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ABSTRACT

AN EXPERIMENTAL TEST OF INTRA- AND INTER-SPECIFIC COMPETITION
BETWEEN INVASIVE WESTERN MOSQUITOFISH (GAMBUSIA AFFINIS) AND

NATIVE PLAINS TOPMINNOW (FUNDULUS SCIADICUS)

1. Invasive species are a major threat to freshwater conservation. Species coexistence in invaded
habitats depends on the relative strength of intra- versus inter-specific competition, where inter-
specific competition from invasive species to native species is often stronger than intra-specific
competition, jeopardizing their coexistence.

2. In this study, I conducted a laboratory experiment to test for the relative competitive strength
between native plains topminnow (Fundulus Sciadicus) and invasive western mosquitofish
(Gambusia affinis) at 16, 22, and 28 °C. Data were analyzed using the isodar theory, which
assumes that animals are ideally distributed to maximize their fitness and thus their distributions
measure the quality and quantity of habitat patches. This was supplemented by behavioral
observations of intra- and inter-specific competition.

3. Contrary to my predictions, I did not find evidence that competition was asymmetrical from
the invasive mosquitofish to the native plains topminnow. Instead, more individuals occupied
their shared preferred habitat (a slow-moving pool) in sympatry compared to allopatry, and the
isodar analysis demonstrated that intra-specific competition was significantly stronger than inter-
specific competition at all temperature levels. This analysis of habitat selection was corroborated
by behavioral observations that aggression was most frequent between plains topminnow in

sympatry.
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4. This study indicates that aggression might not always be the key mechanism of invasion, even
for one of the most successful aquatic invasive species widely known for their aggressive
behavior. In mosquitofish, other ecological traits such as fast reproductive cycle and tolerance to
a wide range of environmental conditions might be responsible for their invasion success
globally. This suggests that mosquitofish may not be a driver in native species declines, but

rather an opportunistic invader in degrading ecosystems.
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AN EXPERIMENTAL TEST OF INTRA- AND INTER-SPECIFIC COMPETITION
BETWEEN INVASIVE WESTERN MOSQUITOFISH (GAMBUSIA AFFINIS) AND
NATIVE PLAINS TOPMINNOW (FUNDULUS SCIADICUS)

Introduction

Biological invasions are a major threat in many ecosystems with deleterious effects to
biodiversity and ecosystem function (Mack et al. 2000). Freshwater ecosystems are not only
especially susceptible to invaders (Strayer 2010) but have suffered greatly from introductions of
non-native species as fishes are the most introduced aquatic animals globally (Gozlan et al.
2010). Introduced species have been cited as a causal factor of 68% of freshwater fish
extinctions in North America (Miller et al. 1989) and the cause for 21% of declines in aquatic
species richness globally (Mollot et al., 2017). Aquatic invasive species affect native species via
multiple mechanisms such as predation (Zaret and Paine 1973), hybridization (Huxel 1999), and
disease transmission (Peeler et al. 2011), but competition is a common mechanism where
invasive species outcompete native species for habitat or food resources (Carmona-Catot et al.,
2013). These biological interactions are often asymmetrical from invasive species to native
species (Riley et al., 2008), jeopardizing their coexistence in local aquatic habitats.

Relative strength of intra- versus inter-species competition is a key factor in determining
whether ecologically similar species competing for resources can coexist. Species coexistence is
facilitated when intra-specific competition is stronger than inter-specific competition (Chesson
2000). This “stabilizing” mechanism allows species to recover from low abundance but also limit
their population growth (Chesson 2000). In less common cases, species may coexist when they
are ecologically equivalent, or when intra- and inter-specific competition is equally strong,

because survival of individuals then depends on stochastic factors without favoring one species



over the other in a systematic manner (McPeek & Siepielski 2019; Fausch et al. 2021). Species
don’t coexist when inter-species competition is stronger intra-specific competition, unless a
competitively inferior species has mechanisms to overcome this disadvantage such as higher
fecundity or immigration rates (“equalizing mechanism”; Chesson 2000). Accordingly,
characterizing competition of sympatric species is critical for advancing our understanding in
invasion ecology. However, rigorous tests of intra- versus inter-specific competition are few
between aquatic invasive and native species (Britton et al., 2017), with even less examining the
influence of abiotic factors on these mechanisms (Carmona-Catot et al., 2013).

Western mosquitofish (MSQ), Gambusia affinis, is a small-bodied fish (maximal length
of females = 7 cm and males = 4 cm) that since the early 1900’s has been introduced as a
biological mosquito control agent on every continent except Antarctica (Pyke, 2008). Native to
the Mississippi River basin, MSQ thrive in slow moving pools of rivers and streams (Krumholz
1948). Studies have revealed the negative effects of MSQ on a variety of taxa ranging from small
native fish (Pasbrig 2010), amphibians (Goodsell and Kats 1999) and invertebrates (Leyse et al.
2004). Given their major ecological impacts globally, they are listed as one of [UCNs 100 worst
invasive alien species in the world (Simberloff and Rejmanek, 2019). The early maturation and
high fecundity of female MSQ (Vondracek et al., 1988) allow them to proliferate once
introduced in a new habitat. Their establishment is facilitated as MSQ outcompete many small-
bodied native fish species through niche overlap and through its tolerance of a wide range of
abiotic conditions. In addition, much of its success as an invader has been attributed MSQ’s
fierce competitive aggression through interference competition (Meffe, 1985; Shaefer et al.,

1994; Laha & Mattingly, 2006; Thompson et al., 2012; Sutton et al., 2013).



Mosquitofish have been documented in Colorado’s eastern plains stream ecosystems
since the 1990’s and have greatly expanded its range encroaching on the pools used by many
native eastern plains fish. Colorado’s eastern plains stream ecosystems are highly productive
with lots of aquatic vegetation and have historically supported diverse communities of native fish
serving as a crucial aquatic food source for many terrestrial organisms (Fausch and Bestgen
1997). However, extreme temperatures changes, increasing salinity concentrations, and periodic
and long-term drying (Dodds et al., 2004), coinciding with the introduction of invasive species
has seen marked declines in many of Colorado’s native plains fish. The conservation of these
species has been further complicated by the intense competition for water between ecological
and anthropogenic uses facilitated by decreased water availability (Perkin et al., 2017). The
proliferation of introduced species, decreases in water availability, and declines in native fish
species necessitates research that considers the complexities of changing abiotic factors.

The native plains topminnow (PTM), Fundulus Sciadicus, have declined in their
distributions and abundance in areas that overlap with MSQ expansion causing their listing as a
tier 1 species of greatest conservation need in Colorado. Declines in PTM have been attributed
to habitat fragmentation, degradation of habitat quality, and introduction of nonnative species
(Pasbrig et al., 2012). Marked declines have been observed in almost every instance where MSQ
have been introduced and little is understood about what mechanism is driving these declines in
Colorado (Pasbrig et al., 2012). Temperature and hence altitude seems to mediate competition
among cyprinids (Taniguchi et al., 1998) and there are streams along in Colorado’s South Platte
basin where PTM populations persist and coexist with MSQ. It is necessary to study the abiotic

factors such as temperature that may play a role in mediating coexistence.



In this study, I used a laboratory experiment to (1) determine habitat preference of PTM
and MSQ between two different habitats (high and low velocity) in allopatry. Due to both PTM
and MSQ’s preference of slow-moving pools I expect their preferences to be similar in allopatry.
I then (2) identified how habitat selection shifted when in sympatry with response to the strength
of inter- and intra-specific interference competition, to identify any displacement that may be
occurring due to MSQ. I (3) calculated the coefficients of competition for MSQ and PTM in
sympatry using an isodar analysis and evaluated how different temperatures influenced these
competitive effects. Finally, I tested (4) how the behavioral aggressions of MSQ and PTM in

sympatry were influenced by temperature and abundance.

Materials and Methods
Theoretical framework

I tested the relative strength of intra- and inter-specific competition between native PTM
and non-native MSQ based on the isodar theory (Morris 1988), which assumes that animals are
spatially distributed to maximize their fitness and thus their distributions reflect differences in
habitat quantity or quality (i.e., ideal free distributions). In a single-species, two-habitat system
composed of a less suitable Habitat 1 and a more suitable Habitat 2, isodars are lines of equal
fitness between the two habitats and are represented by linear regression:

Ny, = C+bNy, (Eq. 1)
where N, ; and N , are the count of species A in Habitat 1 and 2, respectively, with an isodar
intercept C and slope b. The isodar analysis can be extended to sympatric situations (Morris
1988), and isodar regression in a two-species, two-habitat is represented by:

NA,Z =C- aNB,Z + b (Nyy + ,BNB,l) (Eq. 2)



where « is the average competitive effect of one individual of Species B on A in Habitat 1 and
is the same effect in Habitat 2. The former is of particular interest because it measures the
competitive effect in the more suitable habitat patch. The isodar theory was originally developed
in systems where animals compete for resources and habitats via exploitation (Morris 1988) but
has since been applied to those involving interference competition including stream fish
assemblages (Morita et al. 2004).

In addition, I applied the single species isodar approach (Eq. 1) in a unique manner by
pooling counts of both species in each habitat to test for the strength of intra- and inter-specific
competition (Figure 1). Assume that an isodar has been developed for a single-species, two-
habitat system (i.e., allopatry). Furthermore, assume a sympatric situation, in which half of the
population has been replaced by individuals of a second species. Here, total counts of individuals
are constant between allopatry and sympatry to isolate the effects of intra- versus inter-specific
competition from those due to changes in total counts (Fausch 1988). If intra-specific
competition is stronger than inter-specific competition, replacement by individuals of a second
species would relax overall competition and more individuals would occupy the suitable habitat
patch. As a result, the isodar would shift upward in sympatry, relative to allopatry (Figure 1a). In
contrast, if intra-specific competition is weaker than inter-specific competition, fewer
proportions of individuals would occupy the suitable habitat patch and the isodar would shift
downward in sympatry (Figure 1c). A third scenario is when intra- and inter-specific competition
is equally strong, and isodars would not shift (Figure 1b). Since the isodar intercepts represent
the abundance of individuals that the preferred habitat can accommodate, if both species prefer
the same habitat we can infer competition by focusing on the isodar slopes. This framework

allows one to then statistically compare isodar slopes between allopatry and sympatry to infer the



relative strength of intra- and inter-specific competition. This framework was used in my study
by comparing allopatric and sympatric isodars of native PTM and non-native MSQ in two-
habitat systems, where one habitat simulated a slow-velocity plains stream (i.e., a more suitable
habitat) and the other a more turbulent stream (i.e., a less suitable habitat) with the minimum cost

of movement between the two systems.
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Figure 1. Diagram representing the expected shift in isodar slopes when a second species is
introduced dependent on the strength of competition. If intra-specific competition is stronger
than inter-specific competition, addition, and replacement by individuals of a second species
would relax overall competition allowing more individuals to occupy the suitable habitat shifting
sympatric isodar down, relative to allopatry (Figure 1a). In contrast, intra-specific competition is
weaker than inter-specific competition, the isodar would shift downward in sympatry (Figure
Ic). If intra- and inter-specific competition is equally strong the isodars would not shift (Figure
1b).

Experimental stream units

Three replicates of recirculating experimental stream units were constructed to evaluate
competition between MSQ and PTM in the Anatomy/Zoology Building on the Colorado State
University main campus, Fort Collins, Colorado. An experimental stream unit consisted of three
fiberglass circular tanks (“pools”, Model FCT-235) and two straight corridors (Red Ewald LLC,

Karnes City, Texas, USA), a bead filtration system equipped with UV sterilizers (Model 930084,
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Pentair Aquatic Eco-Systems Inc., Apopka, Florida, USA), and an air-cooled heat pump for
water temperature control (Model Titan HP-2, Aqua Logic Inc., San Diego, California, USA).
Pools were 122 cm in diameter, with water filled up to approximately 60 cm deep. Corridors
were 180 cm long, 43 cm wide, and 15 cm deep. Each experimental stream unit recirculated
approximately 2,300 liters of water.

Three experimental temperatures (16, 22, and 28 °C) were selected to represent a range of
temperatures MSQ and PTM experience in their natural habitat along the lower South Platte
River over the course of a year. The summer water temperatures along a stretch of the lower
South Platte reach an average of 28-30° C, with a mean yearly temperature of 17.7° C (Watt,
2003). To this date no study of PTM thermal preference has been conducted, but the water
temperature MSQ congregate in has been largely dependent on the source of the fish with a
range of 28-31° C (Winkler, 1979). Water temperature in experimental units was monitored
hourly using loggers (U22-001, HOBO Onset Computer Corp.) during the study period, and tank
temperature remained consistent over time at 16.0 °C (SD = 0.20) for the 16 °C experiment,
21.7 °C (SD = 0.24) for the 22 °C experiment, and 27.2 ° C (SD = 0.37) for the 28 °C
experiment. 28 °C was the maximum capacity of the water heaters and was thus selected to
represent the maximum temperature effect for this study.

Lights in the room were automated to simulate a summer photoperiod. The sunrise started
at 6 am daily at the lowest color temperature (2,700 K) and brightness (1 %), and color and
brightness increased by approximately 10 % in 5-minute increments until they reached maximum
color temperature (6,500 K) and brightness (100 %, or fifty foot-candles) at 7 am. The maximum
color temperature and brightness was maintained from 7 am until 9 pm. The sunset started at 9

pm and lasted until 10 pm by decreasing color and brightness by approximately 10 % every 5



minutes. The room was dark between 10 pm and 6 am. All data collections were conducted
during the day-time hours (7 am — 5 pm).
Fish collection

Because MSQ and PTM rarely coexist in high abundance, they were collected from two
separate locations in Colorado. Mosquitofish were collected from Running Deer Natural Area in
Fort Collins, and PTM were collected from Pawnee National Grassland from May through July
of 2021. Fish were collected using seine and dip nets. I collected 550 individuals of MSQ and
450 individuals of PTM, and their body size was matched as much as possible to remove body
size effects on the outcome of inter-specific competition. Female MSQ were collected because
males are smaller than females in this species. Based on measurements of randomly selected
individuals, total length of MSQ (mean = 43 mm, SD = 3.6) was significantly smaller than that
of PTM in my study (mean 47 mm, SD = 7.0) (t-test: t = -3.042, df = 59.14, P = 0.003).
However, the difference in mean total length was less than 10% of the mean total length of the
smaller species, MSQ. In addition, weight did not differ significantly between MSQ (mean =
1.03 g, SD = 0.30) and PTM (mean = 0.99 g, SD = 0.38) (t = 0.829, df =69.49, P = 0.41).

Upon collection in the field, fish were immediately transported in oxygenated and
insulated coolers to the experimental stream units on the Colorado State University main
campus, where fish were immersed in a formalin solution for one hour to treat parasites. Fish
were then acclimated to experimental streams for 36 hours preceding experimentation and
housed in the downstream most pool of the experimental set up separated with a permanent
barrier from the experimental pools (Fig 2). This restricted access to the most downstream pool
for the duration of the experiments, creating a two-habitat system composed of an upstream,

higher velocity pool, with an average water column flow of 0.3 m/s and a downstream, lower



velocity, pool with O m/s. The higher velocity pool was maintained using an upwelling of
recirculated water introduced at the head of the high velocity tank.
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Figure 2. Diagram (A) and photograph (B) of a recirculating experimental stream unit with
arrows indicating the flow direction. Fish were counted in each pool six times daily to test for
intra- and inter-specific competition using the two-habitat isodar theory.

Data collection

I conducted a nine-week experiment between May and July 2021 to record fish habitat choices
between hypothesized preferred low-velocity pools and less preferred high velocity pools when

(1) MSQ alone (allopatric) were housed in the experimental units at different abundances (40,

60, 80, 100, and 120 individuals), (2) when PTM alone (allopatric) were housed in the



experimental units at these different abundances, and (3) when the two species were housed
together (sympatric) at different total abundances (40, 60, 80, 100, and 120 individuals) at an
equal ratio between PTM and MSQ. Data were collected for three weeks for each patry scenario
by randomly assigning a temperature level (16, 22, or 28 °C) to each of three experimental units
weekly and rotating random temperature assignments, so that each unit was subject to all three
temperature levels over three weeks to remove unintended unit effects on habitat choices.
Starting on Monday every week, fish abundance was set at 40 total individuals across units and
increased by twenty fish daily until a total of 120 individuals were reached on Friday. Water
quality was tested every three days to ensure nitrate, nitrite, ammonia, and pH levels were safe
for fish, and a third of the water in each experimental unit was changed at the end of the week to
maintain tank and fish health.

Six times a day, I counted number of individuals in each pool at 90-minute intervals. A
sequence of count collected at the same time of the day from Monday through Friday was treated
as a replicate. As a result, I obtained six replicates for isodar regression weekly for three weeks
for a total of 18 replicates for each patry scenario, temperature level, and abundance. Before fish
were counted, a temporary barrier was placed in the corridor between the two pools so that fish
could not move between the two habitats during counting. Observers then counted the number of
fish visually without disturbing fish in allopatry, repeating counts three times per pool to ensure
accuracy, with an average of the three counts recorded as the observed fish count. In sympatry
observers counted fish without disturbance in low abundances (40, 60, and 80 fish), then when
identification of species became difficult, observers netted individuals to get an accurate count.
For the last count of the day, observers netted all fish to ensure species identification and

redistributed in equal densities among the high and low flow velocity pools to expose fish to both
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habitats. Fish were fed once daily after the final counts with thawed bloodworms at 10% of total
weight of all individuals in each experimental stream. Food was distributed equally between the
pools in each unit so as not to provide a spatial cue on food availability and affect fish habitat
choice.

One additional experiment was performed that examined behavioral aggressions in
sympatry to complement strength of intra- and inter-specific competition inferred from habitat
choices. Total fish abundance was increased daily over the course of three days and aggressions
were recorded at abundances of 40, 80, and 120 individuals, with a 1:1 ratio of PTM and MSQ.
All fish were restricted to the low-velocity pool by barriers for the aggression experiment, and
each of the three experimental units was assigned with 16°, 22°, or 28° C over the three-day
period. Temperature was held constant in each experimental unit to ensure fish were acclimated
to each temperature as to reduce alterations to fish behavior due to rapid temperature change.
Observers counted aggressions at 90-minute intervals six times daily for 10-minute durations to
record counts of aggressive behaviors from one fish to another. These aggressive actions were
chases, bites, jolts/thrusts, and aggressive posturing as described in Matthews and Wong (2015).
Observers used step ladders to ensure a view of the entire pool and positioned themselves as far
as possible and from the pool while maintaining a view of fish, standing still to reduce
behavioral alterations from observer presence. PTM and MSQ were reliably identified from
above due to differences in visual characteristics (Fig. S1) as PTM have a light bar located
anterior to the dorsal fin and the males have bright orange highlights on their caudal and dorsal
fins.

Data analysis

Isodar models

11



Hierarchical linear regression models were used to compare the relative strength of intra-
and inter-specific competition between PTM and MSQ (Figure 1). The response was the count of
fish in the preferred low-velocity habitat (N, ,) and the predictor was the count of fish in the less
preferred high-velocity habitat (N ;) (Eq. 1). In sympatry, fish counts were pooled between the
two species in each habitat. Isodar intercepts and slopes (Eq. 1) were inferred by averaging
across replicates for allopatric PTM, allopatric MSQ, and sympatric trials at each temperature
level. Specifically, I developed models with random intercepts and slopes, where
C; ~ Normal (C, oc) and b; ~ Normal (B, op) for it replicate (i = 1....,18), C is the overall
intercept, b is the overall slope across replicates, o is the intercept standard deviation, and g, is
the slope standard deviation. At each temperature level, posterior samples of b were compared
between allopatric PTM and sympatry to evaluate the relative strength of intra-specific
competition of PTM versus inter-specific competition, and between allopatric MSQ and
sympatry to evaluate the relative strength of intra-specific competition of MSQ versus inter-
specific competition (Figure 1). Statistical significance was declared if 95% of the posterior
differences in b between allopatry and sympatry were above or below 0. Prior to analysis, a
small integer value (2) was added to fish count in the high velocity pool (N, ;) and low-velocity
pool (N, ,) to facilitate model convergence.

I further used the two-species, two-habitat isodar model (Eq. 2) to infer the inter-specific
competition coefficient in the preferred low-velocity habitat (o) and the less preferred high
velocity habitat (), where the former is of particular interest. My primary interest was to
evaluate the competitive effect of invasive MSQ on native PTM, but I evaluated the competitive
effect of PTM on MSQ for comparisons. Therefore, two models were developed where the

response (N4 ) was PTM count in the preferred low-velocity habitat (N, ; = PTM count in high-
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velocity pool, Ng ;1 = MSQ count in high-velocity pool, and Ng , = MSQ count in low-velocity
pool) in one model (Eq. 2), and the response (N4 ) was MSQ count in the preferred low-velocity
habitat (N, ; = MSQ count in high-velocity pool, Nz ; = PTM count in high-velocity pool, and
Np , = PTM count in low-velocity pool) in the other model. Inter-specific competition
coefficients were inferred at each temperature level by again specifying random intercepts and
slopes, so that a; ~ Normal (&, o,) and 8; ~ Normal (B, op) for i" replicate (i = 1,...,18), @ is
the average competitive effect of Species B on A in the high-velocity habitat, £ is the average
competitive effect of Species B on A in the low-velocity habitat, and o, and op are their
respective standard deviation. For model convergence, I used posterior mean values of allopatric
isodar intercept (€) and slope (13) (Eq. 1) in two-species isodar models (Eq. 2). Statistical
significance of inter-specific coefficient, @ and 8, was declared if its 95% posterior samples was
below 0 (inter-specific competition < intra-specific competition) or above 0 (inter-specific
competition > intra-specific competition). Prior to data analysis, I added a small integer value (2)
to count of each species in each habitat.
Behavioral aggression

I tested whether frequency of behavioral aggression depended on water temperature and
species pair at each abundance level (40, 80, and 120 fish) using two-way Poisson Analysis of
Variance (ANOVA) models. The response was count of aggressive behavior per 10 minutes of
observations in sympatry, and the predictors were temperature with three levels (16, 22, and 28
°C) and species pair with four levels (MSQ to MSQ, MSQ to PTM, PTM to PTM, and PTM to
MSQ). The Poisson distribution was used to model count data and let variance to scale with

mean. | considered behavioral aggression significantly different between levels of water
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temperature and species pair if 95% of pair-wise differences in posterior samples were smaller or
greater than zero.

All models were analyzed with a Bayesian approach using a Markov chain Monte Carlo
(MCMC) method in Program JAGS (Plummer 2018) called from Program R (R Core Team
2022) with the jagsUI package. Diffuse priors were used for all parameters. Posterior
distributions of parameters were estimated from 35,000 iterations of three chains after a burn-in
period of 5,000 iterations and a thinning rate of 10, for a total of 6,000 posterior samples. Model
convergence was checked by visually examining plots of the MCMC chains for good mixture as
well as ensuring that the R-hat statistic was less than 1.1 for all model parameters (Gelman and
Hill 2007).

Results
Habitat Use

As expected for plains fishes occupying sluggish streams, MSQ and PTM used the low-
velocity tank more frequently than the high-velocity tank. On average, 51 — 84 % of individuals
used the slow-velocity tank in sympatry and allopatry across different fish abundance and
temperature levels (Fig. S3). The use of the preferred slow-velocity tank depended on
temperature, with proportionately more individuals using this tank at 16 °C compared to 22 and
28 °C, indicating that competition was temperature-dependent (Table S1). Fish abundance (40,
60, 80, 100, 120 individuals per experimental unit) had equivocal effects on habitat use (Table

S1).
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Figure 3. Isodar slope of allopatric PTM (b), in blue, allopatric MSQ (¢), in red, and sympatric
pooled species (€), in black at the three different experimental temperatures of 16, 22, and 28
degrees Celsius. All isodars indicate a statistically significant (> 95%) difference in the
proportion of posterior samples (PPS) between the allopatric slope and the sympatric slope.
Isodar slopes

Intraspecific competition was inferred to be stronger than interspecific competition across
all temperatures for both PTM and MSQ when isodar slopes were compared between allopatry
and sympatry (Fig. 3). The allopatric slope for PTM (B in Eq. 1) was 0.34 (95% CI: [-0.05, 0.81])
at 16°C, 0.81 [0.49, 1.20] at 22°C, and 0.48 [0.12, 0.84] at 28°C. The allopatric slope for MSQ (
b ) was 0.17 (-0.21, 0.60]) at 16°C, 0.44 [0.09, 0.81] at 22°C, and 0.54 [0.19, 0.95] at 28°C. The
pooled sympatric isodar slope ( b )was 1.62 [1.14, 2.17] at 16°C, 1.30 [0.91, 1.72] at 22°C, and
1.09 [0.73, 1.44] at 28°C, and was significantly greater than allopatric isodar slopes of PTM and
MSQ at all temperatures. Based on my conceptual framework (Fig. 1), my data demonstrated
that intraspecific competition was consistently stronger than interspecific competition.
Coefficients of competition

Interspecific competition coefficients in the two species isodar analysis (Eq. 2) similarly

showed that intraspecific competition was stronger than interspecific competition in most cases

(Table 1). Importantly, in all six cases of interspecific competition in their preferred low-velocity
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tanks, 95% CI of interspecific competition coefficients were less than 1, indicating that the
average competitive effect of one individual of one species on the other species was smaller than
its intraspecific competition. Interspecific competition was significantly weaker than
intraspecific competition in four of the six cases in the less preferred high-velocity tanks (Table
1). In the other two cases, 95% CI of interspecific competition coefficients overlapped 1 (i.e.,
interspecific = intraspecific competition), and these results may be due to imprecise estimates of

the coefficients arising from infrequent use of the high-velocity tanks at 16 °C. Specifically, the
mean effect of MSQ on PTM (B in Eq. 2) was 1.57 (95% CI [0.17, 4.74]), and the mean effect of

PTM on MSQ was 0.31 [0.01, 1.20] in the low-velocity tanks at 16 °C.

Table 1- Inter-specific competition coefficients between mosquitofish (MSQ) and plains
topminnow (PTM) at 16, 22, and 28 °C, based on two-species, two-habitat isodar models. The
coefficients represent the average competitive effect of one individual of one species on the other
species in faster-moving (upstream) or slower-moving (downstream) pool. Coefficients < 1
indicate that interspecific competition is weaker than intraspecific competition, and those > 1
indicate that interspecific competition is stronger than intraspecific competition. Starred values
indicate a statistically significant (> 95%) difference from 1 in the proportion of posterior
samples (PPS).

@ [95% CI] B [95% CI]
Low velocity High velocity
Temperature MSQ to PTM PTMtoMSQ | MSQtoPTM  PTM to MSQ
16 °C 0.70* [0.58,0.90]  0.59* [0.48,0.71] | 1.56[0.17,4.74]  0.31[0.01,1.20]
22°C 0.69* [0.58,0.83]  0.23* [0.07,0.40] | 0.07* [0.02,0.27] 0.17* [0.01,0.53]
28 °C 0.59* [0.43,0.73]  0.61* [0.46,0.75] | 0.26* [0.01,0.70] 0.14* [0.01,0.47]

Behavioral aggressions
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Behavioral aggression was most frequent between individuals of PTM, and I did not find
evidence that MSQ was more aggressive than PTM (Fig. 4, Table S2). Intraspecific aggression
from one individual PTM to another was significantly more frequent than interspecific
aggression from MSQ to PTM when abundance per tank was 80 individuals (posterior mean =
0.53 [95% CI: 0.18, 0.87]) and 120 individuals (1.64 [1.29, 2.03]). Damage from fin nipping
from conspecifics was prevalent among PTM (Fig. S2). In addition, intraspecific aggression
between PTM was significantly more frequent than intraspecific aggression between MSQ when
per-tank abundance was 80 individuals (-0.52 [-0.91,-0.73]) and 120 individuals (-1.64 [-2.01,-

1.29]). At all abundance levels, behavioral aggression was significantly fewer at 16 °C relative to

22 °C.
40 fish 80 fish 120 fish
B MSQ to MSQ
B MSQto PTM
g B PTM to MSQ H
o) B PTM to PTM
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Figure 4. Counts of aggressive behaviors to total fish in sympatry at abundances of 40, 80, and
120 individuals and at the three different experimental temperatures of 16, 22, and 28 degrees
Celsius, categorized by aggression type. The line inside the box plot represents the median, the
borders represent the interquartile range (IQR), the whiskers represent (+/-) 1.5*IQR while the
dots are outliers. Hatched bars indicate interspecific aggressions while solid bars indicate
intraspecific aggressions.
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Discussion

Mosquitofish’s aggression was found to be weaker than intraspecific competition among
plains topminnow in both the isodar analyses and behavioral observations, which was supported
across three different tests including my theoretical framework, isodar analysis for the
coefficients of competition, and the tests of behavioral aggression. My conceptual framework
(Fig. 1) which demonstrated that intraspecific competition was consistently stronger than
interspecific competition supported these finding first. These results support the practice of
pooling species observations to infer overall strength of competition of sympatric species. The
two species isodars identified the strength at which intraspecific competition regulates
competition in MSQ and PTM populations at varying river velocities and temperature gradients.
Finally, the behavioral observations of aggressions provided further support for the strength of
PTM intraspecific competition with less chasing and nips occurring at the coldest temperatures
which contrasted the increasing MSQ initiated aggressions as temperatures increased. The lack
of aggression from MSQ to PTM indicates that other mechanisms (i.e., demography and
environmental tolerances) may be responsible for invasive MSQ’s success.

Mosquitofish’s overwhelming aggression has been well established in experimental
laboratory mesocosms (Meffe, 1985; Shaefer et al., 1994; Laha & Mattingly, 2006; Thompson et
al., 2012; Sutton et al., 2013), with their strengthened agonistic behaviors documented towards
other Fundulus spp. and among conspecifics. The striking contrast of my results may be linked
to slight differences in my experimental set up which was designed to estimate competitive
coefficients of competition among populations of PTM and MSQ. Laha and Mattingly (2006)
and Meffe (1985) both recorded aggressions within an hour of introducing a second species and

observed a decline in MSQ aggressions over the following 24-hour period. In my experiment
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individuals of both species were allowed to cohabitate for 48 hours prior to counts of aggressive
behaviors and species habitat preferences, mirroring natural conditions of species coexistence of
an established invader. Furthermore, Sutton et al. (2013) observed that while overall aggression
of both MSQ and Fundulus spp. was increased in instances where vegetation was absent, there
was little to no aggression from Fundulus spp. in the presence of vegetation. Since my
experimental set up simulated the pelagic conditions most common for these species to interact
(Casterlin and Reynolds, 1977), my higher aggression rates were as expected. The lack of
vegetation and prolonged introductory period in sympatry may provide strong evidence for the
results of this study to have strong ecological inference to natural conditions.

The invasive success of MSQ has also been attributed to their widespread introductions
(Simberloff and Rejmanek, 2019), reproductive ability (Vondracek et al., 1988), and resilience to
changing abiotic factors (Alcaraz et al., 2008). My trial ranges of 40 to 120 fish abundances were
selected to analyze the competition of coexisting populations where large numbers of MSQ have
been introduced. Many previous aggression studies of MSQ have examined differing ratios of
invaders to native fish (Laha & Mattingly 2006, Sutton et al. 2013), however often introduce less
than 10 individuals. It is necessary to study both the large abundances, addressed in this study,
and simulated varying levels of invaders to capture the nuances that lead to MSQ invasive
success. MSQ invasive superiority may be explained further aspects of their demography.
Factors such as their multiple spawnings and livebeared young (Vondracek et al., 1988) may
facilitate MSQ’s invaders as PTM are restricted to a single spawning season with obligate egg
laying on aquatic vegetation (Kaufmann and Lynch, 1991). Moreover, the abiotic factors (i.e.,
temperature and salinity) that MSQ exhibit resilience towards need further study on how they

control invasion success. Increasing salinity levels have been found to reduce MSQ aggression
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(Alcaraz et al. 2008), but the extent to what levels of salinity many small bodied native fish and
MSQ can endure are largely unknown. My study’s results on temperature’s influence on
competition and aggression provide concern for continued exacerbation of intraspecific effects
among native fish.

Few studies have provided evidence of coexistence with native small-bodied fishes
(Barrier and Hicks, 1994; Magellan and Berthou, 2016) and even less contradict the prevalence
of MSQ’s aggressive behaviors (Ciepela et al., 2021). Female MSQ may exhibit greater
aggression than males, as many studies, including or own, through attempted body size matching
exclude the smaller male MSQ (Laha & Mattingly 2006). Exploring this introduced bias may
offer insight to how native fish coexist with heterogenous populations of female and male MSQ.
Furthermore, identifying instances where MSQ aggression is secondary to intraspecific
competition among adult fish may offer insights for specific drivers that can promote the
coexistence of MSQ. Artificial refugia can create novel habitat space for cyprinodontoid use,
decreasing aggression to conspecifics (Magellan and Berthou, 2016), which could reduce PTM
stress by reducing the strength of intraspecific competition. Barrier and Hicks (1994) associated
several mechanisms through which demographic asynchrony and resilience to periodic drought
conditions have allowed native species to coexist with MSQ. Furthermore, temperature may be
an important driver mediating aggressive behaviors as cooler temperatures decreased overall
aggressions in my study, while Ciepela et al., (2021) observed condition specific interspecific
aggressions were facilitated by thermal preference. Identification of both the demographic
parameters and resilience of native species to changing abiotic conditions (i.e., temperature and

salinity) is a crucial step in understanding the mechanisms facilitating coexistence.
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Native species coexistence with MSQ is further threatened by climate uncertainties that predict
flashier flood events increasing river flows (Li et al., 2022) and increasing global surface water
temperatures (Barbarossa et al., 2021). The concerns of these issues can be highlighted by the
results of this study as I observed increased temperatures caused an increasing trend in MSQ
aggressions towards PTM. Future climate scenarios with warmer temperatures could see
displacement of fish from their native range as invading MSQ resilient to changes dominate
assemblages through increased aggression. Similarly increased flood events and flow velocities
(Lennox et al., 2019) could also promote greater interspecific competition from invading MSQ.
As observed in the uncertainty around the strength of competition in high flow environments, the
f at the coldest temperatures indicate some evidence for interspecific competition to be more
impactful on native fish.

Isodars has been widely applied to examine competition among terrestrial fauna (Ovadia
and Abramsky, 2995;Morris et al., 2000, Tarjuelo et al., 2017), however few studies have used
this method to quantify competition among fish assemblages (Morita et al., 2004). Even though
rivers and streams are continuous, so they can be easily classified into discrete habitat systems,
either pools or riffles. This allowed me to estimate coefficients of competition depending on the
habitat of interest and tested accordingly using isodar methods. In the laboratory the high and
low velocity habitats reflect these natural distinctions found in the riverscape. Some unexpected
limitations to the traditional generalized linear model used in isodar methods were experienced
in the laboratory setting as issues with a singular fit and Simpson’s paradox in the collected
habitat use data arose. Both issues were resolved using a hierarchical Bayesian model (Qian et

al., 2019; Singmann and Kellen, 2019) that grouped trials together allowing me to identify the
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underlying linear associations of the data influenced by temperature and abundance and
ultimately quantifying the coefficients of competition.

My study challenges the dominant paradigm that MSQ are a driver of native species
decline. Invasive species are widely accepted as one of the leading direct causes of biodiversity
loss. However, much of the evidence for this contention is based on simple correlations between
exotic dominance and native species decline in degraded systems. My results suggest that MSQ
may be better viewed as an opportunistic invader that has proliferated in degraded ecosystems.
While the idea of invaders as passengers of change has been documented in plant systems
(MacDougall and Turkington, 2005; Bauer 2012) it is novel for the management of MSQ. The
combined use of isodar methods with behavioral observations revealed the lack of MSQ
aggression towards PTM providing clear inference that coexistence of these species requires

restoration for the benefit of native species.
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APPENDIX

Table S1 - Effects parameterization for two-way binomial ANOVA results of temperature (16,
22, and 28 degrees Celsius ) and abundance (40, 60, 80, 100, and 120 individuals) effecting
proportion of individuals in low-velocity (downstream pools) for allopatric PTM, allopatric
MSQ, and pooled species in sympatry. All coefficients are reported on the logit scale, except for
the overall mean. The middle abundance of 80 fish and temperature 22°C were used as reference
levels.

Mean [95% CI]

Allopatric PTM Allopatric MSQ Pooled Species

Overall Mean 0.7 [0.68,0.71] 0.55[0.53,0.57] 0.66 [0.64,0.67]
Abundance
40 -0.26 [-0.37,-0.15] 0.58 [0.46,0.7] -0.18 [-0.3,-0.07]
60 0.04 [-0.6,0.14] 0.4310.33,0.53] -0.12[-0.22,-0.02]
80 0 0 0
100 -0.05 [-0.14.0.04]  -0.16 [-0.24,-0.08] -0.09 [-0.18,0]
120 0.04 [-0.05,0.12] 0.01 [-0.07,0.09] 0.01 [-0.07,0.1]
Temperature
16°C 0.39[0.32,0.46] 0.91 [0.84,0.99] 0.94 [0.86,1.02]
22°C 0 0 0
28°C -0.24 [-0.31,-0.17]  0.34[0.27,0.41] 0.02 [-0.05,0.08]
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Table S2 - Mean parameterization of two-way Poisson ANOVA results for temperature (16, 22,
and 28 degrees Celsius) and fish aggression types (MSQ-MSQ, MSQ-PTM, PTM-MSQ, PTM-
PTM) effecting counts of aggressive behaviors by abundance of 40, 80, and 120 individuals. All
coefficients are reported on the log scale. The PTM-to-PTM aggression and temperature 22°C

were used as reference levels.

Mean [95% CI]

40 fish 80 fish 120 fish
Overall Mean 3.2[3.01,3.37] 3.04 [2.73,3.35] 2.15[1.8,2.5]
Aggression

MSQ to MSQ -0.49 [-0.73,-0.27] -1.09 [-1.48,-0.73] -1.6 [-1.99,-1.24]
MSQ to PTM 0.08 [-0.13,0.29] -0.52[-0.91,-0.16] -1.64 [-2.01,-1.29]
PTM to MSQ -0.82 [-1.06,-0.58] -1.08 [-1.47,-0.7] -2.32[-2.72,-1.94]
PTM to PTM 0 0 0
Temperature

16°C -1.29 [-1.53,-1.06] -0.93 [-1.28,-0.6] -0.73 [-1.08,-0.38]

22°C 0 0 0

28°C -0.21 -0.39,-0.03]  -0.15[-0.48,0.15]  0.14 [-0.19,0.47]

Overdispersion Term

0.17 [0.04,0.29]
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0.49 [0.38,0.63]

0.48 [0.35,0.62]



Figure S1. Aerial view of a side-by-side comparison of MSQ (left) and PTM (right).
Characteristics used to distinguish PTM from MSQ include the light bar located anterior to the
dorsal fin, the bright orange highlights on the caudal and dorsal fin of PTM, and the olive-green
coloration of PTM.

Figure S2. Evidence of fin nipping damage on an adult male PTM’s caudal fin. Damage can be
seen highlighted within the blue circle.
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Figure S3. Proportion of individuals in the low-velocity pool at 40, 60, 80, 100, and 120
individuals at 16, 22, and 28 °C for PTM (a.), MSQ (b.) and in sympatry (c.). The line inside the
box plot represents the median, the borders represent the interquartile range (IQR), the whiskers
represent (+/-) 1.5*IQR while the dots are outliers.
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Figure S4. Density plots of the posterior distributions for the coefficients of competition in the
preferred habitat (o) for the effect of mosquitofish on plains topminnow (a) and the effect of
plains topminnow on mosquitofish (b) across three experimental temperatures (16 °C, 22 °C, and

28 °C).
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Figure S5. Density plots of the posterior distributions for the coefficients of competition in the
unpreferred habitat () for the effect of mosquitofish on plains topminnow (a) and the effect of
plains topminnow on mosquitofish (b) across three experimental temperatures (16 °C, 22 °C, and
28 °C).

36



22 °C 28 °C

16 °C
Occupancy
[] Allopatric MSQ
L] Allopatric PTM
9] [ Sympatric
=
‘»
C
o)
O
1,
0_
15 20 25 00 05 10 15 20 25

00 05 10 15 20 25 00 05 1.0
Isodar Slope (b)

Figure S6. Density plots of the posterior distributions for the isodar slopes (b) across three
experimental temperatures (16 °C, 22 °C, and 28 °C) for allopatric mosquitofish, allopatric plains

topminnow, and in sympatry.
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