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1  | INTRODUC TION

Genital morphology is intimately related to successful repro-
duction and fitness and thus thought to be under strong selec-
tion (Eberhard, 1985). Variation in genitalia within and among 

species tends to be greater than variation in other traits (Hosken & 
Stockley, 2004), and this pattern of rapid divergence in genitalia is a 
puzzle in evolutionary biology that has gained increasing attention 
in recent years (Langerhans et al., 2016). Much work investigates 
the selective forces shaping intromittent organs, such as selection 
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Abstract
Genital morphology exhibits tremendous variation and is intimately linked with fit-
ness. Sexual selection, nonmating natural selection and neutral forces have been ex-
plored as potential drivers of genital divergence. Though less explored, genitalia may 
also be plastic in response to the developmental environment. In poeciliid fishes, the 
length of the male intromittent organ, the gonopodium, may be driven by sexual se-
lection if longer gonopodia attract females or aid in forced copulation attempts or by 
nonmating natural selection if shorter gonopodia allow predator evasion. The rearing 
environment may also affect gonopodium development. Using an experimental in-
troduction of Trinidadian guppies into four replicate streams with reduced predation 
risk, we tested whether this new environment caused the evolution of genitalia. We 
measured gonopodium length after rearing the source and introduced populations 
for two generations in the laboratory to remove maternal and other environmental 
effects. We split full-sibling brothers into different rearing treatments to additionally 
test for developmental plasticity of gonopodia in response to predator cues and food 
levels as well as the evolution of plasticity. The introduced populations had shorter 
gonopodia after accounting for body size, demonstrating rapid genital evolution in 
2–3 years (8–12 generations). Brothers reared on low food levels had longer gono-
podia relative to body size than those on high food, reflecting maintenance of gono-
podium length despite a reduction in body size. In contrast, gonopodium length was 
not significantly different in response to the presence or absence of predator cues. 
Because the plastic response to low food was maintained between the source and 
introduced populations, there was no evidence that plasticity evolved. This study 
demonstrates the importance of both evolution and developmental plasticity in ex-
plaining genital variation.
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to avoid interspecific hybridization (lock-and-key, Eberhard, 1985), 
selection on other traits (pleiotropy, Mayr, 1963), sexual selec-
tion (good genes, Hamilton & Zuk, 1982; sexy sons, Weatherhead 
& Robertson, 1979; sperm competition, Parker, 1984; sexual con-
flict, Cameron et al., 2003) and nonmating natural selection since 
the size or shape of genitalia might affect locomotor performance 
(Kwan et al., 2016; Langerhans, 2011; Langerhans et al., 2005). 
Though less emphasized, developmental plasticity may also play a 
role, if the rearing environment shapes genitalia, for example when 
intromittent organs are plastic in response to wave action (Neufeld 
& Palmer, 2008, barnacles), temperature (Andrade et al., 2005, fruit 
flies), food stress (Arnqvist & Thornhill, 1998, water striders) and 
potentially predation risk (Arnett & Kinnison, 2016, mosquitofish). 
Additionally, nutrition-dependent developmental plasticity has been 
shown to alter the allometric relationship between sexual orna-
ments and body size in insects (Koyama et al., 2015; Snell-Rood & 
Moczek, 2012). Such results suggest variation in genital morphology, 
like many other phenotypic traits, is shaped by both environmental 
and genetic factors, but the relative contribution of these factors has 
rarely been explored.

Poeciliid fishes, including Trinidadian guppies (hereafter ‘guppy’; 
Poecilia reticulata), provide an excellent system in which to study the 
evolution of genitalia. Males have large, nonretractable intromit-
tent organs called gonopodia that vary within and between species 
and are shaped by complex selective pressures. Males also exhibit 
mating tactics that range from courting females with elaborate dis-
plays to forced mating attempts, which may coevolve with genitalia 
(Wang et al., 2015). Shorter gonopodia have been associated with 
more display behaviour across species of poeciliid fishes (Rosen 
& Tucker, 1961), and male guppies with longer gonopodia attempt 
more forced copulations (Reynolds et al., 1993). Sexual conflict may 
explain this pattern (Gasparini et al., 2011) since longer gonopodia 
allow male guppies to reach females and circumvent female choice 
(Evans et al., 2011) and achieve higher fitness (Elgee et al., 2012). 
However, the opposite pattern has also been found, as males with 
longer gonopodia display more in some poeciliids (Girardinus metal-
licus; Kolluru et al., 2014) and females prefer longer gonopodia in 
guppies (Brooks & Caithness, 1995) and other poeciliids (Gambusia 
holbrooki; Kahn et al., 2010), such that gonopodium length may re-
flect female choice rather than male–female conflict. Nonmating se-
lection on genitalia has also been studied in poeciliids. For example, 
large gonopodia may increase drag, reducing swimming performance 
and increasing predation risk in some species (Gambusia affinis and G. 
hubbsi; Langerhans et al., 2005; Langerhans, 2011), but other studies 
argue against a hydrodynamic cost to long gonopodia as they do not 
reduce the ability of male guppies to engage in mating behaviour in 
high-flow environments (Kwan et al., 2016). Thus, while gonopodium 
size may be closely linked to fitness, the sources of selection may be 
diverse across species and within guppies.

Trinidadian guppies inhabit contrasting stream environments in 
nature. In lowland streams, guppies experience high predation that 
results in low densities and reduced competition for food, whereas 
in upland streams predation is reduced, resulting in high population 

densities and increased competition for food (Reznick, et al., 2019). 
Divergent natural selection between these contrasting environ-
ments has led to divergence in numerous traits including those 
subject to sexual selection such as mating behaviour (Endler, 1995; 
Travis et al., 2014). Presumably to minimize conspicuousness to 
predators, male guppies living in high-predation environments 
perform more forced copulation attempts and fewer displays than 
their low-predation counterparts (Liley & Luyten, 1985; Magurran 
& Seghers, 1994), suggesting longer gonopodia may be selected in 
high-predation environments to improve forced copulation success. 
However, when comparing gonopodia between high- and low-pre-
dation populations, findings have been inconclusive. For exam-
ple, gonopodia in high-predation populations may be longer (Kelly 
et al., 2000) or the same length as those in low-predation popula-
tions (Evans et al., 2011), but studies to date have yet to isolate ge-
netic and environmental contributions to gonopodium length.

Despite extensive work on the evolution of gonopodia in poeci-
liid fishes, we lack experiments that investigate how evolution and 
plasticity contribute to patterns of variation in gonopodia. Since both 
genes and the environment shape phenotypes, studies that compare 
wild-caught individuals from high- and low-predation streams (e.g. 
Evans et al., 2011; Kelly et al., 2000) may not be measuring geneti-
cally based evolved differences if gonopodia are highly plastic. Thus, 
studies that can isolate environmentally induced plastic variation 
from genetically based evolved differences are needed to resolve 
how high- and low-predation environments contribute to variation 
in gonopodia.

Here, we take advantage of experimental introductions of P. 
reticulata from a single high-predation stream into four replicate 
low-predation streams to measure evolution of gonopodium 
length. After 2–3 years (8–12 generations), we reared fish from 
all five populations (the source and four introduced populations) 
in the laboratory for two generations to remove maternal and 
other environmental effects. We expected the four introduced 
populations to diverge in parallel from the source population if 
the low-predation environment exerted selection on gonopodium 
length. Alternatively, the introduced populations could exhibit 
nonparallel divergence if unique factors or random processes (e.g. 
genetic drift) drive genital evolution or no divergence if there was 
not enough time for evolutionary change or if adaptive plasticity 
allowed for optimal gonopodia in the new environment without 
genetic change (Ghalambor et al., 2007). To examine plasticity and 
to test for the evolution of plasticity, we mimicked components 
of the field environment by rearing siblings from all five popula-
tions with and without exposure to chemical cues of predation and 
under high and low food levels. By measuring evolution and plas-
ticity, we could determine whether plasticity was adaptive (causing 
changes in gonopodium length in the same direction of evolved 
changes) or nonadaptive (causing changes in the opposite direc-
tion of evolved changes). We expected predator cues to affect 
gonopodium length adaptively, causing shifts similar to evolved 
differences between populations in high- and low-predation envi-
ronments. We expected food limitation to decrease gonopodium 
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length if it is a condition-dependent trait, like sperm number 
(Gasparini et al., 2013) and orange coloration (Grether, 2000). 
Differences between the source and introduced populations in the 
effect of rearing treatments on gonopodium length (i.e. a change 
in the slope of the reaction norm) would indicate that plasticity 
evolved (e.g. Czesak et al., 2006; Via & Lande, 1985), as has been 
observed in guppies for other traits (e.g. Handelsman et al., 2013; 
Torres-Dowdall et al., 2012; Westrick et al., 2019).

2  | METHODS

In a separate experiment to investigate eco-evolutionary dynam-
ics, the range of P. reticulata was extended from a section of the 
Guanapo River (Saint George, Trinidad) containing a diversity of 
fish predators (e.g. Crenicichla frenata, Aequidens pulcher, Astayanax 
bimaculata, Hemibrycon dentatum, Hoplias malabaricus) upstream 
over barrier waterfalls, into four headwater streams where gup-
pies and major predators were absent (for details see: Handelsman 
et al., 2013; Handelsman et al., 2014; Reznick, et al., 2019; Travis 
et al., 2014). Experimental range extensions into these low-preda-
tion streams occurred in March 2008 (Lower Lalaja and Upper Lalaja; 
henceforth Intro1 and Intro2) and March 2009 (Caigual and Taylor; 
henceforth Intro3 and Intro4). In March 2011, 40 juvenile guppies 
were collected from each of the four introduction locations and the 
source population (Guanapo River) and brought to the laboratory at 
Colorado State University (Table 1).

Fish from all five populations were collected from the wild and 
reared under identical laboratory conditions (light schedules, tem-
perature and age-adjusted feeding regime held constant) for two 
generations to minimize maternal and other environmental effects. 
We reared wild collected juveniles to adulthood and then randomly 
crossed virgins to create the first laboratory generation. After they 
reached adulthood, we randomly crossed virgins from the first 
laboratory generation to create the second laboratory generation, 
aiming for 26 families per population. No two females were ever 
crossed with the same male (rearing methods are described in detail 
in Handelsman et al., 2013, 2014). Within 24 hr of birth, we divided 

each second-generation brood into four 1.5-L flow-through recircu-
lating tanks and randomly assigned them to one of four treatments: 
high food no-predator, low food no-predator, high food predator and 
low food predator. In the ‘predator’ treatment, the water circulated 
through a tank containing a pike cichlid (C. frenata) that was fed gup-
pies so that guppies experienced predator karimones and conspe-
cific alarm cues; the ‘no-predator’ treatment contained only water 
(following Handelsman et al., 2013). Fish in the ‘low food’ treatment 
received the same food at the same time but half of the quantity as 
the ‘high food’ treatment. We sexed guppies when they were 29 days 
old (following Reznick, 1982) and placed one male from each family–
treatment combination (four males per family, one family member 
represented per treatment) in an individual 1.5-L flow-through tank 
where he continued to grow in his respective treatment conditions 
until reaching sexual maturity.

We measured gonopodium length using photographs taken on 
the day males became sexually mature. We defined maturity fol-
lowing Reznick (1990) as the first day that the hood of the gono-
podium was even with or just past the distal tip of the gonopodium 
(Figure 1b), which we assessed when the male was swimming. We 
anesthetized the male to confirm maturity (using MS-222, ethyl 
3-aminobenzoate methane sulphonic acid salt, Sigma-Aldrich). On 
the day each male was considered mature, we anesthetized the in-
dividual, placed him on a white background with his left side fac-
ing up, carefully spread his gonopodium away from the body using 
a fine-tipped artist paintbrush and took a digital photograph using 
a Cannon EOS Rebel T3 digital SLR camera fitted with a 60 mm 
macro lens (Canon U.S.A. Inc.) and illuminated with fixed full-spec-
trum florescent lights. Images included a metric ruler for scale. We 
used ImageJ64 (Schneider et al., 2012) to digitally measure standard 
length and gonopodium length. Gonopodium measurements were 
made by drawing a line from the distal tip to a linear approximation 
of the intersection of the base of the gonopodium with the body 
(Figure 1). E.D.B. measured each photo twice (r = .83 for gonopo-
dium length; r = .99 for standard body length) and used the mean of 
the two values in analyses.

To test for evolution and plasticity of gonopodium length, we 
used a linear mixed model that included population (to test for 

High food
No pred cue

High food
Pred cue

Low food
No pred cue

Low food
Pred cue

Population
Totals

Source 26 26 23 24 99

Intro1 (Lower 
Lalaja)

14 13 13 10 50

Intro2 (Upper 
Lalaja)

16 15 12 11 54

Intro3 
(Caigual)

13 13 10 11 47

Intro4 
(Taylor)

13 13 13 12 51

Treatment 
totals

82 80 71 68

TA B L E  1   Sample sizes for each 
population and treatment
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evolution) and the rearing treatments (to test for plasticity) as fixed 
effects as well as body size as a covariate (to account for allometric 
changes). We included family as a random effect (intercept) to ac-
count for relatedness among brothers across treatments; however 
due to mortality, many families did not have brothers represented 
in all four treatments. We also included four two-way interactions 
for which we had a priori predictions: the population–treatment 
interactions (population × predation and population × food) tested 
for the evolution of plasticity and the body size–treatment inter-
actions (body size × predation and body size × food) tested for 
plasticity of the allometric relationship between body size and go-
nopodium length. Previous work indicated that the low food treat-
ment and the predation cue treatment may reduce body size (e.g. 
Torres-Dowdall et al., 2012). Thus, the complete model included 
body size, population, food treatment, predation treatment, pop-
ulation × food treatment, population × predation treatment, body 
size × food treatment, body size × predation treatment and fam-
ily as a random effect (R package lmer; Bates et al., 2005; R Core 

Team, 2013). Visual inspection of the predicted versus residual plot 
verified the fit of the linear model; thus, we did not use a nonlinear 
model or log transform gonopodium length or body size (though 
model results from log-transformed data were the same as those 
presented). We calculated p-values from the model using a type 
III analysis of variance with Satterthwaite's method (R package 
lmerTest, Kuznetsova et al., 2017) and estimated least-squares 
means from the model using package emmeans (Lenth, 2020). To 
compare the introduced populations to the source population, we 
performed a post hoc contrast (source versus all four introductions 
pooled; R package multcomp; Hothorn et al., 2008). We also cal-
culated the intraclass correlation coefficient (ICC) for the random 
effect of family (Harrison et al., 2018).

Finally, we calculated the allometric relationship between go-
nopodium length and body length following Kelly et al. (2000). We 
log-transformed both axes and then used reduced major axis re-
gression analysis to extract the allometric relationship or the slope, 
using the ‘sma’ function in package SMATR in R (Warton et al., 2012). 

F I G U R E  1   From photographs, we 
measured standard length (white line, 
image a) and gonopodium length (solid 
black line, image b). 1. Distal tip 2. 
Hood

(a)

(b)

TA B L E  2   Main effects from the linear mixed model to predict gonopodium (ANOVA table with F, degrees of freedom (DF) and p-value)

Fixed effects

F df p-value

Standard body length 50.36 1, 265 1 × 10−11

Population 5.90 4, 80 .0003

Food treatment 8.10 1, 263 .005

Predation treatment 2.05 1, 256 .15

Food treatment × Population 0.75 4, 226 .56

Predation treatment × Population 0.16 4, 218 .96

Food treatment × body length 8.78 1, 263 .003

Predation treatment × body length 1.93 1, 257 .17

Random effects

N SD ICC

Family 81 0.055 0.12

Residual 301 0.157 —

p-values less than .05 are in bold. Random effects are shown at the bottom of the table (SD, standard deviation, ICC, intraclass correlation 
coefficient).
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Values < 1 are considered negative allometry, and values > 1 are 
considered positive allometry.

3  | RESULTS

Gonopodium length ranged from 3.08 to 4.16 mm. We found evi-
dence for the evolution of gonopodium length as indicated by a sig-
nificant effect of population after accounting for other predictors, 
including body length (Table 2). A post hoc contrast comparing the 
four introduced populations to the source population showed that 
gonopodia were shorter in the four introduced populations than the 
source population (z = −2.428. p = .015; Figure 2). The raw means 
(±SE) for gonopodium length were 3.55 ± 0.01 mm for the intro-
duced populations and 3.69 ± 0.02 mm for the source population 
(Figure 2).

The fixed effects of food treatment and predation treatment re-
flected developmental plasticity. Although males reared with pred-
ator cues had shorter gonopodia (without cue = 3.63 ± 0.02 mm; 
with cue = 3.56 ± 0.02 mm), this was associated with a correspond-
ing reduction in body length (without cue = 15.02 ± 0.07 mm; with 
cue = 14.26 ± 0.06 mm). Therefore, after accounting for differences 
in body size there was no effect of the predator cue rearing treat-
ment on gonopodium length (Table 2, Figure 3b). Conversely, go-
nopodium length was maintained in males reared under low food 
levels (high food = 3.61 ± 0.02 mm; low food = 3.58 ± 0.02 mm) de-
spite a reduction in body length (high food = 14.92 ± 0.07 mm; low 
food = 14.33 ± 0.06 mm). Thus, gonopodia were significantly longer 
in the low food treatment after accounting for body size (Table 2, 
Figure 3a).

We did not find evidence for the evolution of plasticity. Neither 
the population–food treatment nor the population–predation treat-
ment interactions were significant (Table 2) indicating the slope of 
the reaction norm was maintained (Figure 3). The slope for Intro2 
in response to the food treatment visually appears to differ, but it 
is not significant (t228 = −1.235, p = .22; Figure 3a). The slope of 

the reaction norms was maintained despite what appears to be 
considerable variation in the reaction norms of individual families 
(see Figure 4). Family (random effect) accounted for the relatedness 
among brothers in our experiment, and it did improve the fit of the 
model when included (ranova output: LRT = 4.19, df = 1, p = .04). 
However, the ICC showed that the proportion of variance explained 
by family was relatively low (ICC = 0.12); differences among indi-
viduals (residuals SD = 0.156) explained more of the variance than 
family (DF = 81, SD = 0.055).

The allometric relationship between gonopodium length and 
body size was approximately isometric though slightly negative: 
0.951 (lower limit = 0.861, upper limit = 1.051), and values were sim-
ilar among populations (source = 0.994, Intros 1–4 = 0.825, 0.937, 
0.802, 0.910) and treatments (no predator = 1.029, predator = 1.077, 
high food = 0.959, low food = 1.081). The predation treatment did 
not affect the allometric relationship between gonopodium length 
and body length (predation treatment × body size; Table 2), but the 
food treatment did affect the allometric relationship as there was 
a significant interaction between body size and food treatment 
(Table 2). Gonopodium length increased more strongly with body 
size (with a steeper slope) for males in the low food treatment than 
males in the high food treatment (Figure 5).

4  | DISCUSSION

Focused single species studies are critical for understanding the 
selection pressures acting on genitalia (Arnqvist, 1997). Given that 
genitalia development can also be plastic in response to different 
environmental conditions, such studies must also partition genetic 
and environmental sources of variation. We found that gonopo-
dium length rapidly evolved over 8–12 generations to be shorter in 
populations introduced to low-predation environments (Figure 2). 
Because these evolved changes were in the same direction in all four 
streams, it suggests that similar selection pressures acting in these 
low-predation environments may be responsible for these changes; 
however, random processes like drift and founder effects could also 
be contributing to gonopodium length. The split-brood design and 
exposure to different developmental environments also revealed 
that gonopodium length is plastic in response to food levels, with 
males reared on low food rations exhibiting relatively longer gono-
podia for their body size (Figures 3a and 5). However, in response to 
predator cues there was no difference in gonopodium length after 
accounting for concomitant changes in body length. We found no 
evidence that plasticity in response to food or predator cues evolved 
in the introduced populations (Figure 3) despite genetic variation for 
plasticity among families (Figure 4).

We documented rapid evolution of genitalia length; gonopo-
dia in the introduced populations changed by 3.85% in 2–3 years 
(about 1.5% per year). For comparison, selection from human 
harvest on multiple species of wild fish populations caused mor-
phological traits to change an average of 0.6% per year (18% over 
30 years; Darimont et al., 2009). Comparative work has suggested 

F I G U R E  2   Least squares means ± SE are shown for gonopodium 
length (mm) from the model (Table 2) for the source population and 
the introduced populations (pooled; black markers) as well as the 
four introduced populations individually (grey markers)
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that genital evolution is much faster in species that mate multi-
ply (like the guppy), perhaps because of the strength of sexual 
selection (Arnqvist, 1998), which may be stronger than viability 
selection in some systems (Siepielski, DiBattista, Evans, & Carlson, 
2011). We might expect our populations to continue to diverge 
since a comparison of 8 wild guppy populations showed that males 
in high-predation streams had gonopodia that were 5.09% longer 
than males in low-predation populations (Kelly et al., 2000). The 
rapid evolution we documented fits nicely into the paradigm shift 
described by Reznick et al. (2019); instead of thinking of evolution 
as occurring over long historic timescales, we now think of evolu-
tion as a contemporary process. It is, thus, critical that we design 
studies that allow us to measure evolution on contemporary time 
scales; otherwise, we may fail to accurately document the time 
course of change (e.g. Tinghitella, Broder, Gurule-Small, Hallagan, 
& Wilson, 2018).

While this experiment was not designed to determine the type of 
selection acting in this system, the direction of the evolved changes in 
gonopodium length allows us to discuss potential drivers. Some have 
argued that natural selection from predators leads to smaller copula-
tory organs to increase swimming performance, with some support 
in mosquito fish, Gambusia hubbsi (Heinen-Kay & Langerhans, 2013; 
Langerhans, 2011; Langerhans et al., 2005). We did not find sup-
port for this hypothesis since introduction populations evolved 
shorter gonopodia in response to reduced predation risk, suggesting 
that predation risk per say does not select for shorter gonopodia 
in P. reticulata. Previous work has focused on the role of predation 
in driving genital evolution, but other aspects of the environment 
correlated with reduced predation risk could be imposing direc-
tional selection on gonopodia length. Recent work revealed a criti-
cal role for density-mediated indirect effects of predation (like food 
availability) on the evolution of life-history traits in guppies in this 
drainage (Reznick, et al., 2019). We currently lack predictions about 

F I G U R E  3   (a) Interaction between population (lines) and the food treatment (x-axis). (b) Interaction between population (lines) and 
the predation treatment (x-axis). The y-axis shows LS means from the model and the populations are as follows: Source = solid black line, 
Intro1 = grey dashed line, Inrtro2 = black dotted line, Intro3 = grey dotted line, Intro4 = black dashed line. There is no evidence of the 
evolution of plasticity, since the slope of the reaction norms does not differ among populations

F I G U R E  4   Reaction norm plot for the 23 families from the 
source population where a brother was represented in each 
treatment. Each line represents one family. The x-axis treatments 
are as follows: NH is no predation and high food, NL is no predation 
and low food, PH is predator cue and high food, and PL is predator 
cue and low food

F I G U R E  5   Raw data are plotted showing the relationship 
between gonopodium length (mm) and standard body length (mm) 
for the low food (grey) and high food (black) treatments
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the effect of density and food availability on gonopodium length. 
Shifts in the strength of sexual selection via precopulatory female 
choice and sexual conflict may also have occurred in the introduced 
populations, and these mechanisms have generated opposite pre-
dictions for gonopodia: females should prefer longer gonopodia and 
exhibit greater mate choice in low-predation environments (Brooks 
& Caithness, 1995; Kahn et al., 2010) or that reliance on sneak copu-
lations in high-predation environments selects for longer gonopodia 
(Evans et al., 2011). We found longer genitalia in the source popula-
tion that coexists with major predators, consistent with the sexual 
conflict hypothesis (Arnqvist & Rowe, 2002) since forced copulation 
rates are higher in high-predation environments (Evans et al., 2011; 
Liley & Luyten, 1985; Magurran & Seghers, 1994). In these same 
populations, females did not exhibit a preference for more colourful 
males (Westrick et al., 2019), further suggesting mate choice may 
not be as important as sexual conflict in this case, but introduced 
females also spent less time investigating and associating with males 
(Westrick et al., 2019), which suggests gonopodia should have in-
creased, not decreased in length, to improve forced copulations as 
a strategy to mate with unresponsive females. Thus, our results are 
consistent with the growing body of work implicating sexual con-
flict in gonopodium evolution (e.g. Evans et al., 2011; Gasparini 
et al., 2011; Kwan et al., 2013).

We expected gonopodium length to be a condition-dependent 
trait and decrease as a plastic response to reduced food levels during 
development (Arnqvist & Thornhill, 1998), as was found with sperm 
number (Gasparini et al., 2013). On the contrary, the mean gonopo-
dium length remained relatively constant (high food = 3.61 ± 0.02; 
low food = 3.58 ± 0.02) despite a reduction in body length with low 
food levels (high food = 14.92 ± 0.07; low food = 14.33 ± 0.06), caus-
ing an increase in gonopodium length relative to body size under low 
food conditions (Figure 3a). This finding matches recent work in mos-
quitofish showing that males on restricted diets had relatively longer 
gonopodia than males on a nonrestricted diet; however, this pattern 
was only found for small-bodied males (Vega-Trejo et al., 2016). One 
explanation is that body size is condition-dependent, while gonopo-
dium length is not. Alternatively, male guppies may shift resource 
allocation to prioritize gonopodium length over growth when food is 
limiting, which could assist in maintaining reproductive success de-
spite small body size (Figure 3b). Such a strategy may be particularly 
important if poor-condition males rely on forced copulations rather 
than energetically costly displays (Nicoletto, 1993). In that case, the 
maintenance of gonopodium length under low resource conditions 
may allow males of varying condition to have comparable reproduc-
tive success through alternative mating tactics (Gross, 1984).

The allometry (between gonopodium length and body length) 
in our study was isometric, 0.951. This is comparable to values re-
ported by Kelly et al. (2000), which ranged from 0.988 to 2.092 
among 8 guppy populations and averaged 1.420. The allometric rela-
tionships in our study were very similar among populations support-
ing the idea that allometric relationships, or slopes, can be difficult 
to shift evolutionarily (Booksmythe et al., 2016; Egset et al., 2012; 
Huxley, 1932). This allometric constraint was evident in the predator 

treatment, where we found a parallel reduction in both body length 
and gonopodium length. However, our food treatment did shift 
the allometric relationship; low food males had a steeper slope 
than high food males meaning that gonopodium length increased 
more strongly with body size for males in the low food treatment 
(Figure 5). While the slopes of allometric relationships appear to be 
less evolvable than intercepts (Egset et al., 2012), plasticity, and food 
stress in particular, has been shown to change the slope of allome-
tric relationships (e.g. Moczek, 2002; Vega-Trejo et al., 2016). It is 
possible that body size and genitalia change in parallel under cer-
tain stressors, but not under others, and one proposed mechanism 
is differential effects on the insulin pathways (Koyama et al., 2015; 
Snell-Rood & Moczek, 2012).

One advantage of studying plasticity and evolution in the same 
experiment is that it allows one to test for the evolution of plasticity. 
Theories predict that local adaptation to different environments can 
result in the evolution of plasticity (e.g. Czesak et al., 2006; Via & 
Lande, 1985). We did not find evidence that plasticity has evolved (in 
the 2–3 years tested in this study). While the elevations of the lines 
differ across populations (Figure 3), reflecting evolved population 
differences in gonopodium length (note that the source population 
is larger than all four introduced populations). The slopes of the reac-
tion norms are retained, indicating a similar response among popula-
tions to the rearing treatments (Figure 3). Recent work in the guppy 
system has documented a repeated pattern of increased plasticity 
in populations introduced to low-predation environments for mor-
phological, life-history, physiological and behavioural traits (Fischer 
et al., 2013; Handelsman et al., 2013; Torres-Dowdall et al., 2012; 
Westrick et al., 2019). However, while plasticity did not evolve, we 
hypothesize plasticity may have contributed to rapid evolution by 
increasing the strength of selection on the gonopodia. Specifically, 
because low-predation environments are characterized by high pop-
ulation densities and low food availability, if the plastic response to 
low food is to develop a relatively longer gonopodium, then the di-
rection of plastic changes would be in the opposite direction of the 
observed evolved responses. Such counter-gradient or nonadaptive 
plastic responses have been argued to increase the strength of selec-
tion and facilitate rapid evolution (Conover et al., 2009; Ghalambor 
et al., 2007, 2015).

This work is a valuable first look at the genetic and environ-
mental drivers of gonopodium length in P. reticulata, but there 
are important limitations of this work and considerations for fu-
ture work. First, we measured only gonopodium length, but ad-
ditional features of the gonopodium may also vary. Gonopodium 
width may be plastic in response to predation (in mosquitofish, 
Arnett & Kinnison, 2016), and aspects of the distal tip may be 
driven by cryptic female choice (Rowe & Arnqvist, 2012), sex-
ual conflict (Kwan et al., 2013) and predation pressure (Heinen-
Kay & Langerhans, 2013). Additionally, gonopodium morphology 
represents only one half of the story, and we do not know what 
kind of correlated changes may have occurred in female genita-
lia (Anderson & Langerhans, 2015; Brennan, 2016). We also as-
sume that sexual selection and male mating tactics differ between 



8  |     DALE BRODER Et AL.

high- and low-predation environments (Liley & Luyten, 1985; 
Magurran & Seghers, 1994) and that this drives selection on go-
nopodia (Evans et al., 2011; Reynolds et al., 1993), but future work 
should investigate the relationship between gonopodium length 
and mating behaviour in these populations and treatments, as 
they may not always be closely linked (Řežucha & Reichard, 2016). 
Finally, we must note that gonopodia may not be under direct se-
lection but could be pleiotropically linked to other selected traits 
(e.g. brain size, Buechel et al., 2016; Kotrschal et al., 2015), partic-
ularly those that have also exhibited evolutionary change in the in-
troduced populations (Ghalambor et al., 2015; Gordon et al., 2017; 
Handelsman et al., 2013). As a modified anal fin, it would be worth 
considering whether changes in the gonopodium might be cor-
related with changes in other fins, particularly if similar mecha-
nisms control development of multiple fins as has been suggested 
for swordtail fishes (Zauner et al., 2003).

We have shown how genitalia can rapidly evolve following in-
troduction to a new environment while also retaining sensitivity to 
the developmental environment. Such results should be considered 
in comparative studies of genitalia, as rapid evolution and plasticity 
in response to different environments can underlie differences ob-
served in natural populations.
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