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morphology might be associated with, and predicted by, the variation of ecological roles
played by a species in different communities in different environments. By evaluating the
development and/or presence of trophic polymorphisms, one would better be able to
evaluate an organism’s, or population’s, ability to respond to intraspecific competition
(Swanson et al. 2003) and exploit new resources (Skulason and Smith 1995). This
intuitive hypothesis is generally intractable in empirical studies, unless habitat
fragmentation produces diverse but replicated communities in varied environments. Such
is the case for numerous fish communities in the Bitter Lake National Wildlife Refuge
(BLNWR) in the Roswell Basin, New Mexico. Following a century of water extraction
and alteration of the Pecos River, numerous isolated habitats from the historic backwaters

of the Pecos River now occupy the landscape (Hoagstrom and Brooks 1999).

Cyprinodon pecosensis (Cyprinodontiformes: Cyprinodontidae), historically
widespread throughout the Pecos river system, has experienced exceedingly isolated
populations due to the native habitat being destroyed or removed (Miller 1961;
Hoagstrom and Brooks 1999). Cyprinodon pecosensis populations have chiefly been
confined to isolated sinkholes, man-made impoundments, and sparse spring-fed marshes
(Collyer et al. 2015a), with varying environmental conditions (e.g., salinity) and
community structures (e.g., allopatric and sympatric populations; Hoagstrom and Brooks
1999). After the introduction of C. variegates (sheepshead minnow) into the Pecos river
in Texas during the early 1980’s, hybridization quickly became prevalent, with C.
variegatus x C. pecosensis hybrids occupying an estimated 50% of the historic range of
the endemic C. pecosensis population by 1985 (Echelle and Connor 1989; Echelle et al.

1997). The widespread success of hybridization between these two species has been



attributed to a selection mechanism for the hybrid population during a period when the
endemic C. pecosensis population had already been depleted (Childs et al. 1996).
Cyprinodon pecosensis females showing sexual preference for male C. variegatus and
hybrids (Rosenfield and Kodric-Brown 2003), superior growth-rate and vigor in hybrids
(i.e., heterosis) and pure C. variegatus in comparison to pure C. pecosensis (Rosenfield et
al. 2004), and increased anthropogenic manipulation of natural habitat (e.g.,
impoundment, groundwater withdrawal, channelization, diversion of water resources)
have all attributed to the recent decline in C. pecosensis. Since C. pecosensis populations
are prone to numerous ecological conditions, it is imperative that the cranial morphology
of this species be better understood. Differing morphotypes often express different
behaviors, strategies, and diets (Swanson et al. 2003; Whiteley 2007), as well as

physiological responses (e.g., growth rates; Skulason and Smith 1995).

The purpose of this study was to assess the morphological variation in the head
and mandible of C. pecosensis populations within and among different populations that
inhabit various habitat types, as well as determine if temporal effects (e.g., seasons)
influence the aforementioned variation. | used museum specimens from multiple samples
over numerous years, seasons, and populations. Morphological data were collected and
subsequently subjected to various analyses to assess which environmental variables were
influencing shape. With different C. pecosensis populations subjected to different
ecologies, | expected that similar populations would occupy different regions of
morphospace in respect to interspecific interactions and habitat type colonized. |
anticipated localities within sinkhole habitat complexes to be unique when compared to

other habitat complexes due to longer periods of isolation, lack of seasonal connectivity



to other populations, and higher salinity than other habitat complexes. Additionally, | had
expected that temporal effects would be of influence. Since populations have their own
unique ecologies, temporal effects would be expected to have some sway on food items

available, thus encouraging the populations to adapt in response to items present.

MATERIALS AND METHODS

SPECIMENS USED AND THE STUDY SYSTEM
| collected shape data from 1162 Cyprinodon pecosensis individuals (575 males,

565 females, 22 juveniles) which incorporated 63 collections from 26 different locations.
Specimens were examined at the Museum of Southwestern Biology (MSB) and
comprised subsets or complete samples of populations. Accession numbers from the
MSB collections used can be found in Appendix 1 and a map of the region is provided
(Fig. 1, 2). Cyprinodon pecosensis specimens included both males and females to assess
variation in head and mandible shape across populations, in addition to assessing sexual
dimorphism. The habitats investigated differed primarily in presence or absence of water
flow, community structure, fish assemblage, maximum water depth, and salinity.
Samples from the Pecos River were excluded from this analysis in order to focus on

isolated populations and eliminate potential effects of hybridization.

Habitat classifications correspond to those in Collyer et al. (2015a) to remain
consistent with previous work and for future ecological comparison. Of the 26 localities
investigated, four habitat classifications were used: Bitter Lake region (BL), Bureau of

Land Management (BLM), Sinkhole (SH), and Waterfowl Impoundment (WF).
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Figure 1. Chaves County, New Mexico. General areas of sampling sites indicated by numbers 1 -3, which correspond
to smaller maps in Figure 2, which in turn illustrates individual localities. Locations are too clustered to be identified,
but this map is intended to show the relative area.



Oxbow 1 5E ofiUr3/5

£

Units1 65 J9*
Unit 157

Google®arth

» Mirror:Llake

f ‘ E8LLU
Sago Spring : F8LE1E
i 31 T —
50 Bitter Lake %o 4
Bitter.Creek 7 ‘ ¢
—_

Googleearth
C

: \

Lea l'ake N

Googl¢ earth 40004t :

Figure 2. Corresponding maps associated with Figure 1. Sinkholes are listed by associated sinkhole
number only, Waterfowl Impoundments are listed as Unit (x). Like colored symbols represent identical
habitat complex classifications and include Bitter Lake (BL), Bureau of Land Management (BLM), deep
Sinkhole (SH), and Waterfowl Impoundments (WF).



Bitter Lake
Bitter Lake habitat complex (BL) comprises five localities: Bitter Creek (two

divisions), Sago Spring, Sinkhole 31, and Sinkhole 32. These locations comprise two
systems, which flow directly into Bitter Lake (a spring-fed playa lake) and are roughly
located in the same vicinity. Bitter Creek spring complex (confluence and weir
collections; BCc, BCw) flows north to south, reaching a confluence with Dragonfly
Spring, then Lost River before entering Bitter Lake. Salinity varies along the length of the
Bitter Creek spring complex but does not change considerably, ranging from 4.1ppt to
6.8ppt (Hoagstrom and Brooks 1999). The mouth of the Sago Spring complex (Sago
Spring, Sinkhole 31, Sinkhole 32) empties into Bitter Lake roughly 100m north of the
mouth of Bitter Creek (Collyer et al. 2015a). Salinity is relatively consistent among the
sinkholes (with minor differences) but is generally lower in Sago Spring itself compared
to the adjoining sinkholes (Hoagstrom and Brooks 1999). Since these systems are
connected and part of a larger system, the populations are considered part of a single

habitat complex.

Bureau of Land Management
The Bureau of Land Management habitat complex (BLM) encompasses two

localities, both of which are part of the same outflow. The Lea Lake outflow, and weir, is
a spring marsh that flows from Lea Lake to the southwest, resulting in an extensive marsh
habitat. Hoagstrom and Brooks (1999) report that as the distance from Lea Lake
increases, so does salinity due to effects of evaporation. This wetland is managed by the

Bureau of Land Management (BLM) and is associated with the BLM waterfowl complex.



Sinkhole (SH)
Cyprinodon pecosensis populations occupy numerous sinkholes within and

outside of the BLNWR. The large majority of sinkholes are isolated, having no
connection to other systems, and can vary greatly in community structure and ecological
parameters (e.g., salinity, substrate composition; Hoagstrom and Brooks 1999), making
each of them inherently unique. The sinkholes that I included in this habitat complex are
located within the BLNWR or Bottomless Lakes State Park (BLSP) and are all
considered to be isolated sinkholes. Collections from Figure 8 Lakes, upper and lower,
were included in this study and were once historically connected. While upper Figure 8
Lake contains both C. pecosensis and Fundulus zebrinus populations, lower Figure 8
Lake contains only C. pecosensis. Other sinkholes included in this study are Sinkholes 7,

16, 19, 20, 37 (i.q., Lake Saint Francis), and Mirror Lake.

Waterfowl Impoundments
The Waterfowl Impoundment habitat complex (WF) contains numerous

waterfowl impoundments located within the BLNWR. These impoundments vary in
surface area, salinity, and species composition (Hoagstrom and Brooks 1999). While
some of the impoundment populations are temporarily isolated during drier months,
wetter months result in higher water tables and allow for gene flow among the
impoundments. Impoundments are classified as individual units, some of which are
connected to oxbow lakes by means of the Pecos River. Collections from Units (Ux) 3, 5,
6, 7, 15, 16, and 17, as well as a collection from an oxbow lake between Units 15 & 16,

were incorporated into this study.



DATA COLLECTION
Specimens from each collection were arranged according to sex and size, and 20

individuals (10 males, 10 females) from each collection were chosen to photograph, with
the intent of sampling a range of sizes to assess shape allometry. Some collections failed
to contain twenty specimens and, when this occurred, all specimens in the collection were
included (up to, and not exceeding, 10 of either sex). Specimens expressing a high degree
of deformity (e.g., bent or broken due to poor preservation, destroyed tissue from prior

use) were omitted.

Photographs were taken using a ShuttlePix P-400R Digital Microscope (Nikon)
and landmark-based geometric morphometrics methods were used to assess mandible and
head shape (Adams et al. 2013). Landmark generation was accomplished using digitizing
procedures through TPSDIG2w64 software, version 2.22 (Rohlf 2016). Landmarks can
be generally defined as points of homology between two or more specimens. In total,
landmark configurations encompassed 61 landmarks (14 fixed, 47 sliding semi-
landmarks) and were digitized onto the left lateral surface of the specimen’s head (Fig.
2). Fixed landmarks are Cartesian coordinates of the location of specific structural
elements, such as the intersection of opercula. Semi-landmarks are points along curves
that have less specific meaning, but help to quantify the curvature of structures.
Landmarks were generated with the intent of capturing the shape of the mandible (14
total, 4 fixed, 10 semi-landmarks), the pre-maxilla (3 total, 3 fixed), and the head,
excluding the aforementioned and including the eye (45 total, 8 fixed, 37 semi-

landmarks).
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Figure 3. Anatomical landmarks for geometric morphometric analyses. Larger landmarks are fixed
landmarks and represent the anterior tip of the maxilla, posterior margin of the first scale on the nape,
intersection of the operculum and pre-operculum with the cranium, the “hinge” points of the mandible, the
anterior tip of the mandible, the lower margin of the maxilla, and the center of the eye. The smaller
landmarks are semi-landmarks (or sliding landmarks) and are used to represent curves along points of
interest. Landmarks associated with the premaxilla are not pictured due to exclusion.
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Landmark coordinates (X,Y) were subjected to a generalized Procrustes analysis
(GPA; Rohlf and Slice 1990), using GEOMORPH, version 3.0.0 (Adams and Otarola-
Castillo 2013; Adams et al.2016) in R, version 3.2.3 (R Core Team 2016). The procedure
centers, rotates, and scales the landmark configurations in such a way that they were
invariant of one another in location, orientation, and size, generating Procrustes residuals
(the aligned coordinates of individual landmarks and the corresponding mean landmark
location). Fixed landmarks were immobile, unlike semi-landmarks which were allowed to
slide along a generated curve during GPA in order to minimize squared Procrustes

distances among landmarks (Bookstein 1997; Gunz and Mitteroecker 2013).

STATISTICAL ANALYSES
Associations between shape (dependent variable) and various independent

variables (e.g., sex, habitat complex, temporal data) were assessed using several models,
where the design of each was dictated by the results of a proceeding model. Details of the
models can be found in the next section (MODEL DESIGN). For the purpose of

significance testing, o = 0.05.

Several analyses were performed on the Procrustes residuals using a non-
parametric multivariate analysis of variance (MANOVA). All statistical tests and
descriptive models utilized a randomized residual permutation procedure (RRPP) and
were subjected to 10,000 random permutations. The post hoc pairwise comparisons
utilized the exact random permutations of the RRPP used in the non-parametric
MANOVA. Since the RRPP is performing the same random placement of residuals for
all test statistics, the inferences made are not considered to be separate tests and are

instead considered to be different statistics from the same test (Collyer et al. 2015b). A

12



RRPP is a resampling technique that employs randomizing the residual shape values from
the “reduced” (null) models of each analysis, for evaluating statistics associated with a
“full” model. Once randomized, residuals are combined with fitted values from the
reduced model to create random pseudo-values for the full model (e.g., calculate sums of
squares for effects, given a null hypothesis; Collyer et al. 2015b). This approach allowed
for the comparison of GPA aligned shape data with a multitude of variables. All models
and analyses were designed and conducted using GEOMORPH, version 3.0.0 (Adams

and Otarola-Castillo 2013; Adams et al.2016) in R, version 3.2.3 (R Core Team 2016).

A principal component analysis (PCA) was conducted on all three units being
investigated (i.e., head shape independent of sex, male and female mandible shape) and
the PC scores for locality were plotted for visualization. Convex hulls were generated on
all principal component plots to visualize the morphospace occupied by each habitat
complex. This allows assessment of morphospace overlap among complexes and to
determine whether shape change among localities and complex is associated in a

particular direction within morphospace.

MODEL DESIGN
Numerous models were created in order to tease apart the several potential

independent variables that | expected would influence morphology. Variables were
assessed broadly at the start and included size (log of centroid size), sex, habitat complex
designation, specific localities (populations), month, year, and interactions among these.
Centroid size is the square root of summed squared distances of all included landmarks to
the centroid (the mean position of all landmarks). Because shape data are

multidimensional, typical model selection criteria (e.g., Akaike’s information criterion)
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are prone to favor over-fitting models (Bedrick and Tsai 1994; Davis et al. 2016). With
this in mind, the final model chosen was one that included meaningful effects and

excluded those with small effect sizes (R? < 0.05).

Mandible and head shapes were evaluated separately to prevent distortions from
specimens that were preserved with open or closed mouths. Several models were
designed with the goal of testing for nested effects and will be referenced several times
throughout this section. Nested effects are effects where classifications may contain a few
levels of one factor, but only within a specific level of a different (primary) factor.
Additionally, while premaxilla shape data were collected, | chose to disregard the
premaxilla in this study due to difficulty in collecting unobstructed shape data from the
coordinates created. This difficulty was due to the individuals preserved in a way that
prevented manipulation of the mouth such that all parts of the premaxilla were visible,
without damaging the specimens. Thus, two aspects of morphology were considered -

mandible and head morphology.

Procrustes residuals were initially subjected to a Procrustes ANOVA, specifically
designed to assess the covariation of shape and size with other variables, initially to
assess sex and sex-by-habitat interactions. An evaluation of the linear model produced
would give insight to whether or not shape was different at various sizes among
designated groups (e.g., Sex, Sex/Habitat). An example model for the allometry tests

used can be described as:

Mandible Shape ~ log(Centroid size) + Group + log(Centroid size):Group,

14



where Group refers to a logical stratum within the data, such as sex, habitat, year, etc.
The important part of this model is the interaction term (noted in the far right of the
formula). This term evaluates whether the levels within the group of interest have
different shape allometries (slopes). To ascertain whether this is the case, the preceding

full model can be compared to a reduced model:

Mandible Shape ~ log(Centroid size) + Group,
which restricts groups to having a common shape allometry. The sum of squares (SS) for
the interaction in the full model is the difference between the two models’ sum of squared
error (SSE) (Collyer et al. 2015b). Thus, one can systematically evaluate the importance
of sources of shape variation and arrive at a parsimonious model from which inferences

about shape variation can be made.

Preliminary model evaluation indicated sexual dimorphism was a significant
source of variation in mandible shape, suggesting these data should subsequently be
evaluated for males and females, separately. Results are thus presented separately for
males and females for mandible shape, with initial indication of model selection results
before evaluating the details of pairwise comparisons among group levels. Because of the
hierarchical structure of the data, “habitat” was considered a fixed effect and “sampling
date” was considered a random effect, nested within habitat. Sampling date could be
further collapsed to month of sampling and year of sampling, to evaluate within-year and
among-year sources of variation, in a nested model fashion. Pairwise comparisons either
compared means or compared slopes — whichever was warranted, based on model

selection — for the group levels that were important. Model selection and evaluation used

15



a combination of the procD.Im, advanced.procD.Im, procD.allometry, and

nested.update functions of GEOMORPH, version 3.0.0.

RESULTS

HEAD MORPHOLOGY
Of the initial variables and interactions investigated, the only ones with effect

sizes large enough to be deemed meaningful were size (log of centroid size), habitat, and
locality (Table 1). Consequently, males and females were not separated in the ensuing
analyses. Temporal effects were not meaningful with relatively low R? (month, 0.0297;

year, 0.0186).

A principal component analysis revealed that more than half of the variation could
be explained within the first two principal components, PC1 (38.8%) and PC2 (20.3%).
With the addition of PC3, this was increased to 75.4%. Shape variation along the first PC
axis was associated with the size of the eye and robustness, while length of the head was
associated with the second PC axis. A visualization of the data (Fig. 3) illustrates some
partitioning of PC space, especially among SH, BL, and BLM hulls, as well as between
SH and WF hulls. SH head shape varied but possessed relatively large eyes, a narrow
head, and either a small (higher PC2) or large operculum (lower PC2). The BL hull
resided primarily in the upper portion of the WF hull, while the BLM hull resided in the

middle of the WF hull.

A pairwise test revealed that 340/351 pairwise shape differences in locality means
were significant (App. 1). Nearly all localities were different from one another with the

exception of 11. Within the BL complexes, a total of four comparisons were not
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significantly different. Sago Spring was not significantly different than the two other BL
localities, Bitter Creek confluence (P = 0.1356) or Sinkhole 32 (P = 0.0955), but was
significantly different than the Bitter Creek weir (P = 0.0224). Additionally, Sinkhole 31
was not significantly different than two WF localities, Unit 15 (P = 0.5252) or Unit 17 (P
= 0.3635). All comparisons with localities from the BLM complex were significant. Only
two intra-habitat comparisons with a deep sinkhole locality (SH) were not found to be
significant. Head morphology in Mirror Lake was not significantly different than
Sinkhole 16 (P = 0.1420) or Sinkhole 19 (P = 0.0980). WF localities were significantly
different than all with the exceptions of the aforementioned, as well as four inter-habitat
comparisons. The comparisons of Unit 15 and Unit 17 (P = 0.0539), Unit 5 and Unit 16
(P =0.0507), Unit 2 and Unit 6 (P = 0.1799), and Unit 2 and Unit 7 (P = 0.0897) were

not found to be significant.
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Figure 4. Principal component (PC) plot representing head shape variation among and within
morphotypes. Morphotypes include upper Bitter Lake (BL), Bureau of Land Management outflow marsh
(BLM), deep sinkholes (SH), and Waterfowl Impoundments (WF). Localities are represented by the
colored symbols and convex hulls are displayed to illustrate the most extreme values. Each hull is color
coded to match the colors used in Figures 1 and 2 and represents locations within the same habitat
complex designation. Small [x] represents sampling events and were determined using the specific MSB
lot numbers that were included in this study. [x]s that fall upon a location symbol indicate that only a
single collection event occurred for that particular locality. Deformation grids are included to denote the
most extreme variations in shape and are representatives of the transformation of mean shape for the
connected location and have been magnified by a power of two in order to aid in discerning morphological
variation.
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MANDIBLE MORPHOLOGY
An initial test of allometry (Procrustes ANOVA) and homogeneity of slopes test

revealed both statistical (Table 2) and visual (Fig. 3) evidence that suggests sexual
dimorphism is significant. Results from the homogeneity of slopes test between sexes
(males, n = 575; females, n = 565) revealed that slopes were not parallel and were
therefore separated for subsequent analyses (P =0.0003). While sex explained very little

variation in mandible morphology (R? = 0.0043), it was still significant (P = 0.0012).

Males
A Procrustes ANOVA examining the effect of habitat complex and the interaction

of habitat complex and locality (population; Table 3) on male mandible morphology
suggested that habitat complex designations were not significantly different (P = 0.1716)
and explained little variation in shape (R? = 0.0312). However, individual localities
nested within habitat complexes were significantly different (R = 0.1673, P = 0.0001),
suggesting that populations could be unique. Results from a Procrustes ANOVA (Table
4) evaluating sampling events (Year/Month; ranging from 1940 to 2003) suggests that
location explains a large amount of variation (R? =0.1985) but was not statistically
significant (P = 0.0980) when compared to the year when sampling occurred (R? =
0.0848, P = 0.0001). Further, the effect of months within years was not significant (R? =
0.0017, P =0.1493), and while the effect of month was significant, it explained little
shape variation (R? = 0.0384). There was a significant interaction of monthly changes
within years within localities (P = 0.0001), but this also explained little variation in shape

(R? = 0.0268).
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Figure 5. Visualization of allometric effects on GPA aligned shape data among sex groups.
The points are representative of the first principal component of the predicted shape of males
and females against the log of centroid size to illustrate allometry.
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Table 2. Results of the Procrustes ANOVA for assessing the effect of size (allometry) and sex groups. (o=

0.05)

log(Size)

Sex

log(Size) : Sex
Residuals

Total

Df

1

1

1

1136

1139

S=

0.3868

0.0579

0.0460

12.9392

13.4300

MS

0.3867

0.0579

0.0460

0.0113

22

RZ
0.0288
0.0043

0.0034

Z P

25.9612 0.0001

41192 0.0012

3.3358 0.0037



A principal component analysis revealed that PC1 and PC2 accounted for 80.9%
of the variation in the data. Mandible morphotypes among males tended to be mostly
associated with PC1 (56.3%), which accounts for variation in mandible length. PC2
(24.6%) tended to represent robustness of the mandible, individuals with higher PC2
scores having a thicker, more robust mandible. A visualization of the data (Fig. 5) shows
that morphospace is poorly partitioned among habitat complexes. There is substantial
overlap of the SH convex hull with the other three habitat associated hulls, mandible
morphology ranging from long and robust to short and narrow. The BLM convex hull
was large and overlapped two other convex hulls (SH, WF), but was distinct from the BL
hull. Mandible morphology of the BLM and WF convex hulls tended to reside in the
center, being neither extremely robust/narrow nor long/short. Mandible morphology with

the BL hull tended to be short and narrow when compared to that of BLM and WF hulls.

A pairwise test revealed that 235/351 pairwise differences among locality means
of male mandible shape were significant (App.3). Five localities were identified as being
associated with the BL habitat complex and across 110 inter-habitat and 10 intra-habitat
comparisons, 63 and 5 comparisons were significant, respectively. Three localities fell
within the BLM complex and pairwise comparisons among localities resulted in a total of
70 inter-habitat and 3 intra-habitat comparisons. Of these comparisons with other
localities, 49 inter-habitat comparisons were significant while all three BLM associated
locality comparisons were significant. Ten localities fell within the deep sinkhole (SH)
complex, resulting in a total of 170 inter-habitat and 45 intra-habitat comparisons, 113

and 34 were significant, respectively. The last habitat complex, WF, consisted
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Table 3. Results of the Procrustes ANOVA for assessing the effect of complex and the interaction of
location (population) among habitat complexes on male mandible morphology. Bolded P-values are

significant (o = 0.05).

log(Size)

Habitat

Habitat : Locality
Residuals

Total

Df

1

3

23

47

o574

SS

0.1202

0.2073

1.1090

5.1913

6.6278

24

MS

0.1202

0.0690

0.0482

0.0094

R? Z P
0.0181 8.4293 0.0001
0.0312 1.2883 0.1716

0.1673 4.3433 0.0001



Table 4. Results of the Procrustes ANOVA assessing the effects of location and sampling period on male
mandible shape, as well as the effect of sampling periods within locations. Bolded P-values are significant

(o= 0.05).

log(Size)

Location

Year

Month

Location : Year

Year : Month

Location : Year : Month
Residuals

Total

Df

1

26

513

574

25

SS

0.1202

1.3163

0.5627

0.2549

0.2980

0.0013

0.1179

3.8864

6.6278

MS

0.1202

0.0506

0.0625

0.0364

0.0248

0.0113

0.0355

0.0075

R2
0.0181
0.1985
0.0848
0.0384
0.0449
0.0017

0.0268

Z

8.4293

1.2846

6.7151

4.3586

3.1985

1.3190

4.8148

P

0.0001

0.0980

0.0001

0.0001

0.0001

0.1493

0.0001
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Figure 6. Principal component (PC) plot representing male mandible shape variation among and within
morphotypes. Morphotypes and symbol representations are the same as in Fig.3.
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of nine localities. Inter-habitat comparisons with WF associated localities resulted in 109
of 162 and 12 of 35 significant comparisons.

The three localities associated with Figure 8 Lakes were significantly different
than all other localities, with the exception of three. When compared to upper Figure 8
Lake, the Lea Lake outflow (P = 0.0552), Oxbow 1: East of Units 3 and 5 (P = 0.1078),
and Unit 15 (P = 0.0577) were not significant. The combined collection of Unit 15/16
was significantly different from all other localities, with the exception of Oxbow 1: Unit
3 (P =0.6729).

Females
A Procrustes ANOVA examining the effect of habitat complex and the interaction

of habitat complex and population (location; Table 5) on female mandible morphology
revealed that habitat complex designations were significantly different (P =0.0364), but
explained a minute amount of variation in shape (R? = 0.0404). It further suggested that
individual populations among habitat complexes were significantly different (R? =

0.1514, P = 0.0001).

Results from a Procrustes ANOVA (Table 6) evaluating sampling events
(Year/Month; ranging from 1940 to 2003) suggests that location explains a large amount
of variation (R? = 0.1919) but was not statistically significant (P = 0.1305) when
compared to the year when sampling occurred (R? = 0.0566, P = 0.0001). The effect of
months nested in years was found to be significant but not meaningful (R? = 0.0031, P =
0.0216), and while the effect of month alone was significant (P = 0.0001), it poorly

explained variation in shape (R? = 0.0361).

27



Table 6. Results of the Procrustes ANOVA assessing the effects of location and sampling period on female
mandible shape, as well as the effect of sampling periods within locations. Bolded P-values are significant

(a.=0.05).

log(Size)

Location

Year

Month

Location : Year

Year : Month

Location: Year : Month
Residuals

Total

Df

1

26

505

564

S5

0.3252

1.2970

0.3828

0.2441

0.2888

0.0213

0.1389

4.0002

6.7582

29

MS

0.3251

0.0498

0.0425

0.0348

0.0262

0.0213

0.0497

0.0079

R2
0.0481
0.1919
0.0566
0.0361
0.0427
0.0031

0.029

Z

21.7741

1.2387

4.5539

4.0222

3.2188

2.3700

6.3218

P

0.0001

0.1305

0.0001

0.0001

0.0001

0.0216

0.0001



more recently been found to consume dinoflagellates, gypsum (presumably by mistake),

algae, and pollen within the various sinkhole populations (Swaim and Boeing 2008).

Head morphologies (Fig. 4) among the SH and BL habitat complex tended to be
separately clustered, each expressing more similarity with their related inter-habitat
localities. The SH convex hull had minor overlap with two other complexes, consisting
of a single BLM locality in the same region of morphospace, but is ultimately occupying
a different region. Deep sinkholes had somewhat larger eyes and much narrower heads
than did the other three complexes, on average, and occupies a region of morphospace
isolated from the other complexes. Large heads may be adaptations reducing risk of
hypoxia (Rutjes et al. 2009), a consequence of the highly saline environments
characteristic of deep sinkholes (Hoagstrom and Brooks 1999). Similar Cyprinodon
species have been observed to have larger eyes and a larger head, proportional to overall
body size, when food is limited and undergo reduced growth rates (Lema and Nevitt
2006), suggesting that drastic environmental factors could be associated with the

differences observed in head morphology.

While head morphology was largely canalized among habitats and within habitat
localities (with the exception of SH), the morphospace of mandible morphologies within
habitats among both males and females was poorly partitioned. All convex hulls had at
least some degree of overlap with at least two other convex hulls. Within the
morphospace, the SH and BLM convex hulls covered the greatest expanse and BL and
WEF convex hulls covered the least, having little to no overlap with one another. Contrary
to head morphology, mandible morphology was most heavily associated with year to year

variation and locality within habitat complex. The large region of morphospace coverage
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in mandible morphology within SH and BLM habitats could be associated with the
respective localities expressing varied sensitivity to changes in environmental conditions,

thus potentially influencing the availability of food items present from year to year.

Many of the differences in morphology may be attributed to phenotypic plasticity,
especially within the deep sinkhole habitats, where the morphological expanse of
mandible shape is vast but head shape is largely associated with large eyes and a small
head. Plasticity in head and mandible shape could be greatly beneficial to these
populations, where there is little to no connectedness with other bodies of water.
Evaporation in these localities (i.e., deep sinkholes) can lead to high salinities, increased
temperature, reduced dissolved oxygen, and reduced food availability which leaves
residents with little cover and few food options. These types of changes in microhabitat
and salinity can additionally lead to fluctuations in invertebrate community structure
(Verschuren et al. 2000). Additionally, previous research investigating plasticity among
geographically isolated populations of Salvelinus alpinus (Arctic charr) demonstrated that
the differences in cranial morphology can be greatly reduced when both populations are

exposed to like environmental conditions (Alexander and Adams 2004).

Cyprinodon pecosensis populations could be adapting to various diets (e.g., from
carnivorous to herbivorous) within their locality, depending on how food availability
changes temporally, and may explain the significant variation in morphology that |
examined on a yearly basis. A closely related and readily hybridizing congener, C.
variegatus, undergoes temporal dietary shifts depending on the food items available
(Harrington and Harrington 1961), alternating from primarily Aedes larvae in September

to vegetation in October. Another sympatric species, Lucania parva
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(Cyprinodontiformes: Fundulidae), shifts from carnivory to herbivory, similar to C.
variegatus (Harrington and Harrington 1961). Chara, an algae that is present in numerous
localities in this study, has been reported in the gut contents of other Cyprinodon fishes
(Stevenson 1992; Horstkotte and Strecker 2005) and could potentially be utilized by

some populations of C. pecosensis.

In other herbivorous fishes, the pharyngeal jaw structure and muscles are key
components comprised of hypertrophied pharyngeal jaws and muscles (Hulsey et al.
2005; Gidmark et al. 2014). A larger head in C. pecosensis may be correlated with larger
pharyngeal jaws and muscles to facilitate the extra room needed to masticate vegetation.
Tricuspid teeth may also benefit C. pecosensis when concerning a variable or high
vegetative diet. Other fishes that possess tricuspid teeth, such as the cichlid genus
Hemitilapia (Liem 1980) and some serrasalmid fishes (Machado-Allison and Garcia
1986), indicate that tricuspid teeth may be better suited to herbivory or omnivory. This is
further supported by terrestrial reptiles that are herbivorous. The genus Iguana, a strong
herbivore and opportunistic omnivore (Govender et al. 2012), is known to have
polycuspid dentition (Sokol 1967). The development of polycuspid teeth could be the
product of convergent evolution, facilitated by the need for tearing plant material or as a

highly adaptable structure for being an opportunistic feeder.

While it is well known that Cyprinodon species are able to withstand high
salinity, a modified head may in part be due to differences in bone structure for
supporting additional musculature or adaptations for specialized feeding. Fishes with
hypertrophied jaw adductor muscles have greater bite force (Herrel et al. 2002; Grubich

et al. 2012), presumably for excising flesh. While fishes that consume primarily
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zooplankton through means of suction feeding, benefit from adaptations (e.g., a smaller
mouth opening) to generate greater suction and acceleration (Carroll et al. 2004,
Holzman et al. 2008). Whereas fishes that consume primarily gastropods and mollusks
benefit from modified molariform teeth (Hulsey et al. 2005) or modifications to the
pharyngeal muscles and jaw (Wainwright et al. 1991). Contrary to a generalist benthic
feeding behavior, Martin and Wainwright (2011) found that unique morphologies (i.e.,
greatly modified adductor muscle mass, tooth length, mandible length) arose rapidly in
response to substantial resource partitioning within sympatric clades of Cyprinodon.
Cyprinodon species that consumed hard-shelled prey (i.e., ostracods, gastropods)
possessed relatively shorter jaws and a larger closing lever ratios for crushing prey, while
the sympatric scale-eating Cyprinodon species developed longer jaws, increased size of
the adductor muscles, and shortened opening and closing lever ratios for executing quick,
powerful strikes. The lack of data associated with the community structure and diet of C.
pecosensis populations in distinct, isolated localities creates difficulty in determining

what is directly influencing the cranial morphology of these populations.

Variable fish assemblages of C. pecosensis populations have likely influenced the
evolutionary trajectories among the populations differently. Assemblages vary in number
of co-occurring species (App. 1), ranging from allopatric to sympatric with closely
related fundulid (e.g., Lucania parva, Fundulus zebrinus), poeciliid (e.g., Gambusia
affinis, G. nobilis), and other cyprinodontid (e.g., C. variegatus) species across all four
habitat complexes and inter-habitat localities. It is likely, that Cyprinodon species
existing in sympatry with competitors mitigate antagonism over food resources by

partitioning trophic niches in their community (Echelle et al. 1972; Martin and
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Wainwright 2011), a phenomenon supported by previous research evaluating stomach
contents of sympatric C. pecosensis and G. nobilis (Swaim and Boeing 2008). In
connected populations, a generalist approach may be more beneficial for Cyprinodon
populations existing in systems where food items may not be as limiting. However, in
deep sinkhole communities where competition may be high, the ability to partition
resources would be greatly beneficial and can lead to alterations to the functional
morphology involved in prey detection and acquisition (Rber et al. 1999; Ferry-Graham

et al. 2002).

Climate change is perhaps the greatest current threat to biodiversity with many
communities, populations, and species already realizing the consequences (Vitousek
1994; Both et al. 2006; Pratchett et al. 2008; Bellard et al. 2012; Doney et al. 2012).
Anthropogenic water consumption is expected to increase as the human population and
their demand for water continues to increase, resulting in local water resources becoming
critically reduced (Barnett et al. 2008; Elliott et al. 2014; Diffenbaugh et al. 2015).
Fragmented populations of C. pecosensis may have an increased likelihood for
speciation (Dias et al. 2013), but also hold a high risk of extinction (Fagen et al. 2002;
Rybicki and Hanski 2013; Schnell et al. 2013). It is apparent that the morphological
variation within localities included in this study is diverse in both head and mandible
morphology. Continued isolation could create a scenario maladaptive to the survival of C.
pecosensis in a system undergoing such drastic anthropogenic alteration, in addition to

natural environmental fluctuation.

The habitat of C. pecosensis was not always fragmented, once a large,

interconnected wetland system that served as floodplain and riparian for the Pecos river.
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The same sinkholes once interconnected yearly or seasonally are now isolated, confining
resident fish species to a series of micro-populations that vary greatly in abiotic
parameters and community composition (Hoagstrom and Brooks 1999). Given the history
of this system, along with the contemporaneous hydrology and climate, these results
could be capturing historic adaptations for phenotypic plasticity, a trait that may explain
why members of Cyprinodon are successful in desert environments. The remarkable
evolutionary history of Cyprinodon has resulted in new radiations in relatively short time
frames (Martin and Wainwright 2011) when in allopatry (Turner et al. 2008), presumably
due to lack of gene flow. The same could be true for isolated populations of C.
pecosensis, where several populations are currently confined to isolated sinkholes and
would suggest that these results are capturing a more recent trend in C. pecosensis, one
associated with local adaptation, unique for each population. The implications for both
scenarios are only now becoming clearer, but this research has made the initial first step

into better understanding the evolutionary responses of these fish in isolated systems.

This study provides evidence for a strong association with both head and
mandible shape to individual localities within habitat complexes, as well as year to year
variation. In small isolated systems (i.e., deep sinkholes), variation in abiotic factors (e.g.,
temperature and salinity) can result in altered fish assemblages (Kushlan 1980; Marchetti
and Moyle 2001; Ostrand and Wilde 2001) and community composition (Verschuren et
al. 2000). Localities need to be further investigated to elucidate how they vary from one
another and to what magnitude. It is understood that the localities investigated in this
study are free of C. variegatus where, to date, none have been collected (Hoagstrom and

Brooks 1999). Management tactics associated with reconnecting isolated populations of
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C. pecosensis with historic populations may lead to the introduction of C. variegatus into
naive Pecos pupfish populations, an occurrence which should be avoided due to heterosis
(Rosenfield et al. 2004) and the general preference of females for hybrid males and pure
C. variegatus (Rosenfield and Kodric-Brown 2003). Populations of Pecos pupfish are
known to encounter significant reduction in numbers during harsh conditions (i.e., 122
ppt salinity), but then improve once conditions become favorable (Swaim and Boeing
2008). The rebound of these isolated populations that undergo such reduced numbers
(bottlenecking event) is dependent on the improvement of the system, a phenomena that
is not always guaranteed, and can typically lead to the elimination of rare (low frequency)
alleles and reduced genetic variation (Nei et al. 1975). Continued habitat maintenance
and restoration, in addition to studies that monitor C. pecosensis populations and the
abiotic changes in localities over time, is paramount to improving the status of C.
pecosensis, and can be implemented to better assess and improve other threatened desert

fish species.
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