Vent-Length (mm| 91 .406+6.529 | 97.074t7.406 | 21.528 | <0.001
Total Length (mm) 177.93A13.614| 187.194:16.721| 12.007 | <0.005
# Total Spot 10.67Gt1.985 | 10.810t1.964 0.151 >0.5
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Data showed that females are significantly hegnelbody mass) and larger (in Snout-
Vent-Length and Total length) than males in sposi@dmanders; however, there is no
intersexual difference in yellow skin pigmentationeasured as total number of spots counted
on the dorsum). This finding supported the hypathesSSD in spotted salamanders.

Designing Statistical Model for Dorsal White Pigrtation

The most parsimonious statistical model that exgldihow the body mass, dorsal body
area, and sex could influence the ontogeny of dlarisie skin pigmentation in the marbled
salamander is developed via model simplificatiomgis. general linear model (GLM). The
model showed main effects of body mass and docshl brea, a significant interaction of sex
with dorsal body area, and a significant interactd sex with body mass and dorsal body area
on the generation of dorsal white pigmentation arlted salamander. This predictive model of
white pigmentation for marbled salamander suppdtiechypothesis that skin pigmentation can
be influenced by body mass, dorsal body area, exafsthe individual salamander.

The fitted model is as follows:

Ln (Total White Pigmentation) =3.398+ 0.139 Bodydda 0.003 Dorsal Body Area +
0.002(Sex*Dorsal Body Area) - 0.0002 (Sex*Body
Mass*Dorsal Body Area)

The statistical analyses and the parameters dfrfiodel (see Table 6) along with the residual

plot (see Figure 6) are presented below.

Table 6 Most Parsimonious Statistical Model desthby using GLM via statistical

eliminations that shows the influence of Body Md3stsal Body Area (DBA), and Sex on
logarithm of Total White Pigmentation

Dependant Variable: Type 1l Sum

White Pigmentation of Squares | Mean Square F P
Variable

Intercept 13.238 13.870 316.794 | <0.001
Body Mass 1.180 1.180 26.941 | <0.001
DBA 2.801 2.801 63.979 | <0.001
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Table 6 Continued

Sex*DBA 0.820 0.820 18.725 <0.001
Sex*Body Mass*DBA 0.877 0.439 10.019 <0.001
Error 11.690 0.044
Coefficients Table
Predictor B Std. Error t P
Intercept 3.398 0.191 17.799 <0.001
Body Mass 0.139 0.027 5.190 <0.001
DBA 0.003 0.000 7.337 <0.001
Sex*DBA 0.002 0.000 4.327 <0.001
Sex*Body Mass*DBA -0.0002 0.000 -3.998 <0.001
(o]
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Figure 6 Residual Plot of the most parsimoniousi@hcstandardized residual of LnWhite vs.
predicted residuals of LnWhite of marbled salamasdés residuals did not show discernable
pattern, the model is accepted.

Table 7 shows the initial General Linear Model tisebllowed by its residual plot shown

in Figure 7.
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Table 7 First candidate statistical model desidioe White Pigmentation in marbled

salamanders
Dependent Variable: White |  Type llI Mean
Pigmentation Sum of Squares F P

Variable Squares

Intercept 4494.633 4494.633 3.285 >0.05
Sex 4507.920 | 4507.920| 3.295 >0.05
Body Mass 1608.974 | 1608.974| 1.176 >0.1
Snout-Vent-Length 9356.802 9356.802 6.839 <0.01
Body Length 15164.849] 15164.849 11.084 <0.005
Body Area 27496.146| 27496.146 20.096 <0.001
Eye-to-Eye Length 9768.323 9768.323 7.140 <0.01
Neck Width 9394.941 9394.941 6.867 <0.01
Width b/w Fore Limbs 1577.652 | 1577.652| 1.153 >0.1
Width B/w Hind Limbs 2415.962 | 2415.962| 1.766 >0.1
Sex*Body Mass 75.766 75.766 0.055 >0.5
Sex* Snout-Vent-Length 395.275 395.275 0.289 >0.5
Sex* Body Length 67.245 67.245 0.049 >0.5
Sex*Body Area 6779.593 6779.593 4,954 <0.05
Sex*Body Mass* Body Aregq 3907.883 | 1953.942| 1.428 >0.1
Error 354365.769 1368.208

4,00

2,00

0.00
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Standardized Residual for White
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-5.100—
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L) T )
S0.00 10000 150.00

Figure 7 Residual Plot of first model: standardizesidual of White Pigmentation vs. predicted
residuals of White Pigmentation of marbled salaneasidAs residual plot showed discernable
pattern, the model was not accepted. So, new medeks developed as shown in Tables 12, 13,
14, 15, and 16 (see Appendix).
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Relative Measure of Asymmetry

1. Marbled Salamander: Intersexual Difference

There was a significant difference in the relativeasure of asymmetry between sexes in

marbled salamanders in regard to dorsal white pigatien. Females were more asymmetric in

dorsal white pigmentation than males (Table 8) affsted salamanders.

Table 8 One way ANOVA Test for inter-sexual diéfiace in Relative Measure of Asymmetry
of marbled salamanders. P<0.005 suggests sigrifitBiarence in Relative Measure of

Asymmetry between sexes of marbled salamander.

Sex Marbled salamanders: Relative Measure of AsymnmetR-LI/(R+L)

N Mean | Welch F-statistics F -value P
Male 107 0.052 12.360 9.421 <0.005
Female 168 0.077

Asymmetry in white pigmentation was correlated viatidy length (Pearson r=0.119,

P<0.05; see Figure 8 left) and dorsal body arear@®a r=0.140, P<0.05; see Figure 8 right).

451

e
=1
1

Dorsal Body Length (mm)
T

2]
=]
1

257

204

T T T
0z 04 06

Relative Measure of Asymmetry

0.8

7007

500

mm)

+ 200

Dorsal Body Area (sq
5
]

w

(=]

=]
1

200

T T
04 06

Relative Measure of Asymmetry

08

Figure 8 Scatter plots showing correlation of aswatry in white pigmentation with dorsal body
length (shown to left), and dorsal body area (shtwight) of marbled salamanders. Males are

shown in blue and females are shown in green.
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The findings supported the hypothesis that femalesnore asymmetric in white
pigmentation than males of marbled salamanders;hmwguggests that females might be under
greater stress than males.

2. Spotted Salamander: Intersexual Difference in Aswtnyn

There was no significant difference in relative swea of asymmetry between sexes of
spotted salamander in regard to mean yellow spattq@ able 9). This finding did not support
the hypothesis of intersexual difference in spatnt@symmetry. Spot asymmetry was neither
correlated with body size (total length: Pearsah®37, P>0.5; snout-vent-length: Pearson
r=0.155, P>0.05) nor with body mass (Pearson r%).B20.5).

Table 9 One way ANOVA test for inter-sexual diface in Relative Measure of Asymmetry of

spotted salamanders. P>0.1suggests no signifidéeremce in Relative Measure of Asymmetry
in number of spots between sexes of spotted saldensn

Sex Spotted salamanders: Relative Measure of AsymmeliR¢LI/(R+L)

N Mean | Welch F-statistics F (between P
groups)
Male 64 0.063 2.052 2.000 >0.1
Female 67 0.090

Phenotypic Variation

The results showed that coefficient of variatioWJ©f body mass/Snout-Vent-Length
for males is relatively greater than that for feesalh marbled salamander, and within population
variance was also found to be significantly diffear'om mean variance for males (P<0.001),
but not for females (P>0.1). This indicates thelitkood of strong selection pressure on body
mass and body size for females compared to matesetkr, for spotted salamanders, males
and females showed relatively similar CV, and withopulation variance was not significantly

different from mean variance for both sexes (P>6e&; Table 10 for details). This indicates the
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possibility of similar selection pressure for betxes in spotted salamanders supporting the

hypothesis that phenotypic variation between sekspotted salamander is relatively similar.

Table 10 Coefficient of Variation for Marbled aSgotted salamander populations obtained
using Ratio statistics for Body Mass/Snout-Vent-gtiin * indicates the significance within
population variance at P<0.001 using Levene’sfegstquality of variance.

Ratio statistics for Body Mass/SVL

ler

Marbled salamander  Spotted salamanc
Statistics
Std. Deviation 0.023 0.016 0.025 0.02
Mean 0.109 0.111 0.179 0.187
Coefficient of Variation (CV) 21.5%* 14.8% 13.9% 5%

Body size relationships of different morphologitralits were also investigated which

showed isometric relationships that are presem&gppendix (see Tables 16 and 17).
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CHAPTER 4
DISCUSSIONS

The results show th&t opacum differs significantly between sexes in overall haize
including average body mass and percentage of ldehsie pigmentation. This study revealed
significant sexual size dimorphism in nine morplgatal characters in marbled salamanders. In
A. opacum, females are significantly heavier and larger thmates, but males have significantly
greater white pigmentation than females when soalgdbody size. However, no statistically
significant difference was found in total white pigntation (not scaled with dorsal body area) or
mean number of white bands. This result suppoesditidings of Todd and Davis (2007) for
percentage of white pigmentation, but they didmetsure other size related parameters.
Likewise, forA. maculatum, females are, on average, heavier and largertiz@s but are not
significantly different in yellow skin pigmentatiqmeasured as number of spots on the dorsum
per individual).

Dimorphic characters in both species of ambystairegiamandensay reflect the
adaptation of males and females to different sardlor reproductive needs. Previous studies in
frogs indicate that larger body size in females character correlated with selection for
increased clutch size when females are largerriedas (Salthe and Duellman 1973; Crump
1974). Although color signaling is considered apamiant ecological character in diurnal
systems (Bruce et al. 2003), its importance inunoal organisms is very poorly understood
(Chuang et al. 2007). Greater white pigmentatioghtnbe of evolutionary significance because
white coloration stands out against the dark bamkgu at night. Salamanders being nocturnal
breeder, such coloration may possibly have a rokekual signaling. However, these hypotheses

remain to be tested in marbled salamanders.
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The most parsimonious General Linear Model develdpedorsal white pigmentation
of marbled salamander reflects the influence ofybodss, dorsal body area, and gender in
generation of skin pigmentation. Body mass andaldrsdy area explained the main effects on
white pigmentation, and sex was found to influetheepigmentation but only via interaction
with body mass and dorsal body area. Though muchtignown about how body mass, body
size, and sex influence the generation of skin piggation in amphibians, it is understood that
some pigmented cells migrate into epidermis eairiéife, and others remain in the dermis and
migrate into the epidermis during metamorphosigy(iaa 1987). Metamorphosis is followed by
higher growth rate of body size, and with this gito¥ollows the development of white and
yellow pigmentation in marbled and spotted salameasitespectively (Petranka 1998). As very
little is known whether the extent of skin pigmeita pattern is fixed in these two species of
salamanders, Wright and Zamudio (2002) found timatspot pattern iA. maculatum had
changed in the course of last 50 years in the a@asent to the golf course because of the high
applications of herbicides and chemical fertilizZershe golf course. However, as meta-
population dynamics exists in ambystomatid salareen(Zamudio and Wieczorek 2007), the
existing population can be replaced by a new pajmaver time, thus rendering less validity of
such studies. Moreover, skin pattern formationyjsdthesized to be interplay between neural
crest derived cells, environmental factors, mogtdrtant of which are factors associated with
growth and survival (Bagnara 1982; Tucker and Eock1986).

This study has established the base line dataefeegldpmental stability in marbled and
spotted salamanders that may serve researchavmpatative studies to understand the effects
of genetic/environmental stress. In addition, & baen accepted that lower asymmetry levels

indicate higher developmental stability and higliteess of the individuals (Moller and Swaddle
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1997). Any subtle deviation from the perfect synmpean indicate the body condition of the
individuals and the environment they inhabit (Mobe&d Swaddle 1997). The significant
difference in relative measure of asymmetry forrage area of dorsal white pigmentation
between sexes in marbled salamander indicatesog®hjlity of different roles that the
reproductive biology of each sex play in generatuiite pigmentation, and/or the possibility of
different stress levels between sexes. It is knthahfemale marbled salamanders breed on dry
ponds during October-December, and also exhibérgal care via attending the nest with the
clutch of eggs for 1-2 months during which it does feed (Noble and Brady 193® contrast,
parental care is lacking in males. So it seemsaiwable that females are under more stress than
males, which may be manifested as higher asymnrefgmales than males in morphological
traits like skin pigmentation. Likewise, it is alpossible that the two sexes might have different
buffering capacity that would result into signifitly different asymmetry levels.

Relative measure of asymmetry in average spot dmetmieen sexes in spotted
salamanders was not significantly different andgests the possibility of both sexes being under
strong genetic control and thus similar bufferiagacity against stress. Likewise, they could
also be under similar stress level, which is logiaa both sexes of the same species inhabit the
same habitats.

Many ecomorphological studies suggest that if sgecific competition is driving the
size spacing of species, the CV for the morphoklgraits should be severely constrained in
each competing species to preserve the necessaiyngpetween them necessary for ecological
coexistence (Grant 1968; Pulliam 1975; Ricklefs @ralis 1980). Relatively smaller CV for
female marbled salamander suggests that they magbhder higher selection pressure on body

mass and body size as larger body size is thoogturtfer greater reproductive advantage
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(Salthe and Duellman 1973; Crump 1974) that miglvetresulted into low variation compared
to males. However, for spotted salamanders dataeshoelatively similar variation in body
mass and snout-vent-length which might infer thesgmlity of similar selection pressure on

both sexes. This is conceivable as both sexesdimikar ecological roles in the ecosystem.
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CHAPTER 5
CONCLUSIONS

The findings of this study supported the hypoth@dik) that there is sexual size
dimorphism in both species of ambystomatid salamsaéeopacum andA. maculatum. InA.
opacum, females are significantly heavier and larger threhes, but males have significantly
greater white pigmentation than females when soaltdbody size. Likewise i. maculatum,
females are significantly heavier and larger thahesy but witmo significant intersexual
difference in mean yellow spot number.

The most parsimonious general linear model (GLM3 waveloped which supported the
hypothesis (H2) that the extent of dorsal whitenegtation could be influenced and predicted
by body size, mass, and sex of marbled salamambdeugh much is not known about how body
size, body mass, and sex could influence the geaeraf skin pigmentation in amphibians, this
necessitates further studies on ontogeny and biabgigmentation.

As less is known about phenotypic variatiomiropacum andA. maculatum, this study
showed that females may be under greater selgatemsure on body size and mass of marbled
salamanders, and thus showed less variation cothparaales supporting the hypothesis
(H3.1). For spotted salamanders, because phenaotgpation was found to be similar between
sexes, which supported the hypothesis (H3.2), @ai@V are indicative of similar selection
pressure for body size and mass of each gender.

Data on relative measure of asymmetry indicatetifémaales might be under more stress
than males of marbled salamanders, and suppdreaypothesis (H4), while for spotted
salamanders asymmetry was not significantly diffebetween sexes, which did not support the

hypothesis (H4), indicating the possibility of disn levels of stress in both sexes.
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APPENDIX

Tests for Normality of Data Distribution

Table 11 Tests for Normality of data distributiasing Kolmogorov-Smirnov Z for several
morphological traits. N is sample size.

Marbled salamanders (N=275)
Traits Kolmogorov-Smirnov Z P-value
Weight (WT) 0.697 >0.5
Snout-vent-length (SVL) 0.564 >0.5
Dorsal Body Length (DBL) 0.719 >0.5
Dorsal Body Area (DBA) 0.552 >0.5
Eye-to-Eye Length (EEL) 0.311 >0.5
Neck Width (NW) 0.884 >0.1
Width b/w Fore Limbs (WBFL) 0.580 >0.5
Width b/w Hind Limbs (WBHL) 0.677 >0.5
Total White Pigmentations (TWP 0.871 >0.1

Spotted Salamanders (N=131)
Traits Kolmogorov-Smirnov Z P-value
Weight (WT) 0.808 >0.5
Snout-vent-length (SVL) 0.727 >0.5
Total Length (TL) 0.601 >0.5

Sexual Size Dimorphism in Marbled Salamanders
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Figure 9 Marbled salamander: SSD in Body Mass (B340 shown to left), and Snout-Vent-
Length (P<0.001; shown to right)
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Figure 10 Marbled salamander: SSD in Dorsal Boglygth (P<0.001; shown to left), and
Dorsal Body Area (P<0.001; shown to right)
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Figure 11 Marbled salamander: SSD in Eye-to-Eyegtle (P<0.001; shown to left), and Neck
Width (P<0.001; shown to right)
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Figure 12 Marbled salamander: SSD in Width betweare Limbs (P<0.001; shown to left),
and Width between Hind Limbs (P<0.001; shown tbtig
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Figure 13 Marbled salamander: SSD in % of Whigniintation (P<0.001; shown to left), and
Total White Pigmentation (P>0.5; shown to right)
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Figure 14 Spotted salamander: SSD in Body MasB.(®4; shown to left), and Snout-Vent-
Length (P<0.001; shown to right)
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Sets of Candidate Models for White PigmentatioMafbled Salamanders

Table 12 Second candidate statistical model dedifor White Pigmentation of marbled
salamanders by logarithmic transformation of depahgariable

Dependent Variable: Type Il Mean
Ln(White Pigmentation) Sum of Squares F P
Variable Squares
Intercept 6.489 6.489 162.163 <0.001
Sex 0.084 0.084 2.107 >0.1
Body Mass 0.612 0.612 15.307 <0.001
Snout-Vent-Length 0.337 0.337 8.41(0 <0.005
Body Length 0.325 0.325 8.125 <0.00b
Body Area 1.437 1.437 35.911 <0.001
Eye-to-Eye Length 0.189 0.189 4.729 <0.0p
Neck Width 0.234 0.234 5.857 <0.05
Width b/w Fore Limbs 0.062 0.062 1.544 >0.1
Width B/w Hind Limbs 0.082 0.082 2.054 >0.1
Sex*Body Mass 0.012 0.012 0.299 >0.5
Sex* Snout-Vent-Length 0.030 0.030 0739 >0.1
Sex* Body Length 0.005 0.005 0.128 >0.5
Sex*Body Area 0.193 0.193 4.812 <0.0%
Sex*Body Mass* Body Area 0.689 0.345 8.614 <0.001
Error 10.283 0.040

2.00

00

0.00

-2.00—

Standardized Residual for LnWhite

-4.00—

5.00
Predicted Value for LnWhite

Figure 16 Residual Plot of second model: standaddresidual of LnWhite
Pigmentation vs. predicted residuals of LnWhitenkégtation in marbled salamanders.
As residual plot showed no discernable patternptbhdel was accepted.
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Table 13 Third candidate statistical model desigioe White Pigmentation of marbled

salamanders
Dependent Variable: Type Il Mean
Ln(White Pigmentation) Sum of Squares F P

Variable Squares

Intercept 7.310 7.310 171.083 <0.001
Body Mass 1.002 1.002 23.454 | <0.001
Snout-Vent-Length 0.250 0.250 5.845 <0.05
Body Length 0.122 0.122 2.864 >0.05
Body Area 1.403 1.403 32.838 <0.001L
Eye-to-Eye Length 0.287 0.287 6.711 <0.0b
Neck Width 0.077 0.077 1.803 >0.1
Sex*Body Area 0.738 0.738 17.277 <0.001
Sex*Body Mass* Body Area 0.847 0.424 9.917 <0.001
Error 11.237 0.043

2.00

0.00

-2.00

Standardized Residual for LnWhite

-4.00

5.00
Predicted Value for LnWhite

Figure 17 Residual Plot of third model: standagdiresidual of LnWhite Pigmentation
vs. predicted residuals of LnWhite Pigmentatiomarbled salamanders. As residual
plot showed no discernable pattern, the model wesed.
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Table 14 Fourth candidastatistica model designed for White Pigmentat of marbled
salamanders. As Snout-Velnength is nosignificant in influencing white pigmentation inist
model, it was eliminated in the next mo

Dependent Variable: Type Il Sum Mean
Ln(White Pigmentatior of Squares Squares F P
Variable

Intercept 7.982 7.982 184.74( <0.001
Body Mass 1.028 1.028 23.79¢ <0.001
Snout-Vent-Length 0.122 0.122 2.82¢ >0.05
Body Area 1.755 1.755 40.63: <0.001
Eye-to-Eye Length 0.214 0.214 4.94¢ <0.05
Sex*Body Area 0.885 0.885 20.50 <0.001
Sex*Mass* Body Are 0.860 0.430 9.94¢ <0.001
Error 11.450 0.043

2,00

0.00

-2.00—

Standardized Residual for LnWhite

-4.00-

T T
450 500

Fredicted Value for LnWhite

Figure 18 Residual Plaf fourth model: standardized residuall@iWhite Pigmentatiol
vs. predicted residuals bhWhite Pigmentation in marbled salamar. As residual plot
showed no discernable pattern, the mwas accepted.
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Table 15 Fifth candidate statistical model desipfee White Pigmentation of marbled
salamanders. As Eye-to-Eye Length is non-significamfluencing white pigmentation in this
model, it was eliminated in the next model.

Dependent Variable: Type 1l Sum Mean

Ln(White Pigmentation) of Squares Squares F P
Variable

Intercept 8.754 8.754 201.233 | <0.001

Body Mass 1.288 1.288 29.612 <0.001

Body Area 2.639 2.639 60.664 <0.001

Eye-to-Eye Length 0.188 0.188 2.702 >0.1

Sex*Body Area 0.824 0.824 18.938 <0.001

Sex*Mass* Body Area 0.970 0.485 11.145 <0.001

Error 11.572 0.044

2.007

0.00

-2.007

Standardized Residual for LnWhite

-4.004

400 450 5_'00 550 .00
Predicted Value for LnWhite

Figure 19 Residual Plot of fifth model: standaedizesidual of LnWhite Pigmentation
vs. predicted residuals of LnWhite Pigmentatiomiarbled salamanders. As residual
plot showed no discernable pattern, the model wesmed.
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Body Size Relationships of Different Morphologidahits of Marbled and Spotted Salamanders

Table 16 Body size relationships of different malogical traits of marbled salamanders.
Predictor variablex) is snout-vent-length (SVL). Slope with * indicatbst the slope is not

significantly different from 1 (P>0.1) indicatingametric relationship. For acronyms, see Table

10.

Depend Male Female

Va‘:i’;tble Intercept | Slope | Allometric equation| Intercept| Slope | Allometric equation
G| @ | e y=ax® @ | () y=ax®
WT -1.159" | 0.722* | WT=-1.159"*SVL%"* -1.412 | 0.436* | WT=-1.412*SVL°**
EEL |-0.015 0.884* | EEL=-0.015*SVL°® -8.856" | 0.813* | EEL=-8.856"*SVL "%
NW -0.025 | 0.748* | NW=-0.025*SVL°>"* 6.729"° | 0.601* | NW=6.729"%*SVL "
WBFL | -0.017 | 0.829* | WBFL=-0.017*SVL°®** | -7.232" | 0.695* | WBFL=-7.232">*3V"°%*
WBHL 0.018 | 0.690* | WBHL=0.018*SVL°®* 0.014 | 0.658* | WBHL=0.014*SVL"®>*
DBL 1.975° | 0.882* | DBL=1.975"*SVL%® | -2.003" | 0.877* | DBL=-2.003"**SVL %"’
DBA | -3.687"° | 0.882* | DBA=-3.687"*SVL"® | -4.071" | 0.852* | DBA=-4.071™>*SVL>®*
TWE | -2.810% | 0.750* | TWP=-2.810"%SVL">"™" 0.003 | 0.370* | TWP=0.003*SVL°*"

Table 17 Body size relationships between body ri489 and snout-vent-length (SVL) of
spotted salamanders. Predictor variak)daq snout-vent-length (SVL). Slope with * indicates
that the slope is not significantly different frdn{P>0.1) indicating isometric relationship.

Depend Male Female

‘?”t Inter- Slope Allometric equation: Intercept | Slope Allometric equation:
variable cept (b) y=ax’ (a) (b) y=ax®

v) (@

WT -0.004 | 0.840* | WT=-0.004*SVL>* -2.570" [ 0.759* | WT=-2.570"*SVL""™
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