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Abstract

Augmenting wild populations with translocated individuals is a powerful conserva-
tion tool to achieve genetic rescue, but little is known about the role mating behav-
ior plays in the success of augmentation efforts. We studied the behavior of male
Trinidadian guppies Poecilia reticulata introduced into experimental mesocosm
populations and assessed whether mating behavior influenced reproductive success.
A previously published analysis of the same experiment found that populations
from the Quare River had higher immigrant reproductive success than populations
from the Marianne River, contributing to higher population fitness following aug-
mentation. However, the reason for high immigrant reproductive success remained
unclear. Our behavioral observations of a subset of those populations revealed that
immigrant males from Quare (but not Marianne) performed more sexual displays
and forced copulations and had marginally higher reproductive success than resi-
dent males. These results, combined with significant differences in reproductive
success and population fitness reported in the previous study, suggest that mating
behavior may have improved the outcome of augmentation by increasing genetic
admixture. We urge wildlife managers and researchers to consider mating behavior
as a factor influencing augmentation success.

Introduction

Augmenting wild populations with individuals translocated
from elsewhere is a powerful management tool used to pre-
vent extinction, restore genetic diversity, relieve inbreeding
depression, maximize adaptive potential, and thereby con-
serve biodiversity in a rapidly changing world (Weeks et al.,
2011; Seddon et al., 2014; Hedrick & Garcia-Dorado, 2016).
Increased population fitness caused by the introduction of
new alleles – termed genetic rescue – is the desired result of
augmentation (Frankham, 2015; Whiteley et al., 2015), but
the strategy remains controversial because efforts can fail by
having little effect or reducing population fitness (e.g. Grif-
fith et al., 1989; Edmands, 2007; Palmer & Filoso, 2009;
Frankham et al., 2011; Godefroid et al., 2011; Hedrick &
Garcia-Dorado, 2016). The causes of failure stem from mul-
tiple factors (Fischer & Lindenmayer, 2000), and thus far the
discussion has focused on genetic attributes of the immigrant
population, particularly divergence from the recipient popula-
tion at neutral and adaptive genetic loci, which can cause
outbreeding depression (Edmands, 2007; Frankham, 2015).
One factor that has rarely been considered is how behavior
affects augmentation success.

Resident and immigrant behavior have the potential to
influence demographic processes such as survival, fecundity
and consequently fitness (Houston & McNamara, 1988; Sera
& Gaines, 1994; Kelly & Phillips, 2018). Such behaviors
can influence the rate of genetic admixture and magnify or
dilute the effect of augmentation on population fitness (e.g.
Kronenberger et al., 2018). Some aspects of the mating sys-
tem, like male promiscuity and female choice, may have pro-
nounced effects on admixture (such as slowing population
growth or elevating extinction risk) particularly when resi-
dents and immigrants are behaviorally divergent (Zajitschek,
Zajitschek & Brooks, 2009; Havird et al., 2016), which can
result from local adaptation (Garcia-Ramos & Kirkpatrick,
1997; Bolnick and Kirkpatrick, 2012). The mating behavior
of resident and immigrant animals should therefore be a key
consideration when devising augmentation strategies.

Several studies have focused on the importance of behav-
ior for the survival of translocated animals, primarily explor-
ing strategies to promote survival of animals reared in
captivity and translocated to the wild (e.g. Mathis & Smith,
1993 and Berejikian et al., 1999; Biggins et al., 1999; Mirza
& Chivers, 2000; Bremner-Harrison, Prodohl & Elwood,
2004; Shier & Owings, 2006, 2007). Less is known about
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how the behavior of translocated animals affects their repro-
duction, largely because it is difficult to measure reproduc-
tion and fitness in the wild. Augmentation initiatives are
typically implemented for threatened or endangered species,
giving researchers less flexibility to manipulate populations
and test hypothesis-driven research questions (Kronenberger
et al., 2017b; Tallmon, 2017). Controlled laboratory experi-
ments allow the investigation of both behavior and fitness of
residents and immigrants.

The Trinidadian guppy, Poecilia reticulata, has gained
attention for its utility in testing augmentation scenarios
(Zajitschek et al., 2009; Fitzpatrick et al., 2016; Kronen-
berger et al., 2017a, 2017b, 2018), and its mating behavior
has been well studied (Houde, 1997). Male guppies use mat-
ing displays and coloration to attract females, but these traits
are dampened in populations with high predation pressure,
where males are often less conspicuous and perform more
forced copulations (Seghers, 1974; Reznick & Endler, 1982;
Rodd & Reznick, 1997). In a prior study, Kronenberger
et al. (2018) used replicated mesocosm populations of low-
predation guppies from the Quare and Marianne Rivers in
Trinidad to test outcomes of a variety of augmentation sce-
narios (Fig. 1), finding fitness benefits (measured as abun-
dance) in only the Quare population. The authors determined

that increased population fitness was due in part to genetic
rescue, but also because immigrants, particularly those intro-
duced to the Quare populations, had higher reproductive suc-
cess than resident and hybrid individuals, despite harboring
similar levels of genetic diversity.

In this study, we used behavioral observations of a subset
of those same experimental populations to test whether mat-
ing behavior differed between resident and immigrant males,
and whether behavioral traits were associated with differ-
ences in reproductive success, measured using paternity anal-
ysis. We predicted that males that invested more effort in
mating behavior would exhibit greater reproductive success.
Additionally, based on the particularly high reproductive suc-
cess of immigrants and high levels of admixture that Kro-
nenberger et al. (2018) found in the Quare (but not
Marianne) populations, we predicted that immigrant males in
the Quare populations would invest more in reproductive
behavior than resident males.

Materials and methods

We took advantage of a larger mesocosm experiment (Kronen-
berger et al., 2018) that established laboratory guppy popula-
tions, sourced from two low-predation environments in the
Quare and Marianne river drainages, which are on the southern
and northern slopes, respectively, of the Northern Range
Mountains in Trinidad. Guppies from these two regions are
highly genetically differentiated (Suk & Neff 2009), allowing
for experimental replication across distinct evolutionary lin-
eages. The larger study, designed to test the demographic and
genetic effects of augmenting low-predation populations with
different types of immigrants, found evidence that population
augmentation caused genetic rescue in the Quare population. In
the current study, we compared resident and immigrant male
mating behaviors to determine whether the behavior of immi-
grant males in the Quare population may have contributed to
their high reproductive success and genetic admixture.

Animal collection, husbandry and
mesocosm design

We collected pre-reproductive juvenile guppies from low-pre-
dation sites in the Quare and Marianne river drainages and
established them in mesocosm populations as described by
Kronenberger et al. (2018). (see Table S1) We transported
fish to Colorado State University, where fish were housed in
10-gallon mesocosm tanks each founded with 16 guppies at
a one-to-one sex ratio in three temporal blocks established
one to two months apart. Each mesocosm contained gravel
substrate and structure for habit enrichment and to shelter
juveniles from cannibalism. Food quantity, temperature and
light cycle were held constant. After a 6-month period with-
out immigration, Quare and Marianne populations were aug-
mented with one male and one female immigrant every
2 months according to three treatments: (1) immigrants from
the same population source as residents, (2) low-predation
immigrants from a drainage adjacent to the resident popula-
tion source and (3) high-predation immigrants from a

Figure 1 Schematic diagram showing the mesocosm populations

and augmentation treatments, where resident populations were

augmented with individuals from either the same low-predation

population, a different low-predation population from the same drai-

nage, or a high-predation population from the same drainage.

Based on high reproductive success of immigrants and high levels

of admixture that Kronenberger et al. (2018) found in the Quare

(but not Marianne) populations, we predicted that immigrant males

in Quare mesocosms would invest more in reproductive behavior

than resident males.
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downstream population in the same drainage as residents
(Fig. 1; see Kronenberger et al., 2018 for a full description,
including additional treatments to the ones described here).
Quare and Marianne populations had three replicates for
each treatment corresponding to the three temporal blocks;
we collected data from each of these replicates, with the
exception that we only collected data from two of the three
Marianne high-predation replicates due to time constraints,
for a total of 17 mesocosm populations. Population censuses
occurred every 2 months, during which all adults (≥14 mm
in standard length, measured from the distal tip of the fish to
the caudal peduncle) were anesthetized with a dilute solution
of tricaine methanesulfonate and photographed. Newly
recruited adults were marked with unique elastomer markings
(Northwest Marine Technology, Inc.) and scales were taken
for genotyping. All fish were placed in an aerated recovery
tank before being returned to their mesocosms.

Behavioral assays

We recorded behavior with in situ focal observations using
JWatcher (Version 1.0; Blumstein, Evans & Daniel, 2006)
for every male in all 17 mesocosms (mean 6.8 and range 3–
15 per mesocosm; 16 residents and 24 immigrants from
Quare; 43 residents and 33 immigrants from Marianne) over
the course of 2 months, beginning at the start of augmenta-
tion. We observed each male interacting with other individu-
als in the mesocosm for five minutes at three different times
between 8:00 a.m. and 12:00 p.m., for a total of 15 min.

As a measure of reproductive effort, we counted the num-
ber of times each focal male performed sigmoid displays and
forced copulations. Sigmoid displays are attempts at consen-
sual mating where the male positions himself in a female’s
line of vision and quivers in an ‘s’ shape for 3–15 sec
(Liley, 1966). Forced copulations are attempts at non-consen-
sual mating where the male thrusts his intromittent organ,
the gonopodium, toward the female genital opening without
displaying first (Baerends, Brouwer & Waterbolk, 1955;
Liley, 1966). Forced copulation attempts were recorded
whether or not they resulted in contact with the female.

Quantifying coloration and body size

We measured male coloration and body size from pho-
tographs using ImageJ (Version 1.x; Schneider, Rasband &
Eliceiri, 2012), because both are known to affect female
choice (Houde & Endler, 1990) and male mating success
(Kodric-Brown, 1993). Coloration can change throughout a
male’s lifetime, and because we captured images of each
male at multiple bimonthly time points (range 2–13, median
7), we chose each male’s most colorful image to analyze,
representing peak coloration. Peak coloration was determined
by JAK via visual comparison of all images of a given indi-
vidual and measured as the proportion of body area (poste-
rior to the operculum, excluding dorsal and anal fins) that
was colored with discrete black, brown, orange, yellow and
white spots. Standard length was measured as the distance
from the anterior end of the fish to the caudal peduncle.

Calculating reproductive success

All individuals were genotyped at eight highly variable
microsatellite loci developed by Fitzpatrick et al. (2016).
(see Tables S2 and S3) DNA was extracted from scales
using Gentra Puregene Tissue Kits (Qiagen, Venlo, the
Netherlands) and microsatellites were amplified using Qiagen
Type-It Microsatellite Multiplex PCR kits. Hi-Di Formamide
and GeneScan 500 LIZ Size Standard were added to PCR
product, which was read on an ABI 3730xl automated
sequencer (Life Sciences Core Laboratories at Cornell
University). Microsatellites were scored with GENEIOUS
v7.1.7 (Kearse et al., 2012). To estimate reproductive suc-
cess, we inferred a pedigree for each mesocosm population
using COLONY v2.0.4.1 (Jones & Wang, 2010), specifying
a polygamous mating system, a genotyping error rate of
0.005 (to account for any unobserved or unknown error) and
the full-likelihood method with COLONY parameters of
‘very high’ precision and ‘very long’ runs that were repeated
five times to maximize correct parentage assignment (Jones
& Wang, 2010). We then summed the number of offspring
that were correctly assigned with a probability ≥0.7 for each
individual. To correct for the effect of lifespan on reproduc-
tive output, we calculated the mean number of offspring pro-
duced per month of adulthood by dividing the total number
of offspring each male produced by the number of months
he had been an adult at the end of the study (range 2–
24 months).

Estimating reproductive effort

For both resident populations, we used PROC GLIMMIX in
SAS v9.4 (SAS Institute, Cary, NC) to construct generalized
linear mixed models of the number of forced copulations
and the number of sigmoid displays (sigmoids) performed
per individual. Fixed effects in our full models included
whether the population was augmented with low- or high-
predation immigrants (Treatment), whether the individual
was a resident or an immigrant (Group), the interaction
between these effects (Treatment*Group), standard length
(SL) and the proportion of body area that was colored
(Color). In all models we also included as a fixed effect a
covariate representing the number of months an individual
had been in the mesocosm at the time of the focal observa-
tion, as this differed among individuals and may have influ-
enced reproductive effort. All models included a unique
identifier of each mesocosm as a random effect. Both
response variables were modeled under a negative binomial
distribution, as determined after comparisons of the full mod-
els under different distributions using Akaike Information
Criterion corrected for small sample size (AICc; Burnham &
Anderson, 2002). We ran models with all combinations of
predictors, but Treatment (high- or low-predation) was only
included in models with Group (immigrant or resident) and
their interaction. This was to distinguish immigrants (that
could be either low- or high-predation) from residents (that
were all low-predation). This yielded a total of 12 models,
on which we performed AICc model selection to determine
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the top model for each response variable (Burnham &
Anderson, 2002). For all models within four AICc of the top
model, we report the number of parameters (K), the differ-
ence between the model’s AICc and that of the top model
(DAICc) and model weight (wi).

To determine the direction and magnitude of the relation-
ship between predictor and response variables, we estimated
parameters and 95% confidence intervals for the top models.
However, because there was some model selection uncer-
tainty (especially in the Marianne population) and not all
parameters were included in the top model, we also report
these parameter estimates for the top model in which a
parameter appeared. We chose this approach over model
averaging because of growing concern that model averaging
can bias parameter estimates (Richards, 2005; Richards,
Whittingham & Stephens, 2011; Symonds & Moussalli,
2011), particularly when there is collinearity among predic-
tors (Freckleton, 2011; Cade, 2015). Finally, to visually por-
tray the mean number of sigmoid displays and forced
copulations by residents and immigrants, controlling for all
other predictor variables, we provide a figure of the esti-
mated marginal means and standard errors from the top mod-
els in which Group appeared (Fig. 2).

Linking reproductive effort to reproductive
success

After modeling forced copulations and sigmoids for each
population, we included these behaviors as fixed effects in a
third set of models constructed using PROC GLIMMIX in
SAS v9.4 (SAS Institute, Cary, NC), in which the response

variable was the mean number of offspring produced per
month of adulthood (Offspring). Additional fixed effects
included Treatment, Group, Treatment*Group, standard
length (SL) and Color. In all models, we included a covari-
ate representing the abundance in each mesocosm when a
given individual reached adulthood, because higher densities
are known to limit the rate of reproduction in guppies (Bas-
sar et al., 2013). All models also included mesocosm ID as
a random effect. We assumed a Poisson distribution, as it
best fit the data according to AICc comparisons of the full
model under different distributions. As in the previous analy-
sis, we performed AICc model selection on generalized linear
mixed models with all combinations of predictors that had
biologically meaningful interpretations. The resulting set con-
tained 48 models. For all models within four AICc of the
top model we report K, DAICc and wi. As described above,
we also report parameter estimates and 95% confidence inter-
vals for each predictor in the top model and, for predictors
that did not appear in the top model, for the top model in
which that parameter appeared. Finally, we display the mar-
ginal means and standard errors for the number of offspring
produced by residents and immigrants from the top model in
which Group appeared.

Results

Reproductive effort – sigmoids

There was some model selection uncertainty in our analysis
predicting the number of sigmoids. In Quare populations, the
three top models (DAICC < 4) predicting the number of

Figure 2 Estimated marginal means (EMM; means accounting for all other predictor variables in the top model containing Group) and stan-

dard errors of the number of (a) sigmoids, (b) forced copulations and (c) offspring per month for residents (R) and immigrants (I) from Quare

and Marianne populations. Behavior was observed for all males in each replicate tank for a total of 16 residents and 24 immigrants from

Quare and 43 residents and 33 immigrants from Marianne.

4 Animal Conservation �� (2019) ��–�� ª 2019 The Zoological Society of London

Immigrant reproductive behavior in population augmentations E. L. Mensch et al.



sigmoids contained Group (resident or immigrant), SL (stan-
dard length) and Color (proportion of body area with color)
(Table 1) and indicated that immigrants performed more sig-
moids than residents (Fig. 2a), but the confidence interval
slightly overlapped zero (Table 2), indicating a marginal
effect of Group. Estimates of SL and Color indicated that
more sigmoids were produced by larger and more colorful
individuals (Table 2).

In Marianne populations, the top models predicting sig-
moids contained Treatment (same, low-predation, or high-
predation immigrants), Group (resident or immigrant), the
interaction between Treatment and Group, SL and Color.

The parameter estimates for Treatment, Group and their
interaction were low in magnitude with confidence intervals
that overlapped zero (Table 2), suggesting little difference in
the number of sigmoids performed by residents and immi-
grants (Fig. 2a) or by the different types of immigrants. As
with Quare populations, estimates of SL and Color indicated
that more sigmoids were performed by larger and more col-
orful individuals, although the confidence intervals over-
lapped zero for Color (Table 2).

Reproductive effort – forced copulations

There was less uncertainty among models of the number of
forced copulations. In Quare populations, the top models
included Group (resident or immigrant), SL and Color
(Table 1) and indicated that immigrants performed more forced
copulations than residents (Table 2, Fig. 2b). Estimates of SL
and Color indicated that more forced copulations were per-
formed by smaller and less colorful individuals, although confi-
dence intervals overlapped zero (Table 2).

In Marianne populations, the top models contained Group,
SL and Color (Table 1) and indicated that residents per-
formed more forced copulations than immigrants, although,
as in the sigmoid models, the effect size was near zero and
confidence intervals overlapped zero (Table 2; Fig. 2b). Esti-
mates for SL and Color indicated that more forced copula-
tions were performed by larger and less colorful individuals,
although the confidence interval overlapped zero for Color
(Table 2).

Reproductive success

There was model selection uncertainty among our candidate
set of models predicting reproductive success, but the null

Table 1 Sigmoids, forced copulations and offspring model

selection results for Quare (n = 40 males) and Marianne (n = 76

males) populations of low-predation guppies from the southern and

northern slopes, respectively, of the Northern Range Mountains in

Trinidad

Model K DAICc wi

Quare – Sigmoids

Group 5 0.00 0.34

SL 4 0.71 0.24

Color 4 2.15 0.12

Group Color 6 2.59 0.09

Group SL 6 2.61 0.09

SL Color 5 2.68 0.09

Marianne – Sigmoids

SL 4 0.00 0.28

Trt*Group Trt Group 8 0.45 0.23

Group 5 1.71 0.12

SL Color 5 2.07 0.10

Trt*Group Trt Group Color 9 2.57 0.08

Trt*Group Trt Group SL 9 2.62 0.08

Group SL 6 3.96 0.04

Quare – Forced copulations

Group 5 0.00 0.50

Group SL 6 2.21 0.17

Group Color 6 2.53 0.14

Marianne – Forced copulations

SL 4 0.00 0.41

SL Color 5 0.68 0.29

Group Color 6 3.42 0.07

Group SL 6 3.46 0.07

Quare – Offspring per month

– 2 0.00 0.16

SL 3 1.10 0.09

FCs 3 1.21 0.09

Color 3 1.46 0.08

Sigmoids 3 1.55 0.07

Group SL 5 1.84 0.06

Group 4 2.63 0.04

Sigmoids SL 4 2.79 0.04

FCs SL 4 3.05 0.03

FCs Color 4 3.38 0.03

Sigmoids FCs 4 3.42 0.03

Sigmoids Color 4 3.50 0.03

SL Color 4 3.55 0.03

Group Sigmoids SL 6 3.97 0.02

Table 1 Continued.

Model K DAICc wi

Marianne – Offspring per month

– 2 0.00 0.25

SL 3 1.83 0.10

FCs 3 1.92 0.10

Sigmoids 3 2.10 0.09

Color 3 2.11 0.09

SL Color 4 3.65 0.04

FCs SL 4 3.88 0.04

Sigmoids SL 4 3.98 0.03

The table includes the number of parameters (K), DAICc, and

model weight (wi) of all models within four AICc of the top model

(Trt = same, low-predation and high-predation [three parameters];

Group, resident or immigrant [two parameters]; Sigmoids, sigmoid

displays; FCs, forced copulations; SL, standard length; Color, pro-

portion of body area colored. Additionally, all sigmoids and forced

copulations models include a covariate representing the number of

months an individual was in the population at the time of behavioral

assays as well as a scale parameter used for negative binomial dis-

tributions to account for high variability in count data. All offspring

per month models include a covariate representing population den-

sity. Mesocosm ID was a random effect in all models.
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model had the greatest support for both Marianne and Quare
populations (Table 1). For Quare populations, top models
included all predictor variables except the Treatment*Group
interaction, and parameter estimates indicated that more off-
spring were produced per month by individuals that were
immigrants, that performed more sigmoids and forced copu-
lations, and that were larger and more colorful (Table 2;
Fig. 2c). For Marianne populations, top models included all
predictor variables except Group and the Treatment*Group

interaction, with higher fitness among individuals that per-
formed more sigmoids and less forced copulations, and that
were smaller and more colorful (Table 2; Fig. 2c). However,
most parameter estimates for both Quare and Marianne were
low in magnitude and all had confidence intervals that over-
lapped zero, suggesting little effect of these predictors.

Discussion

We found that male immigrants used to augment one of our
two experimental guppy populations (Quare) invested greater
effort in mating behavior than resident males, in particular
by attempting more forced copulations. We expected Quare
immigrants to invest more in mating than resident males,
based on a larger augmentation study (Kronenberger et al.,
2018) that found immigrants in these populations had high
rates of admixture and higher fitness than residents, ulti-
mately contributing to increased hybrid production, genetic
diversity and population fitness. In Marianne populations, we
found that immigrant males did not perform more mating
behaviors than resident males, which is consistent with find-
ings of Kronenberger et al. (2018) that immigrant and resi-
dent fitness did not differ in those populations. Thus, this is
one of the first studies to suggest that mating behavior of
immigrants can differ in ways that may influence fitness and,
ultimately, the success of population augmentation.

Differences in mating behavior between residents and
immigrants were very similar for immigrants from different
sources; although Treatment*Group appeared in three top
models of Marianne sigmoids (Table 1), parameter estimates
overlap zero (Table 2), indicating no meaningful effect.
Therefore, behavior of immigrants did not differ if they were
from the same population, another low-predation population,
or a high-predation population. This is surprising given
known differences in mating behavior between guppies in
low- and high-predation environments, with high-predation
males performing fewer conspicuous sigmoid displays and
more sneaky forced copulations (Endler, 1987; Magurran &
Seghers, 1994; Houde, 1997). However, behavior can be
highly plastic (Ghalambor, Angeloni & Carroll, 2010) and
may depend more on current risk (i.e. the lack of predation
in our experimental populations) than the predation regime
of the source population. Indeed, male guppies are known to
adjust their investment in sigmoid displays and forced copu-
lations depending on immediate predator cues (Magurran &
Seghers, 1990; Magurran & Nowak, 1991; Godin, 1995). All
of our mesocosms mimicked a low predation stream and
lacked predator cues, potentially minimizing behavioral dif-
ferences between high- and low-predation immigrants.

Although we found some evidence for greater reproduc-
tive success in Quare immigrants and in males that per-
formed more mating behaviors, these patterns were not
strong, with parameter estimates that had confidence intervals
overlapping zero. This likely reflects the smaller sample size
of our behavioral study that included only a subset of males
from the larger Kronenberger et al. (2018) study, which had
greater power to detect higher fitness of Quare immigrants
than residents. The lack of strong patterns could also reflect

Table 2 Estimates and 95% confidence intervals from sigmoids,

forced copulations and offspring models for Quare (n = 40 males)

and Marianne (n = 76 males) populations, including the top models

(lowest AICc) and the top models containing each variable of

interest (Group, resident or immigrant; Sigmoids, sigmoid displays;

FCs, forced copulations; SL, standard length; Color, proportion of

body area colored)

Parameter

Estimates from

top model � CI

Estimates from top

model with variable � CI

Quare – Sigmoids

Groupa 1.02 (�0.10, 2.14) 1.02 (�0.10, 2.14)

SL – 0.08 (0.04, 0.12)b

Color – 3.86 (1.72, 6.01)b

Marianne – Sigmoids

Trt*Group

Samea – 0.29 (�0.54, 1.13)

LPa – �0.73 (�1.64, 0.18)

HPa – 0.01 (�0.72, 0.75)

Groupa – �0.14 (�0.75, 0.47)

SL 0.13 (0.11, 0.16)b 0.13 (0.11, 0.16)b

Color – 0.54 (�1.74, 2.82)

Quare – Forced copulations

Groupa 1.38 (0.41, 2.34)b 1.38 (0.41, 2.34)b

SL – �0.11 (�0.47, 0.25)

Color – �0.47 (�3.78, 2.84)

Marianne – Forced copulations

Groupa – �0.32 (�1.01, 0.37)

SL 0.07 (0.04, 0.09)b 0.07 (0.04, 0.09)b

Color – �1.62 (�4.21, 0.97)

Quare – Offspring per month

Groupa – 1.33 (�1.15, 3.82)

Sigmoids – 0.12 (�0.14, 0.38)

FCs – 0.14 (�0.12, 0.40)

SL – 0.07 (�0.07, 0.21)

Color – 2.76 (�3.47, 8.99)

Marianne – Offspring per month

Groupa – �0.30 (�3.20, 2.61)

Sigmoids – 0.01 (�0.22, 0.25)

FCs – �0.12 (�0.69, 0.45)

SL – �0.06 (�0.28, 0.16)

Color – 0.24 (�8.89, 9.37)

Sigmoids and forced copulations models have a negative binomial

error structure and offspring per month models have a Poisson

error structure.
aPositive values indicate that immigrants had higher levels of the

response variable.
bConfidence intervals do not overlap zero, indicating a meaningful

effect.
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the short observation period for each male, which is not a
perfect measure of reproductive behavior. Therefore, we can-
not conclusively state that immigrant behavior was critical in
the success of Quare population augmentations, but our
results in combination with the findings of the larger study
suggests that behavior may have played a role.

It is interesting to consider possible reasons immigrants
performed more mating behaviors than residents in Quare
populations, but not in Marianne populations. One explana-
tion may be differences in life history. Kronenberger et al.
(2018) noted that individuals from the Quare river drainage
had faster life histories based on lower survival rates and
higher recruitment rates compared to individuals from the
Marianne drainage; these lower rates of survival may lead to
greater investment in mating to compensate for reduced
opportunities to mate in the future (Hirshfield & Tinkle,
1975; Engqvist & Sauer, 2002). A potential reason for
greater reproductive effort by immigrants is that they were
previously maintained as virgins and thus were compensating
for reduced mating success earlier in life. Further, an
increase in mating effort may be a general strategy when
encountering a novel environment or social group in order to
inseminate additional females (Eakley & Houde, 2004).
Finally, it is possible that immigrant males were attractive to
females because of their novelty (Hughes et al., 1999; Eak-
ley & Houde, 2004), which may have prompted changes in
behavior, as male mating behavior is known to be affected
by that of females (Evans et al., 2002). However, based on
these explanations, we would have expected immigrant males
to perform more mating behaviors than resident males across
both populations; hence, the reason for observed behavioral
differences between residents and immigrants in one popula-
tion (Quare) but not the other (Marianne) remains unclear.

In addition to resident-immigrant differences in mating
behavior, we found that larger and more colorful males per-
formed more sigmoid displays in the Quare populations. Col-
oration, body size and display rate are traits that females use
in mate choice (Reynolds & Gross, 1992; Houde, 1997), and
their interaction can affect female preferences, as females are
particularly attracted to colorful males with high display rates
(Kodric-Brown & Nicoletto, 2001). Exhibiting a high display
rate may be an adaptive strategy for males that are already
attractive in other ways.

Future work should include additional experimental stud-
ies addressing the relationship between immigrant behavior,
fitness and the outcome of population augmentations, ideally
with large sample sizes (especially for populations with low
reproductive rates) and multiple populations (to encompass
diverse life histories and reproductive behaviors). Under-
standing the role that behavior plays in augmentation would
allow for targeted selection of individuals or source popula-
tions for translocation with behavioral traits that maximize
the chances of genetic rescue (Kelly & Phillips, 2018). Our
results, in conjunction with those of Kronenberger et al.
(2018), suggest that immigrant males that put more effort
into reproduction and have traits known to be preferred by
females (e.g. larger and more colorful) may have the greatest
impact on resident population fitness. However, screening

individuals or populations for optimal behavior prior to aug-
mentation should be done carefully to avoid unintended con-
sequences, since behavior can be correlated across contexts
(Sih, Bell & Johnson, 2004). For example, males that are
forceful in mating might also be aggressive or bold in the
contexts of territoriality, infanticide, or antipredator behavior,
which could negatively affect survival and population trajec-
tories. Thus, many questions remain regarding the kinds of
behavioral traits or personality types that should be targeted
to maximize augmentation success. Additional research is
needed to give conservation practitioners insight into the
most effective protocols for incorporating behavior into pop-
ulation augmentation to maintain biodiversity in a rapidly
changing world.
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