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region, is commonly found in western mosquitofish (Gambusia affinis) residing in envi-

and transferability of the PABS ecophenotype across populations have not been
tested. The four objectives of this study were to (1) assess the repeatability of
methods to confirm the presence of the PABS ecophenotype in independent popula-
tions, (2) test whether morphology is correlated with predator abundance, (3) assess
the repeatability of utilizing a discriminant function analysis (DFA) to accurately clas-
sify fish to predator status, and (4) use a DFA to conduct a cross-validation test of
the PABS model using previously studied populations of G. dffinis to predict predator
status of newly studied populations. There was consistency in the occurrence of the
PABS ecophenotype among populations with predators. Permuted MANOVA
(PMANOVA) models fit to each dataset revealed a significant effect of collection site
nested within predator status (i.e., presence or absence of predator), suggesting
location-specific variations of the PABS ecophenotype. In addition, a PMANOVA
model fit to body shape as a function of predator abundance (i.e., 0, 0.1-1.0, or >1.0
predators per minute of electrofishing) revealed a significant effect of predation level
in the newly studied populations, suggesting morphology differs among populations
with varying predator abundances. Cross-study validation of the DFA revealed low
between-study accuracy compared to within-study accuracy, but elongation of the
caudal region in the presence of predators was consistent across studies. Our findings
ultimately suggest that although the PABS ecophenotype at studied locations pro-
vides partial predictive capacity at unstudied locations, the nature and magnitude of
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the PABS ecophenotype depend on environmental settings, encounter histories with

predators, level of abundance of predators, or other spatially structured mechanisms.
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1 | INTRODUCTION

Habitat heterogeneity, characterized as differences in water depth,
water velocity, and substrate material, can exert selective pressures
resulting in morphological shifts among organisms. These morphologi-
cal shifts can have significant influence on organismal growth, survival,
and reproduction (Jackson et al., 2001; Koehl, 1996; Langerhans &
DeWitt, 2004; Scharnweber et al., 2013). These selective regimes
often generate and maintain phenotypic divergence either through
genetic divergence or through phenotypic plasticity (DeWitt &
Langerhans, 2003). Phenotypic plasticity is characterized by nonheri-
table traits that are a response to varying or unstable conditions,
whereas genetic divergence is characterized by heritable traits that
occur due to natural selection (Arnett & Kinnison, 2016;
Bradshaw, 1965; Ferguson, 2002; Handelsman et al., 2013; Pigliucci
et al., 2006). Body shape is one of the most variable traits in organ-
isms that can exhibit plasticity, genetic divergence, or a combination
of both in response to a broad array of local selective forces (Arnett &
Kinnison, 2016; DeWitt & Langerhans, 2003; Scharnweber
et al., 2013). Environmental heterogeneity can drive divergence of
body morphology that differs from other abiotic or biotic drivers, lead-
ing to many diverse body shapes. Understanding the biological and
environmental drivers of morphological divergence is now a major
field of study in ecology and evolutionary biology (Foote, 1997;
Stroud & Losos, 2016).

In addition to habitat heterogeneity leading to morphological
divergence, the presence of predator also has significant evolutionary
consequences for prey species (Bronmark et al., 1994; Broom &
Ruxton, 2005; Greene, 1986; Nilsson et al., 1995; Reznick, 1989).
Predator-prey interactions drive diverse ecological and evolutionary
dynamics and influence adaptations of prey behavior, life-history
strategies, and morphology (Handelsman et al., 2013; Januszkiewicz &
Robinson, 2007; Liley & Luyten, 1985; Torres-Dowdall et al., 2012).
Predation is thus a key factor in determining community structure and
patterns of trait diversification (Allan, 1987; Ritchie et al., 2012; Sih
et al., 1998). Fishes act as model species for diverse predator-prey
interaction studies, in part because of their short gestation period and
small sizes (Reznick, 1989; Sih et al., 1998). The influence that the
presence of predation has on prey morphology depends on the func-
tional typology of the predator (Sih et al., 1998). Passive predators
(also known as ambush predators) capture prey species through
ensnaring prey or using quick strikes to injure prey, and the presence
of these predators has led to prey species adapting morphological
characters to confuse predators (Greene, 1986; Scanlon, 1998). Pur-

suit predators, typically piscivorous fishes in aquatic habitats, are the

most common aquatic predators, make up the majority of studies
focusing on aquatic predator-prey interactions, and can have signifi-
cant influence on prey species morphology (Bronmark & Miner 1992,
Ingley et al., 2014, Reznick et al., 2008). Prey fish species occupying
habitats with piscivorous fishes show high adaptability and remarkable
diversity of shapes associated with swimming abilities and antipreda-
tor adaptations (Domenici et al., 2008).

Pursuit predators often elicit morphological adaptations (either
plastic or genetic) that affect prey species ability to escape or find ref-
uge (Broom & Ruxton, 2005; Langerhans & DeWitt, 2004; Touchon &
Warkentin, 2008). In the presence of pursuit predators, fishes com-
monly evolve the predator-associated burst speed (PABS) ecopheno-
type. This ecophenotype includes a smaller head, smaller body, and
larger caudal region, which leads to an increased burst swimming
speed through an increase in thrust and decrease in drag, which ulti-
mately leads to an increased chance of predator evasion (Domenici &
Blake, 1997; Ingley et al., 2014; Januszkiewicz & Robinson, 2007; Lan-
gerhans & DeWitt, 2004; Midway et al., 2017). This PABS ecopheno-
type or similar morphological adaptations driven by the presence of
pursuit predators has been observed among 17 species of fishes
(Bronmark & Miner, 1992; DeWitt & Langerhans, 2003; Domenici
et al., 2008; Langerhans et al., 2005; Nilsson et al., 1995). One species
that exhibits this ecophenotype is the highly adaptive western mos-
quitofish (Gambusia dffinis) (Baird & Girard, 1853). Given their world-
wide distribution, and ability to persist in environments with extreme
temporal fluctuations (e.g., salinity), G. affinis commonly encounter
pursuit predators (Meffe & Snelson, 1989; Van Buskirk et al., 2003). In
addition, the ability of G. dffinis to live in extreme habitats allows the
species to survive in environments uninhabitable by predatory spe-
cies, ultimately allowing for experimental dichotomy of predator pres-
ence and absence to occur naturally in the wild. Morphology of
G. dffinis diverges as a result of the presence or absence of pursuit
predators and has been studied in depth, but genetic and rearing stud-
ies have not reached definitive conclusions on whether this is attrib-
uted to genetic divergence or phenotypic plasticity (DeWitt
et al., 2022; Langerhans, 2009; Langerhans et al., 2004). Genetic ana-
lyses suggest that some, but not all, no-predator populations are
genetically distinct from their predator population conspecifics
(DeWitt et al., 2022). Rearing studies have resulted in mixed findings,
with some showing individuals closely parallel parental morphology,
whereas other studies have shown individuals exhibiting plasticity in
body shape (Arnett & Kinnison, 2016; Langerhans, 2009; Wood
etal., 2022).

The PABS ecophenotype is commonly observed in small fish spe-

cies, which makes detecting changes in body shape difficult.
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Consequently, multiple techniques are implemented to test for and
predict the PABS ecophenotype. One method commonly utilized in
ecological studies is linear discriminant function analysis (DFA). DFAs
allow researchers to classify organisms into morphologically distinct
groups a priori and then test for morphological correlates with group-
ings (Buyukoztirk & Cokluk-Bokeoglu, 2008; de la Hera et al., 2007;
Potapova & Hamilton, 2007). For example, a study focused on mor-
phological differences between migratory and sedentary blackcaps
(Sylvia atricapilla) used a DFA to correctly classify 88% of individual
birds as being either migratory or sedentary based on their morphol-
ogy (Buyukozturk & Cokluk-Bokeoglu, 2008). Langerhans et al. (2004)
used a DFA to predict predator status of G. affinis based on 10 mor-
phological features with 83.1% accuracy of classification. The Langer-
hans study not only investigated the presence of PABS ecophenotype
in G. dffinis but also showed the usefulness of a DFA to predict
whether fish came from populations with or without predators
(Langerhans et al., 2004). This study focused on five populations of
G. dffinis, including three populations inhabiting waterbodies with
piscivorous fishes (i.e., predator populations) and two populations
inhabiting waterbodies without piscivorous fishes (i.e., no-predator
populations). These sites were defined as either predator or no-
predator through seining and dip-netting for predators but did not
note the abundance of predators captured, implying that some popu-
lations may have had a higher abundance of predators than other
sites.

Although the Langerhans et al. (2004) study and many others
have shown the usefulness of DFAs for classifying organisms into
morphologically unique groups, there are shortcomings of these stud-
ies. These studies focusing on the use of DFA to accurately classify
organisms into morphologically distinct groups use organisms from
the same environmental setting to train and test the models. Ideally, it
would be possible to train a DFA from one group of observations and
test the accuracy of the DFA using a separate, independent group of
observations (Buyukoztirk & Cokluk-Bokeoglu, 2008; de la Hera
et al.,, 2007). The accuracy of prediction for the independent testing
group would show a more robust depiction of the strength of PABS
ecophenotype because accuracy, defined as the number of individuals
correctly classified to their specific group, is generally overestimated
when the same observations are used as the training and testing
groups (Webster & Sheets, 2010).

Although the PABS ecophenotype is noted in multiple species,
the repeatability of procedures and confirmation of results is not
often tested. Repeatability is a key component of scientific research,
not only to confirm the validity of past studies but also for the devel-
opment of scientific theories that rely on meta-analyses (Cassey &
Blackburn, 2006; Ellison, 2010; Haddaway & Verhoeven, 2015;
loannidis, 2005; Navarrete & Menge, 1996; Popper, 2014;
Schnitzer & Carson, 2016). Although repeatability is acknowledged as
a fundamental aspect of research, repeatability studies constitute a
small minority of published literature (Fraser et al., 2020). Review of
existing literature shows that <0.023% of published ecological studies
focus on repeatability, and this lack of replication of scientific

studies has led to increasing concern that false or spurious findings

could make up the majority, or even the vast majority, of published
research (Fraser et al., 2020; loannidis, 2005). In addition, the few
studies focusing on repeatability of published projects show that repli-
cated studies often fail to replicate the results of the original work
(Fraser et al., 2020). Specifically, a study focusing on repeatability of
psychological studies showed that <33% of repeated studies obtained
significant results, compared to the 97% of original studies reporting
significant results (Psychology, 2015). The percentage of successful
replication varies across fields, with psychology showing 36%-62%
accuracy, economic studies showing 67%-78%, and preclinical bio-
medicine trials showing 11%-49% (Aarts et al., 2015, Camerer
et al., 2018, Camerer et al., 2016, Freedman et al.,, 2015). The lack of
an equivalent broad-scale study in ecology raises the need for replica-
tion studies to validate findings of previously published studies. Test-
ing the repeatability of published literature and examining approaches
to improve confidence in ecological studies are critical steps to ensure
that published findings remain meaningful (Filazzola & Cahill, 2021).

The aim of this study was to assess the transferability and repeat-
ability of the PABS ecophenotype among differing populations and
datasets of G. dffinis to assess the generality of the theoretical frame-
work. To achieve this goal, we developed four objectives. The first
objective was to confirm the presence of the PABS ecophenotype
among G. dffinis taken from previously unstudied waterbodies occu-
pied by piscivorous fishes. The second objective was to test whether
predator abundance (low or high levels of predator presence) was cor-
related with morphology. The third objective was to assess the extent
to which a DFA could classify fish as being from predator
(i.e., piscivorous fishes present) or no-predator (i.e., piscivorous fishes
absent) populations. The final objective was to investigate whether
the cross-validation model could be used to predict the predator sta-
tus of the newly collected fish.

2 | MATERIALS AND METHODS

2.1 | Study site and field collections

We collected western mosquitofish (G. affinis) from eight naturally
occurring, independent sites in Brazos County, Texas (Figure 1;
Table 1). We classified four of the collection sites as “predator sites”
and the other four as “no-predator sites.” Prior to collection for the
project, we sampled each site using seines, dip-nets, and electrofishing
to assess the presence of predatory sunfishes, including green sunfish
(Lepomis cyanellus) and warmouth (Lepomis gulosus). We backpack
electrofished each site using an Infinity XStream backpack electro-
fisher (Midwest Lakes Electrofishing Systems). Fishes caught were
identified to species level, and the time (seconds) spent on sampling
was recorded at each location (886.75 + 210.73 s; Table 2). We calcu-
lated predator catch per minute sampling for every site (1.135
+ 0.9159 fish; Table 2). Presence of other predators, including dragon-
fly larvae (class Odonata), turtles, and wading birds, was not noted
because this study focused on the influence of piscivorous sunfishes

on morphology. We collected male G. dffinis (i.e., females excluded)
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FIGURE 1 Map of new collection
sites (triangles) and original collection
sites (circles) illustrating the locations
of Gambusia affinis populations. Sites
with predators present, but not

sampled for abundance, are indicated

with orange symbols. Sites with high rdO'P
predator abundance are indicated with

red symbols, and sites with low

predator abundance are presented in

yellow symbols. Sites without Brazog o

predators present are presented with
green symbols. White lines in the
figure represent roads, and gray lines
represent streams. See Table 1 for
details on collection site attributes.
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TABLE 1

List of original and new collection sites of Gambusia daffinis, including site names and site identifiers (see Figure 1 for locations). Also

included are site latitude, longitude, predator status (NP = no-predator, P = predator), and number of fish collected.

Study Site name Collection site identifier
Original study Central Park cp
Original study Hensel h
Original study Riverside ditch rd
Original study Riverside pond rp
Original study University oaks uo
Original study Total -
New study Baptist Church Pond BCP
New study John Crompton Park JCP
New study Sue Haswell Park SUE
New study Horse site HOR
New study Tanglewood Park TWP
New study Golf course ditch GCD
New study Cartwright CAR
New study Ashford ASH
New study Total -

across an 8-month period, between August 2021 and March 2022.
We collected individuals using seines and dip-nets, placed them in
19-L buckets with water from the collection site, and transported
them to the laboratory at Texas A&M University. In total, we collected
184 male G. dffinis across the eight sites (mean sample size = 23,
range = 16-26) (Table 1). After transport back to the laboratory, we
drip acclimated specimens into 38-L aquaria for 30 min before placing
them into holding aquaria separated by collection site. After being

housed in the laboratory, the specimens were fed flake food daily and

Latitude Longitude Predator status Fish collected
30.6106 —96.2931 P 23
30.6259 —96.3463 NP 23
30.6333 —96.4733 NP 23
30.635 —96.465 P 23
30.62 —96.3133 P 25
- - - 117
30.5874 —96.3157 P 26
30.5919 —96.3358 P 23
30.6728 —96.3595 P 22
30.6099 —96.3718 P 24
30.6434 —96.3378 NP 23
30.6139 —96.3317 NP 25
30.6569 —96.3569 NP 25
30.6348 —96.366 NP 16
- - - 184

were monitored according to approved Texas A&M University Institu-
tional Animal Care and Use Committee animal use protocol
(2020-0207).

2.2 | Morphometrics and statistical analysis

We individually photographed specimens, analysed them using land-

mark analyses, and compared the results with the original data
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Site Time electrofished (s) Catch total Catch/min
BCP 903 19 1.26

JCP 601 4 0.399
HOR 935 7 0.499

SUE 1108 44 2.382
TWP 686 0 0

GCD 1042 0 0

CAR 907 0 0

ASH 576 0 0

FIGURE 2 Placement and order of 10 homologous landmarks on
a lateral image of Gambusia affinis. Landmarks include (1) tip of the
snout, (2) occiput, (3) origin of the dorsal fin, (4) insertion of the dorsal
fin, (5) dorsal anterior-most point of caudal fin, (6) ventral anterior-
most point of caudal fin, (7) insertion of anal fin, (8) origin of anal fin,
(9) junction of gill opening and body, and (10) center of eye.

(Figure 2). After acclimation to the tank, we transferred fish individu-
ally into a glass photography tank (86.5 mm length, 57.5 mm height,
4.5 mm depth) for imaging. We designed the photography tank specif-
ically for this project, with dimensions that are large enough that fish
can be placed into it but narrow enough that it does not allow room
for the fish to turn or roll to help, ensuring consistency in fish images.
We labeled the photography tank uniquely for each fish, including site
number and an accession number. We filled the photography tank
with water from the collection site and added a white background to
enhance contrast. We placed each fish into the photography tank fac-
ing left, and lateral images were taken for each fish. We used the cor-
ner of the photography tank as a scale bar with a known dimension
for each photograph. After completing photographs for all fish col-
lected at each site, we exported the images to Tpsdig (Rohlf, 2004).
We used Tpsdig to place 10 homologous landmarks on the lateral
images (Figure 2). We selected these landmarks to replicate those
used in the original study to facilitate direct comparison between the
studies. After placing the landmarks, data were combined with land-
mark data collected from the original study. In total, we included
140 male fish from six original populations. However, one no-predator
site (Autumn) was revealed to be inhabited by green sunfish at a time
shortly after the initial collection, despite being earlier classified as a
no-predator site. We therefore excluded this site from the analysis for
a total of 117 male fish collected across five sites (mean sample
size = 23, range = 23-25; Table 1). For the remainder of the paper,
we will refer to the fish and populations studied by Langerhans et al.

TABLE 2 List of new collection sites,
time electrofished per site (in seconds),

Abundance class

High number of predatory fishes captured,

Low catch per minute of shocking, and

Low abundance class used in analyses (fewer
) than one fish caught per minute = low

High predator abundance, more than one fish

No caught per minute = high predator

No abundance).

No

No

(2004) as the “original” dataset, and the newly collected data as the
“new” dataset. We imported raw co-ordinate data from both the orig-
inal and newly collected specimens into R (version 4.2.2) for analysis
(R core team, 2022). We conducted a Procrustes superimposition to
translate, rotate, and scale the homologous landmarks into shape vari-
ables using the “geomorph” package (version 4.0.5; Adams
et al,, 2022; Baken et al., 2021). The “geomorph” package was also
used to obtain centroid size, which is used as an estimate of overall
body size.

We performed a series of analyses to assess the repeatability and
transferability of tests for the PABS ecophenotype. For both datasets,
a principal component analysis (PCA) was performed with the aligned
co-ordinates using the “rda” function from the “vegan” package (ver-
sion 2.6-4; Oksanen et al., 2022) in R. The PCA has 20 co-ordinates
present, given that there is an X and Y co-ordinate for each of the
10 homologous landmarks. The first 16 eigenvectors from each PCA
were extracted for each dataset based on the loss of four degrees of
freedom (due to rotation, translation, and scaling) from the original
20 landmark points and used as shape factors for further analysis.
After the PCA, datasets were separated for independent analysis but
kept combined for cross-study analysis. We tested for differences in
morphology among predator and no-predator sites to test for the
presence of the PABS ecophenotype in predator populations (objec-
tive one) using a permuted MANOVA (PMANOVA), for each dataset.
We fit each PMANOVA with shape factors (i.e., the 16 principal com-
ponent axes) as the multiple response variables, centroid size as a cov-
ariable, and collection site identity nested within predator status as
the predictor variables using the “adonis2” function from the “vegan”
package in R (Oksanen et al., 2022).

To test objective two, focusing on the influence of predator abun-
dance on morphology, a second PMANOVA was fitted to the new
data to test for differences in shape factors among levels of predator
abundance (i.e., high, low, or absent). A final PMANOVA was per-
formed with both datasets combined and study identity as an inde-
pendent variable, to test for differences between datasets.

Following the PMANOVA, we performed a linear DFA to test if a
DFA can accurately classify fish to predation status for each dataset
independently using the “MASS” package (version 7.3-58.1;
Venables & Ripley, 2002). We fit the DFAs with predator status as the
response variable and the 16 principal component axes as the multiple
independent variables to assess whether predation status could be
predicted using body shape.
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Finally, we conducted a cross-validation DFA in which the original
dataset was used to train the model, and the newly collected dataset
was used to test the accuracy of the model. Accuracy level was
defined as the proportion of fish from each site that was accurately
assigned to predation regime. In addition, study-level accuracy was
calculated as the proportion of fish from the entire dataset (original or
new) that was accurately assigned to predation regime. Finally, we
illustrated differences in body shape among survey sites from both
the new and original dataset using Procrustes-adjusted co-ordinates
to compare mean shapes by predator status with each survey site, as
well as comparing status average shapes between the new and origi-
nal datasets.

3 | RESULTS

There was general consistency in the distribution of landmarks
between predator and no-predator sites among the two datasets. The

PCA fit to the original dataset explained 66% of variation in landmark
coordinates between PC1 (37%) and PC2 (29%). Twenty co-ordinates
are shown on the PCA, given that there are two dimensions (x and y)
for each of the 10 homologous landmarks. The PC1 gradient was
characterized by positive scores for landmarks 7x, 8x, and 2y and neg-
ative scores for landmarks 1y, 2x, 5y, 6y, and 10y (Figure 3a). Fish with
a positive PC1 score exhibited a downturned head and a deeper cau-
dal region, whereas those with a negative PC1 score were character-
ized by having an upturned head, shallower body, and longer caudal
region (Figure 3a). The PC2 gradient was characterized by positive
scores for landmarks 1x, 5x, 9y, and 10x and negative scores for land-
marks 1y, 5y, 6y, and 10y (Figure 3a). Fish with a positive PC2 score
exhibited a shallower body and ventral shift in the eye, whereas those
with a negative PC2 score had an upturned head, longer caudal
region, and deeper body (Figure 3a). Fish collected from no-predator
sites were distributed positively along PC1 and negatively along PC2,
whereas those collected from predator sites were distributed nega-
tively along PC1 and positively along PC2.
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The PCA fit to the newly collected dataset explained 61% of vari-
ation in landmark co-ordinates between PC1 (37%) and PC2 (24%).
For the new dataset, the PC1 gradient was characterized by positive
scores for landmarks 7x and 8x and negative scores for landmarks 1y,
6y, and 10y (Figure 3b). Fish with a positive PC1 score exhibited a
downturned head, deeper caudal region, and ventral shifted eye,
whereas those with negative PC1 scores exhibited an upturned head
and dorsally shifted eye. The PC2 gradient was characterized by posi-
tive scores for landmarks 1x, 2x, 4x, 6x, and 10x and negative scores
of landmarks 1y, 6y, and 10y. Fish with positive PC2 scores had a nar-
rower body and thinner caudal region, whereas those with negative
PC2 scores had a deeper body and deeper caudal region (Figure 3b).
Fish collected from no-predator sites were distributed negatively
along both PC1 and PC2, and those collected from predator sites
were distributed positively along both PC1 and PC2. When looking at
the influence of predator abundance on morphology, low predation
abundance showed a morphological intermediate between the fish
populations with high predation and those with no predation.
Fish from low predation populations tended to be distributed posi-
tively along PC1 and neutrally along PC2 (Figure 3c). This represents
an intermediate distribution between the no-predator fish and high
predator fish populations.

The PMANOVA:s fitted to each dataset showed consistent varia-
tion in shape factors among predator status, survey locations, and
individual fish sizes. Both predation status and collection site nested
within predation status exhibited significant effects on fish morphol-
ogy, whereas centroid size had a marginally significant effect for the
newly collected fish populations (Table 3). In addition, the cross-study
PMANOVA showed that predation status, collection site nested
within dataset, and centroid size all had significant effects on fish mor-
phology (Table 3). The PMANOVA fitted to the new dataset showed a
significant effect of predator abundance on morphology (Table 3). The
DFA fitted to the original dataset had an average accuracy of 92%
across sites, ranging from 88% to 100% among sites (Table 4). The
DFA fitted to the new dataset had an average accuracy of 69% across
sites, ranging from 50% to 83% among sites (Table 4). Cross-validation
of the DFA trained on the original dataset and tested with the newly
collected dataset revealed a reduced accuracy of 42%, ranging from
19% to 75% among sites (Table 4).

Comparative plots of the average ecophenotype for predator and
no-predator populations from the original dataset revealed that the
individual predator sites more closely matched the predator average
ecophenotype compared to the no-predator sites, which exhibited
greater variability from the average no-predator ecophenotype
(Figure 4). The average ecophenotype of the original predator popula-
tions was characterized by a head that is 41% smaller than the no-
predator populations. In addition, the original predator populations
had a body that was 20% smaller than the original no-predator popu-
lations. Finally, the original predator populations exhibited a caudal
region that was 21% larger than that of the original no-predator popu-
lations. All three predator populations exhibited an ecophenotype that
was similar to the average predator ecophenotype. Site “uo” did show

a divergence from the average predator ecophenotype, with a

TABLE 3 Results from permuted MANOVA (PMANOVA) applied
to the original dataset and the new dataset.

Parameter df F p

Original dataset

Predator status 1 16.12 0.001
Centroid size 1 3.95 0.006
Predator status/site 3 5.42 0.001
New dataset
Predator status 1 8.74 0.001
Centroid size 1 1.93 0.07
Predator status/site 6 3.58 0.001
New dataset-abundance
Abundance level 1 8.69 0.001
Centroid Size 1 2.18 0.056
Abundance level/site 3 3.84 0.001
Both datasets
Dataset 1 14.19 0.001
Status 1 6.96 0.001
Centroid size 1 5.18 0.001
Dataset/status 1 6.22 0.001
Dataset/status/site 9 3.02 0.001

Note: For the first two, and final analyses, predator status is classified as
present or absent, and the third analysis classifies predator status as three
levels of abundance (no, low, high). All four PMANOVAs include the df,
test statistic (F), and p-value (p) for the main effect, covariables, nested
effects, and have an alpha of 0.05. All significant p-values are bolded.

shallower body, elongated caudal region, and anterior shift in the
gonopodium. The average ecophenotype for no-predator populations
was characterized by a slight posterior shift in gonopodium and a
larger head. Overlaying each of the original study no-predator sites
with the average no-predator ecophenotype illustrated how each site
differed from the average. The “h’ no-predator site showed a larger
caudal region than the average no-predator ecophenotype, along with
a dorsal shift in both the gonopodium and dorsal fin. On the contrary,
the “rd” no-predator population had a slightly smaller caudal region
and an anterior shift in the gonopodium and dorsal fin compared to
the average no-predator ecophenotype.

Comparative plots of the average ecophenotype for predator and
no-predator populations revealed an emergent pattern across loca-
tions surveyed in the new dataset (Figure 5). Overlaying the predator
and no-predator averages from the newly collected sites showed that
fish exhibited a similar body shape in the presence of predators. Fish
from predator populations exhibited a smaller head (4%), smaller body
(20%), and larger caudal region (15%) compared with no-predator
populations. Overlaying site-specific averages to the status averages
illustrated predator sites exhibited a morphology similar to the aver-
age predator morphology compared to no-predator sites, which
showed greater divergence from the no-predator average. Specimens
from the predator population “BCP” were characterized by a shal-

lower body depth than the average predator ecophenotype, whereas
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TABLE 4 Accuracy of linear discriminant function analysis (DFA) of Gambusia affinis populations from the original dataset and the new
dataset.

Incorrectly Correctly
predicted predicted Percentage
Site Predation Fish Incorrectly Correctly Percentage cross cross correct (%)
Study identifier  status collected predicted predicted  correct (%) validation validation cross validation
Original  cp P 23 0 23 100 - - -
Original  h NP 23 3 20 88 - - -
Original  rd NP 23 1 22 96 - - -
Original  rp P 23 3 20 88 - - -
Original  uo P 25 2 23 92 - - -
Total - 117 9 108 92 - - -
New BCP P 26 5 21 81 15 11 42
New JCP P 23 4 19 83 14 9 39
New SUE P 22 5 17 77 11 11 50
New HOR P 24 12 12 50 6 18 75
New TWP NP 23 10 13 57 10 13 56
New GCD NP 25 5 20 80 18 7 28
New CAR NP 25 10 15 60 19 6 24
New ASH NP 16 7 9 56 13 3 19
Total - 184 58 126 69 106 78 42

Note: Metrics are presented for within-study cross-validation as well as independent validation of the original and new data.
Abbreviations: NP, no-predator, P, predator.

P vs. NP
cp e
p
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L ————p 0
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FIGURE 4 Visualization of Gambusia affinis ecophenotypes demonstrating the predator-associated burst speed (PABS) ecophenotype from
original populations. The top image, labeled P vs. NP, illustrates the average co-ordinates of 10 homologous landmarks (see Figure 2) across sites
with predators (shown in black) in relation to the average ecophenotype across sites without predators (shown in blue). The panels on the left
side of the image illustrate the predator average (black points and lines) compared to site-level averages (red points and lines). Each panel is
labeled based on collection site. Panels on the right illustrate the no-predator average (blue points and lines) compared to site-level averages
(green points and lines). Co-ordinates are shown with 3x magnification.
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FIGURE 5 Visualization of Gambusia affinis ecophenotypes demonstrating the predator-associated burst speed (PABS) ecophenotype in
newly collected sites. All panels are labeled based on collection site. The top panel illustrates the average co-ordinates of 10 homologous
landmarks (see Figure 2) across sites with predators (shown in black) in relation to the average no-predator ecophenotype (shown in blue). The
panels on the left side of the image illustrate the predator average (black points and lines) in comparison to the site-level averages (red points and
lines for high predator abundance and orange points and lines for low predator abundance). Panels on the right illustrate the no-predator average
(blue points and lines) for comparison to site-level averages (green points and lines). Co-ordinates are shown with 3x magnification.

G. dffinis collected from predator sites “JCP” and “SUE” exhibited eco-
phenotypes similar to the average predator population ecophenotype.
Specimens from the HOR predator site exhibited an ecophenotype
with a dorsal shift in the eye placement, deeper caudal region, and
deeper body region than the average predatory ecophenotype. The
average ecophenotype for no-predator populations was characterized
by a posterior shift in gonopodium, a smaller caudal region, and a
larger head and body region. Individuals collected from the no-
predator sites “TWP” and “CAR” exhibited a morphology that was
similar to the no-predator status average ecophenotype. Fish col-
lected from the no-predator site “GCD” were characterized by a dor-
sal shift in the eye placement and deeper body compared to the
average no-predator ecophenotype. In contrast, fish collected from
the no-predator site “ASH” exhibited a more ventral eye placement,
shallower body depth, and longer caudal region than the average no-
predator ecophenotype.

Cross-study comparison revealed that the average ecophenotype
for predator populations was similar to each other, and a greater vari-
ation occurred between no-predator populations for each study. The
average ecophenotype for predator populations in both studies was
characterized by a smaller head and body, as well as a larger caudal
region compared to the no-predator averages (Figure 6a,b). The com-

parison of the two no-predator averages revealed the largest

differences. The original no-predator average had a larger head,
whereas the new population's no-predator average had a more
upturned head (Figure 6b). In addition, the original no-predator popu-
lation average had a shorter caudal region, whereas the new no-
predator average exhibited a caudal region that was shallower rather
than shorter (Figure 6b). The comparison of both predator site aver-
ages showed minimal differences, with the new population's average
characterized by a smaller caudal region, smaller body, and the original

studies exhibiting a posteriorly shifted eye (Figure 6a).

4 | DISCUSSION

This study provides an empirical test of the transferability and repeat-
ability of the PABS ecophenotype among multiple populations of
G. dffinis within Brazos County, TX. Although there was general con-
sistency in the shape factors derived from PCA axes, there was a
notable difference in location (in multivariate space) of the G. dffinis
collected from predator sites in the original (negative along PC1) and
new (positive along PC1) datasets (Figure 3a,b). This reversal was con-
sistent with shifts in two landmarks between the original and new
datasets, specifically 4x (insertion of dorsal fin) and 5x (dorsal

anterior-most point of caudal fin) along PC1. Both body PC1 axes

85U8017 SUOWWOD BAIERID 3(gedl|dde 8y Aq peusenob ae Ssppiie O ‘8sn Jo Sa|nJ 10} A%iq 1 8UIJUO A8]1M UO (SUOIPUOD-pUe-SWLBI W00 A8 1M Aeiq | Ut |uo//Sdiy) SUOTPUOD pue swie | 8U1 89S *[202/80/LT] U0 AkeidiTauljuo AB[IM ‘NeulieH o113 seeld! AisieAlun WY Sexe L A G99GT a4I/TTTT'0T/I0p/Wo A8 | im AReiq i jpul|uo//:sdny woiy pepeojumod ‘S ‘20z ‘6798560T



BLANCHARD ET AL.

sm FISHBIOLOGY

(a)

4

FIGURE 6 Visualization of Gambusia affinis ecophenotypes demonstrating the predator-associated burst speed (PABS) ecophenotype from
the original and new populations. Panel (a) illustrates the average co-ordinates of 10 homologous landmarks (see Figure 2) across original predator
sites (black outlines and landmarks) in relation to the new predator sites average (magenta outline and landmarks). Panel (b) illustrates the average
co-ordinates across sites without predators for the original sites (purple outlines and landmarks) in relation to the average across new sites
without predators (blue outlines and landmarks). Co-ordinates are shown with 3x magnification.

showed a body shape for G. dffinis collected from predator popula-
tions with a lengthening caudal region, characterized by an anterior
shift of landmark 4x and posterior shift of landmark 5x. This finding
suggests that the elongation of the caudal region may be a primary
response to predator presence. This result differs from other related
studies, which mention the caudal region becoming deeper but do not
mention a lengthening of the caudal region in the presence of preda-
tors (Burns et al., 2009; Reznick et al., 2008). More broadly, this study
confirms the presence of a smaller head, smaller body, and larger cau-
dal region in populations of G. dffinis in environments where predatory
fishes are present, thus supporting that this PABS ecophenotype con-
tinues to evolve in independent environments where predators are
present (Langerhans et al., 2004). This morphology is conducive to a
faster c-start, which is common in escape responses in species of fish
(Domenici & Blake, 1997; Langerhans et al., 2004; Witt et al., 2015).
The c-start includes two stages: first, where the body bends to one
side, and the second, where the body bends into a propulsive wave to
generate thrust (Witt et al., 2015). This movement, paired with erect-
ing the median fins and pressing paired fins against the body, reduces
drag, increases thrust, and leads to a faster escape (Domenici &
Blake, 1997, Langerhans et al., 2004, Witt et al., 2015). This c-start
movement in G. dffinis, paired with a body shape that reduces drag
(smaller head and trunk) and maximizes thrust (larger caudal region),
likely leads to faster escapes in populations with predators.

This study uncovered potentially new morphological adaptations
of G. dffinis that may influence burst swimming speed. The PCA of the
two datasets showed the importance of the placement of multiple
landmarks. Landmarks 7x and 8x, which characterize a posterior shift
in the gonopodium, and landmarks 1y and 10y, which characterize an
upturning of the snout and dorsal shift in the placement of the eye,
were important in discriminating fish from predator versus no-
predator populations (Figure 3a,b). The effect that pursuit predators
have on eye position in live-bearer fishes is debated, with some
researchers arguing there is a posterior shift and others arguing there
is a ventral shift. Results from this study show a slight ventral shift,
but not nearly as pronounced as the original data, meaning that no
definitive conclusions can be made regarding a ventral shift in the eye
location (Langerhans, 2009; Langerhans & Makowicz, 2009). This is an
area of predator-induced morphology that should be investigated in
more detail, especially given that the eye position can affect predator
identification and food acquisition (Gomes & Monteiro, 2008;
Johnson et al., 2015; Langerhans, 2009; Palkovacs et al., 2011).

The placement of landmarks 7x and 8x on the PCA, as well as the
average ecophenotype, revealed that fish in predator populations had
an anteriorly and ventrally shifted gonopodium when compared to the
no-predator population. This is consistent with the findings from
the original paper; however, the original analysis focused on the cau-
dal area as a whole, instead of focusing on the individual landmark
placement (Langerhans et al., 2004). Most papers documenting the
effect of pursuit predators on prey ecophenotype focus on the size of
the gonopodium, but not the potential effect that predator presence
might have on the location of the gonopodium (Dale Broder
et al., 2020; DeWitt & Langerhans, 2003; Landy & Travis, 2015; Lan-
gerhans & DeWitt, 2004). Work by Landy and Travis (2018) on Heter-
andria formosa demonstrated a potential anterior shift in the
gonopodia of live-bearing fish, although it was not specific to
the presence of predators. Their study showed factors such as collect-
ing fish in the spring versus other seasons, from lotic streams versus
lentic ponds, and from populations with smaller females can all result
in collecting males with anteriorly positioned gonopodia compared to
their conspecifics in other habitats or collection periods (Landy &
Travis, 2018). These are all potential complicating factors that may
lead to the observed shift in gonopodia placement. However, given
that all specimens included in this study were collected in the fall, win-
ter, and summer, the influence of springtime collections on the place-
ment of the gonopodia is unlikely. As our study focuses solely on
males, we are unable to discuss if the changes in gonopodia placement
are due to sexual selection caused by changes in female morphology
(Landy & Travis, 2018). Future studies should compare female and
male morphology while also testing for differences in swimming speed
to tease apart sexual versus predator-induced selection. Moreover,
future investigation into the influence of predation on fin placement
and shape, which can affect burst swimming speed and survival, is
merited (Domenici et al., 2008; Lauder et al., 2002; Plaut, 2000; Tytell
et al., 2008; Webb, 1977).

In addition to predation, flow velocity is a well-studied driver of
body shape diversity, and it influences body shape independently
from predation pressure (Landy & Travis, 2018; Langerhans &
Reznick, 2010). Langerhans and Reznick (2010) noted that in environ-
ments with high flow, fish exhibit more streamlined bodies, which is
also observed in populations exposed to predators (Langerhans
et al., 2004; Langerhans & Reznick, 2010). Given that these different
selection pressures converge on similar phenotypic outcomes, results
from this study may need to be interpreted with caution. However, all
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four new predator sites were lentic, so the influence on flow rate is
unlikely to be driving morphology in these populations. The only lotic
sites from which specimens were collected were no-predator sites,
and given that these fish had a deeper body than their predator popu-
lation conspecifics, it is unlikely that flow is acting as the driving force
of morphological divergence.

Interpretation of the PCA revealed a ventral shift in head shape
among predator versus no-predator populations. The placement of
landmark 10y (the tip of the snout) on the PCA and the average eco-
phenotype showed that predator populations had a more downturned
head than their no-predator conspecifics. These findings differ from
those published in the original study, where predator populations had
a smaller head but with no mention of the orientation of the head
(Langerhans et al., 2004). The finding of a more downturned head is
not commonly associated with predator avoidance but has been noted
to evolve in systems where fish are primarily feeding in the benthic
region of the habitat (Willacker et al., 2010). Additional investigation
into this adaptation and its influence on predator avoidance and burst
swimming should be completed before concluding if this morphology
influences prey survival.

The PMANOVA:s fitted to the newly collected data and the origi-
nal data revealed similar results within and across studies. Both ana-
lyses revealed significant correlations between morphology and
predator status and sampling site nested within predator status. We
interpreted this as a morphological attribute that differs between
predator status and unique locations on the landscape. The original
data also showed significant correlations between morphology and
centroid size, whereas the new data found marginally significant
results for centroid size. This could mean that in the original dataset
there was a significant difference in morphology between large and
small fish, but in the new dataset this difference was only marginal.
The PMANOVA testing the two datasets combined revealed a signifi-
cant result in status nested within dataset, suggesting morphological
differences between new and original collections. In addition, the
PMANOVA using predator abundance as a variable instead of preda-
tor presence or absence showed similar results, with significant corre-
lations between morphology and predator abundance, as well as
sampling site nested within predator abundance level. This further
suggests that the level of predator abundance may also drive shape
diversification, rather than just predator presence or absence alone.

With abundance level as a significant predictor of body shape in
the PMANOVA and the results of the PCA using predator abundance
as a grouping variable, it is possible that an intermediate PABS eco-
phenotype exists in low predator populations. This intermediate body
shape was evident in the site averages, with the low predator abun-
dance populations expressing a head that is larger than the high pred-
ator sites but smaller than the no-predator sites. Furthermore, some
of the low predator abundance populations had a trunk that was
larger than the high predator sites, but smaller than the no-predator
sites. Having an intermediate body shape may change burst swimming
performance and therefore influence predator avoidance outcomes.
Studies focusing on morphology related to swimming velocity have

noted that individuals with intermediate morphologies also have

intermediate swimming velocities (Hawkins & Quinn, 1996). Given the
use of the c-start for predation avoidance, and the PABS ecopheno-
type increasing the speed of this c-start, an intermediate morphology
may reduce speed of the c-start and slow escape time (Domenici &
Blake, 1997; Langerhans et al., 2004; Witt et al., 2015). The reduction
in burst swimming capabilities in intermediate populations could
prove detrimental given the increased likelihood of being captured by
predators, but given that this morphology was most prevalent in
populations with lower levels of predators, the risk of consumption
might be lower. To determine how differences in intermediate body
morphologies may alter predator avoidance success, future work
should compare burst swimming performance between low and high
predator populations.

The linear DFA used to test the original and new datasets con-
firmed that DFA can be used to accurately predict fish to predation
status using morphology. The DFA applied to the original dataset as a
part of this study demonstrated increased accuracy compared to the
original analysis (Table 4). The original study correctly classified 83.1%
of individuals as belonging to predator versus no-predator popula-
tions, whereas the new DFA fitted to the original data correctly classi-
fied 92% of individuals. An important difference to note between the
original analyses by Langerhans et al. (2004) and the analysis of
the same dataset in this study was removal of one sample site. We did
not analyse the Autumn site from the original dataset because it was
historically classified as a no-predator population, but an unknown
number of green sunfish were captured at this site between 2004 and
2022. Because we could not determine how long predators were pre-
sent at the site, we elected to remove the site from analyses rather
than reclassify it. Temporal variability in the presence of predators
suggests that formation of the PABS ecophenotype may be inter-
rupted if predators are extirpated from sites for long periods of time
(e.g., multiple generations), and then selection might reemerge with
the recolonization of predators. The no-predator sites we surveyed
tended to occur in headwater streams where colonization-extinction
dynamics for larger fish might be greater (Hitt & Roberts, 2012). This
parallels ideas from Reznick et al. (2008) in which more predators
were observed in lower reaches of streams compared to the headwa-
ters. This previous work suggests that in environments where preda-
tors were present but become absent, there is a negative effect on
the remainder of the community, mainly increased competition and
decreased resource availability. However, their reintroduction later is
detrimental to prey species who may have evolved in their absence to
a morphology that would then be susceptible to predators (Reznick
et al., 2008). This ultimately suggests that site-specific and time-
specific differences in the PABS ecophenotype might be related to
antecedent conditions associated with predator encounter histories.
DeWitt et al. (2022) analysed the molecular structure of the popula-
tions included in the original dataset and found evidence for genetic
divergence among populations, suggesting long-term isolation. That
work also revealed that the PABS ecophenotype likely arose from
multiple instances of adaptive evolution. The replication we con-
ducted here suggests that the process of adaptive evolution of the

PABS ecophenotype may be spatiotemporally variable, and our results
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ultimately strengthen and generalize the idea that G. dffinis in the
presence of pursuit predators will evolve an ecophenotype that
increases the chances of survival (Reznick, 1989). However, rearing
experiments have shown that the morphological adaptations occur-
ring in the presence of predators are plastic or have plastic compo-
nents (Arnett & Kinnison, 2016). These results call for a more in-depth
study to determine if the morphological divergence observed in the
presence of predators is solely genetic or plastic or has both genetic
and plastic components. Our within-study accuracy for the original
data is comparable to previous work in other ecomorphology settings
that used DFA to obtain classification accuracy rates of 83.1% for
G. dffinis and 84.5% for Gambusia caymanensis (Langerhans, 2009;
Langerhans & DeWitt, 2004; Langerhans & Makowicz, 2009). How-
ever, our within-study accuracy for the new data was well below
those averages. These findings, combined with the results of our
cross-dataset PMANOVA, solidify the idea that there are significant
differences in morphology within predation status and between data-
sets, which may be attributed to divergence in habitat that is unre-
lated to predator presence and absence. Our findings of reduction in
accuracy in our among-study DFA match the broader finding of
reduced model performance when new observations are used to vali-
date findings (Buylkoztirk & Cokluk-Békeoglu, 2008; de la Hera
et al., 2007; Webster & Sheets, 2010). The reduction in accuracy dur-
ing cross-study validation to a level less than the rate of random pre-
diction (50%) means that the DFA cannot be used to accurately
classify fish based on the presence or absence of predators alone.
This study provides support of the convergence of G. dffinis eco-
phenotypes in the presence of pursuit predator fishes and more
broadly supports the notion that predation plays a role in shaping the
morphology of prey fish (Franssen et al, 2013; Gomes &
Monteiro, 2008). Although this study occurred over a small geo-
graphic range, the findings provide a framework that can be applied to
similar settings nationally or globally. Mosquitofish are worldwide
invaders, colloquially known as “plague minnows” in some regions
because of how quickly they have spread, and the Gambusia genus is
now the most widespread group of freshwater fishes in the world
(Pyke, 2005). Due to their wide introduced range, G. dffinis are
encountering new species of predatory fish in places where they did
not interact before (Pyke, 2005). Moreover, because the PABS eco-
phenotype evolves in a variety of stream types, including urbanized
streams, the global increase in these ecosystems highlights potential
for this ecophenotype to evolve in natural bodies of water as well as
ecosystems heavily affected by anthropogenic alteration (Perkin
et al., 2019). The expansion of their range through introductions or
alteration and degradation of habitats creates the potential for the
PABS ecophenotype to exist globally and opens opportunities for
study across a range of environmental settings. Our findings confirm
and strengthen the idea that the PABS ecophenotype is evolving in
populations of G. dffinis with predators present. Additionally, our find-
ings note the importance of predator abundance and its influence on
morphology, alluding to the potential of an intermediate morphology.
Our results conclude that a DFA can accurately predict predation sta-

tus based on morphology when using the same testing and training

dataset. However, a cross-validation model using different

training and testing datasets had reduced accuracy, indicating that a
DFA cannot be used to determine predation status based on morphol-
ogy when the training and testing datasets are independent. Our work
provides the necessary steps for the broader replication of tests of
the PABS ecophenotype to inform the generality of the phenomenon.
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