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Male guppies compensate for lost time when mating in turbid water
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Abstract
Turbidity (a measure of the cloudiness of water) decreases the visual range of organisms, altering interactions within and between
species. For species that visually assess mates, turbidity may affect mating interactions and mate choice. A central question, then,
is to what degree organisms plastically adjust mating behaviors to cope with visually altered environments. Here, we investigate
the effect of turbidity on the mating behavior of guppies (Poecilia reticulata) in Trinidad, where some streams are increasingly
turbid due to upstream rock quarrying. We collected fish from two highly turbid streams (with upstream rock quarries) and two
pristine streams (no upstream quarries) in the same drainages. We then observed male mating behaviors with females from the
same populations in both turbid and clear assays, recording displays and sneak copulation attempts. Males from turbid streams
showed greater individual consistency in mating behaviors. But regardless of provenance, male guppies spent less time associ-
ating with females in turbid water overall. When males and females did interact, however, males greatly increased the rate of all
mating behaviors in turbid as compared to clear water. Thus, even when lacking a long-term evolutionary history with high
turbidity, guppies compensate for lost time when mating in a visually altered environment.

Significance statement
Given the global nature of increases in turbidity, understanding behavioral responses to this aquatic anthropogenic change is critical.
Here, we investigate the degree to which Trinidadian guppy males in affected areas are able to plastically compensate in turbid water
by adjustingmating behaviors.We also test the degree to which previous chronic exposure to turbidity alters this plasticity. In contrast
to predictions, we did not find population differences in plasticity; across all populations, however, we found significant plasticity in
the guppymating system in response to anthropogenically increased turbidity.Whilemales spent less time associatingwith females in
turbid water overall, males increased mating effort during periods of association, compensating for lost time in turbid water. We
discuss this plasticity and the implications for guppy sexual selection and secondary sexual characteristics such as coloration.
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Introduction

One common source of human-induced rapid environmental
change (HIREC) in aquatic environments is the sedimentation

of water bodies and associated increases in turbidity
(Wilkinson 1999; Davies-Colley and Smith 2001). While tur-
bidity caused by suspended sediments can be physiologically
costly by hindering respiration at extremely high levels (e.g.,
Horkel and Pearson 1976), turbidity is more often a visual
stressor, decreasing the visual range for organisms that would
otherwise rely on vision (Gardner 1981; Abrahams and
Kattenfeld 1997; Leahy et al. 2011; Ranåker et al. 2012).

A turbidity-induced decrease in visual range or acuity
can influence mate choice in visually mediated mating sys-
tems. Many freshwater fish, for instance, rely on brightly
colored pigmentation and conspicuous displays to attract
mates (e.g., Houde 1987; Milinski and Bakker 1990;
Seehausen and van Alphen 1998). Increases in turbidity
can impair these mating systems, influencing the strength

Communicated by A. Pilastro

* Sean M. Ehlman
smehlman@ucdavis.edu

1 Department of Environment Science and Policy, University of
California, Davis, 1 Shields Ave, Davis, CA 95616, USA

2 Animal Behavior Graduate Group and Center for Population
Biology, University of California, Davis, 1 Shields Ave,
Davis, CA 95616, USA

Behavioral Ecology and Sociobiology (2018) 72: 46
https://doi.org/10.1007/s00265-018-2468-8

http://crossmark.crossref.org/dialog/?doi=10.1007/s00265-018-2468-8&domain=pdf
mailto:smehlman@ucdavis.edu


or direction of sexual selection (Järvenpää and Lindström
2004; Heubel and Schlupp 2006; Wong et al. 2007;
Heuschele et al. 2009; Sundin et al. 2010, 2016). In popu-
lations of haplochromine cichlids in Lake Victoria, for ex-
ample, sister species have been found to interbreed in turbid
but not clear conditions (Seehausen et al. 1997), and female
cichlids originating from turbid conditions show a de-
creased preference for male coloration (Maan et al. 2010).
In threespine stickleback (Gasterosteus aculeatus), while
females spent more time with males in clear vs. turbid con-
ditions, males in turbid conditions partially compensate by
courting more (Engström-Öst and Candolin 2007).

Populations of guppies in Trinidad are exposed to vary-
ing levels of turbidity (Luyten and Liley 1985; SME
unpublished data). In the Northern Range mountains, large
amounts of sediment from rock quarrying operations cause
chronically high turbidity in some streams, while other
streams in the same drainage are unaffected. In some of
these localities (e.g., Arima River), quarries have been op-
erating for nearly seven decades since World War II,
representing ~ 115 guppy generations (Reznick et al.
1997). High turbidity has been shown to affect social dy-
namics in guppies: guppies in turbid water spend less time
schooling with conspecifics (Borner et al. 2015; Kimbell
and Morrell 2015). While this behavioral change may be
due to a potential reduction in predation risk in turbid water
(e.g., Gregory and Levings 1998; Lehtiniemi et al. 2005),
decreased schooling may also result simply from an inabil-
ity of individuals to relocate schoolmates in a fission/fusion
schooling system (Borner et al. 2015). Turbidity has also
been found to affect guppy activity levels, and has develop-
mental effects on guppy visual systems (Ehlman et al.
2015). And while guppy mating behaviors from lowland
populations in Trinidad with naturally high turbidity levels
differ from those in the headwaters (Luyten and Liley 1985,
1991), these differences are somewhat confounded by dif-
ferences in predation pressure and food availability between
these localities, which are known to affect the guppy mating
system (Endler 1980, 1987; Magurran 2005; Grether 2005;
Kolluru et al. 2006). Still unknown, then, is how human-
induced turbidity affects the guppy mating system across
relatively recently impacted headwater streams.

Male guppies rely on two main strategies for securing
mates. Males can either display bright ornamentation along
their sides as well as their dorsal and caudal fins by performing
conspicuous mating displays (i.e., sigmoid displays), or males
can attempt to sneak copulate, whereby males approach fe-
males from behind and below and thrust with their modified
anal fin, or gonopodium, in order to inseminate females (Clark
and Aronson 1951; Baerends et al. 1955; Houde 1997).
Populations differ in their use of these two mating strategies
(Luyten and Liley 1985, 1991), and within populations, am-
bient light conditions (Endler 1987; Archard et al. 2009;

Chapman et al. 2009), risk of predation (Godin 1995; Evans
et al. 2002), or food availability (Kolluru and Grether 2005),
among other things, are known to affect male mating behav-
iors. Of interest here is the degree to which males plastically
adjust mating behaviors (e.g., the proportion of displays vs
sneaks) in turbid vs clear water conditions. Such behavioral
plasticity in male mating behaviors is particularly important
since turbidity levels can fluctuate over short timescales (e.g.,
before and immediately following heavy rains; Lowe-
McConnell 1987; Dearing and Jones 2003). Thus, we exam-
ine the degree to which guppies plastically adjust their mating
tactics in response to human-induced turbidity and ask wheth-
er or not these adjustments differ across headland stream pop-
ulations that have experienced drastically different turbidity
levels in their recent past.

Methods

Study system

During August 2016, guppies were collected from turbid/
non-turbid stream pairs in two southern drainages (the
Caroni and Oropouche drainages) in the Northern Range
mountains of Trinidad. Within the Caroni drainage, fish
were collected from the chronically turbid Arima River
(with quarry operations for the last seven decades; lat 10°
41′ 10.1646″, lon − 61° 17′ 23.3556″) and also from the
typically clear Aripo River (lat 10° 39′ 24.8934″, lon − 61°
13′ 35.004″). In the Oropouche drainage, fish were collect-
ed from the chronically turbid Turure River (with quarry
operations occurring for the last decade; lat 10° 39′
24.5232″, lon − 61° 10′ 5.1384″) and the typically clear
Quare River (lat 10° 39 ′ 50.4576″ , lon − 61° 11 ′
34.4148″). The two turbid populations, Arima and
Turure, are both located downstream from nearby rock
quarries which routinely wash sediment into streams,
resulting in chronic turbidity. The clear streams have no
upstream quarries and are only exposed to elevated turbid-
ity during periods of heavy rain. All populations sampled
were from typical Bhigh-predation^ reaches of river char-
acterized by low flow velocities, high predation rates, and
semi-open canopies (Reznick et al. 1996; Magurran 2005).
Guppies were collected using handheld nets during the day
from 900 to 1300 h. Collected guppies were housed at the
William Beebe Tropical Research Station in the Arima
Valley, Trinidad, at a density of approximately five fish
per liter in 5-l tanks with clear water, and fed once daily
ad libitum with brine shrimp. Fish were housed in separate
tanks by population, with each tank containing an approx-
imately equal mix of males and females. Guppies were
held for at least 2 days, but not more than 1 week, after
collection, then assayed for mating behavior.
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Mating behavior

Mating behavior assays were performed using the four popu-
lations described above. A total of 144 males were initially
used in the study, but due to missing data or mortality, only
129 of these yielded data that could be analyzed (32 males
from each population, except Turure, which had 33). Assays
consisted of a male and two size-matched females from the
same population being placed in a tank of either turbid or clear
water. Two females were used to reduce possible female stress
(Chapman et al. 2009). Sessions were then recorded for a total
of 30min (consisting of a 15-min acclimation period and a 15-
min assay period) using an HD video recorder placed approx-
imately 15 cm directly in front of the tank.

Assays took place between 7 and 15 September 2016, with
four to six rounds of assays each day. All assays were per-
formed in the same location between the hours of 9:00 and
17:00 with ambient light provided by overhead fluorescent
lights. A total of eight males—one per assay tank—were
assayed in each round, with two males from each of the four
populations assayed in each round in both conditions (turbid
or clear). Assay tanks were separated by pieces of laminated
printer paper to eliminate any bystander effects from adjacent
guppies. Between each round, tanks were systematically ro-
tated to eliminate any tank position effect. Before each round,
tanks were emptied, cleaned, and refilled with turbid or clear
water. Tank treatments were also randomized between days.
Turbid water was created by mixing 2.25 g of fine powder
bentonite clay, a commonly used additive to produce turbidity
(Gardner 1981; Heubel and Schlupp 2006; Ranåker et al.
2012; Ehlman et al. 2015), into approximately 20 l of water
using an immersion blender. This concentration of bentonite
clay yields a turbidity level of ~ 20 NTU (nephelometric tur-
bidity units), which is below the average NTU range of 40–60
NTU found in turbid Trinidadian streams (Luyten and Liley
1985; SME unpublished data), but well above the mean NTU
of streams unaffected by quarrying. This treatment was cho-
sen so that human observers could accurately view guppy
behavior, while still producing similar turbidity levels to those
found in the wild. Air was pumped into tanks through an
airstone, which helped to keep bentonite suspended and main-
tain oxygen levels in the water.

Each male was assayed twice—once in clear water, once in
turbid water—on the same day, with water condition experi-
enced on the first round being randomly selected. The first and
second assays for each male were separated by approximately
2 to 4 h. Assaying each male twice allowed for the calculation
of behavioral repeatability across trials. Females were used in
trials only once. For each round, females were randomly se-
lected from home tanks (females came from the same tank as
each other but not as the focal male) and introduced into the
assay tanks first. Only gravid females (determined visually by
the presence of a gravid spot) were selected for the study, and

each female was measured to the nearest 0.1 mm. Males were
then randomly selected from home tanks and introduced to
assay tanks with the females. After the assay, females were
placed in a separate tank for Bretired females,^ and males were
placed into individual marked containers to be used for their
second round of assays.

Videos were viewed between 9 January and 12 February
2017 in VLC media player, and behaviors were scored using
Jwatcher 2.0 (Blumstein and Daniel 2007). Videos were
watched in a randomized order, and the observer was blind
of population origin (but not treatment condition, since that
was readily apparent). All instances of displays, sneaks,
gonopodial thrusts, copulations, and tail bites were recorded,
as well as the time that the males spent near at least one female
(defined as within two body lengths). A sneak had two com-
ponents: chase and gonopodial thrust (Endler 1987).
Gonopodial thrusts were scored as a particularly escalated
chase that progressed to propelling towards the female with
gonopodium fully extended. Females typically responded by
rapidly darting away (Houde 1997) and in these trials,
gonopodial thrusts never successfully contacted a female’s
genital pore. Displays were characterized by the males
orienting themselves in front of the female and contorting their
body into a sigmoid shape, splaying their fins and, during
intense displays, quivering their body (Houde 1997). All dis-
plays, sneaks, thrusts, and tail bites necessarily occurred,
while males were proximate to at least one female. Lastly, in
addition to comparing rates of specific mating behaviors be-
tween treatments, we also compared overall mating effort,
which we defined as a rate composed of the sum of display
and sneak rates.

Statistical analyses

Since individuals assayed in turbid water were in sight less
frequently during assays than those assayed in clear water, we
kept track of when individuals were in versus out of sight.
Behaviors were then analyzed as rates: time behavior observed

total time male in sight. We

used an arbitrary threshold of 2 min (out of the total 15) for the
amount of time that a male fish needed to be in sight for us to
include that assay in the analysis. Results were not qualitative-
ly different when we chose a threshold that varied from 1 to
5 min. To evaluate mating behavior, we constructed linear
mixed models using the lme4 package (Bates et al. 2015) in
R (R Core Team 2017) with stream turbidity type (Bpopulation
type^), assay turbidity condition, time of day, and combined
mass of females as fixed effects and origin stream (i.e., popu-
lation), fish ID, assay tank, date, and round (i.e., first or second
assay) as random effects. P values were calculated using the
lmerTest package (Kuznetsova et al. 2016). Models originally
tested for an interaction between stream condition and assay
condition, but no significant interactions were revealed. Thus,
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results are reported using models without interaction terms.
When variance attributed to random effects was determined
to be zero, we reran the model without that factor to ensure
model convergence (Bolker 2015). Though doing so did not
change fixed effect estimates and inferences drawn, all results
derive from models that retain all random effects aforemen-
tioned. Due to few tail bites and no copulations observed, we
were only able to analyze display, sneak, and thrust rates.

Male consistency in mating behaviors across contexts (tur-
bid vs. clear) was calculated using the rptR package (Stoffel
et al. 2017), and 95% confidence intervals around repeatabil-
ity estimates were calculated via parametric bootstrapping.We
then compared individual consistencies of mating behavior for
fish from different population types (clear vs turbid streams)
using bootstrapped confidence intervals.

Results

Model formulation and statistical results for all mating behav-
iors are shown in Table 1.

Overall mating effort in turbid and clear assays

When analyzed over the entire 15-min assay period, overall
mating effort did not vary between population type (i.e., turbid
or clear streams) or treatment condition (Fig. 1a). However,
when assayed in turbid conditions, males spent less time near
a female than when they were assayed in clear water (Fig. 1b).
When comparing mating effort only while fish were within
two body lengths, males assayed in turbid water increased
their mating effort during bouts of proximity relative to those
assayed in clear water (Fig. 1c).

Male mating tactics in turbid and clear treatments

The increase in male mating effort while near a female in turbid
conditions was evident across all mating behaviors scored: dis-
play rate, sneak rate, and thrust rate (Fig. 2). We did not find an
effect of assay condition on the proportion of sneak attempts
that ended in gonopodial thrusting (estimate ± SE = 0.071 ±
0.080, t value = 0.884, p = 0.381), nor did we find an effect of
turbidity on the relative display vs sneak rate (estimate ± SE =
− 0.009 ± 0.005, t value = − 1.587, p = 0.118).

Males from clear streams showed highly consistent among-
individual differences in display rate (repeatability point esti-
mate 0.602, 95% CI 0.336–0.787), but not in sneaking rate
(point estimate 0.097, 95% CI 0–0.406) or thrusting rate (point
estimate 0.233, 95%CI 0–0.441) behaviors. Males from turbid
streams, however, showed no detectable consistency in behav-
iors across clear and turbid assays: display rate (point estimate
0.012, 95% CI 0–0.287), sneaking rate (point estimate 0.220,
95% CI 0–0.472), and thrusting rate (point estimate 0.233,

95% CI 0–0.466). Comparing individual consistency of dis-
play behavior of males from clear vs turbid populations, males
from clear populations were significantly more repeatable (i.e.,
individually consistent) in their display behavior than those
from turbid populations across assays, as evidenced by a lack
of overlap in their 95% confidence intervals (Fig. 3).

Discussion

Our results indicate that, in response to visually obscuring
turbidity, guppies plastically adjust mating behaviors.
Specifically, we document turbidity-induced increases in mat-
ing effort while males were near a female, which allowed
guppies to compensate for decreased time spent near a female
in turbid conditions. While other studies have shown that
guppies spend less time with schooling conspecifics or form
looser social bonds in turbid water (Borner et al. 2015;
Kimbell and Morrell 2015), ours is the first to test how an-
thropogenic increases in turbidity interact with evolutionary or
developmental histories to affect mating behavior in this
system.

A number of previous studies have found effects of turbid-
ity on mating systems. While for some species, turbidity
seems to cause breakdown or weakening of sexual selection
in visually based mating systems (Seehausen et al. 1997;
Järvenpää and Lindström 2004; Wong et al. 2007; Maan
et al. 2010; Sundin et al. 2010, 2016), other species seem to
be able to cope somewhat via behavioral plasticity (Engström-
Öst and Candolin 2007; Heuschele et al. 2009; current study).
In some systems, including that presented here, the question
remains, however, whether behavioral coping mechanisms
involved in mate choice are enough to fully compensate for
changes to the visual environment (i.e., such that the rate of
reproduction and the strength of sexual selection remains sta-
ble across turbid and clear environments).

It is evident that significant variation exists in the propen-
sity of species or populations to behaviorally adjust mating
behaviors in response to turbidity. But why do some species
fail to adjust while others succeed? In other systems, variation
in response to environmental change may be attributable to
variation in developmental or evolutionary histories (Sih
2013). Here, contrary to expectations, strong differences
among populations in previous exposure (evolutionary and
developmental) to turbidity did not significantly influence av-
erage mating behaviors. All populations, regardless of previ-
ous exposure to turbidity, showed similar patterns of plastic
adjustment to experimentally altered turbidity.

Interestingly, past exposure to turbidity influenced be-
havioral repeatability (Bell et al. 2009), a key metric for
measuring individual differences in animal personality
(Sih et al. 2004). Guppies from clear streams exhibited con-
sistent individual differences in their display rates across
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turbid and clear water treatments while those from chroni-
cally turbid streams exhibited no detectable consistent dif-
ferences among individuals. A previous study found quite

high consistency in display and sneak behaviors among
male guppies measured in differing sex-ratio scenarios
(Magellan and Magurran 2007), suggesting that even for

Table 1 Formulation and statistical results for models used in analyses.
In the random effects column, Borigin.stream^ refers to the source
population, and round refers to whether or not the assay was the first or
second assay for each male (thus accounting for sequence effects). In the
fixed effects column, Bpopulation.type^ refers to the turbidity state of the

streams (i.e., turbid or clear), Bassay.condition^ refers to turbid or clear
conditions in the assay tanks, and Bfemale.mass^ is the combined mass of
two sized-matched females per assay tank. P values are italicized when
less than a significance threshold of 0.05

outcome ~ popn.type + assay.condition + female.mass + time.of.day + (1|fish.id) + (1|day) + (1|tank) + (1|origin.stream) + (1|round)

Overall mating effort
Random effects Fixed effects

Variance Std. deviation Estimate Std. error df t value p value
fish.id < 0.0001 0.0093 (Intercept) (0.021) (0.0091) (4.17) (2.28) (0.082)
day < 0.0001 < 0.0001 population.type − 0.0046 0.0038 1.77 − 1.20 0.37
tank < 0.0001 0.0012 assay.condition 0.0015 0.0012 76.90 1.30 0.20
origin.stream < 0.0001 0.0029 female.mass 0.00013 0.0010 118.20 0.64 0.52
round < 0.0001 0.0019 time.of.day − 0.0010 0.00044 0.39 − 2.28 0.48
residual < 0.0001 0.0075

Time male near female
Random effects Fixed effects

Variance Std. deviation Estimate Std. error df t value p value
fish.id 0.0037 0.061 (Intercept) (0.57) (0.16) (40.92) (3.60) (0.00085)
day 0.0000 0.0000 population.type − 0.11 0.040 1.62 − 2.65 0.14
tank 0.0015 0.039 assay.condition − 0.24 0.027 79.05 − 8.88 < 0.0001
origin.stream 0.00057 0.024 female.mass 0.0030 0.0037 145.25 0.81 0.42
round 0.0018 0.042 time.of.day − 0.0031 0.0087 10.14 − 0.36 0.72
residual 0.030 0.17

Mating effort per time male near female
Random effects Fixed effects

Variance Std. deviation Estimate Std. error df t value p value
fish.id 0.00028 0.017 (Intercept) (0.0068) (0.035) (9.57) (0.19) (0.85)
day 0.00017 0.013 population.type − 0.0091 0.0060 82.45 − 1.53 0.13
tank < 0.0001 0.0044 assay.condition 0.019 0.0041 77.12 4.70 < 0.0001
origin.stream 0.0000 0.0000 female.mass < 0.0001 0.00063 153.10 − 0.021 0.98
round < 0.0001 0.0093 time.of.day 0.0013 0.0019 4.79 0.67 0.53
residual 0.00068 0.026

Displays per time male near female
Random effects Fixed effects

Variance Std. deviation Estimate Std. error df t value p value
fish.id 0.00012 0.011 (Intercept) (0.043) (0.021) (1.72) (2.061) (0.20)
day < 0.0001 0.0076 population.type − 0.0047 − 0.0043 3.00 − 1.089 0.36
tank 0.0000 0.0000 assay.condition 0.0093 0.0031 80.3 3.015 0.0034
origin.stream < 0.0001 0.00099 female.mass − 0.00051 0.00046 134.40 − 1.11 0.27
round < 0.0001 0.0026 time.of.day − 0.00072 0.0010 0.25 − 0.71 0.76
residual 0.00039 0.020

Sneak attempts per time male near female
Random effects Fixed effects

Variance Std. deviation Estimate Std. error df t value p value
fish.id < 0.0001 0.0083 (Intercept) (− 0.0023) (0.014) (63.93) (− 0.17) (0.868)
day < 0.0001 0.0018 population.type − 0.0036 0.0047 1.98 − 0.77 0.52
tank < 0.0001 0.0048 assay.condition 0.0097 0.0023 78.58 4.17 < 0.0001
origin.stream < 0.0001 0.0035 female.mass 0.00034 0.0003 119.30 1.019 0.31
round 0.0000 0.0000 time.of.day − 0.00018 0.00054 98.51 − 0.34 0.73
residual 0.00022 0.015

Gonopodial thrusts per time male near female
Random effects Fixed effects

Variance Std. deviation Estimate Std. error df t value p value
fish.id < 0.0001 0.0050 (Intercept) (− 0.0017) (0.0091) (10.79) (− 0.18) (0.86)
day < 0.0001 0.0014 population.type < 0.0001 0.0040 1.96 − 0.012 0.99
tank < 0.0001 0.0022 assay.condition 0.0056 0.0014 76.76 4.039 0.0001
origin.stream < 0.0001 0.0036 female.mass < 0.0001 0.00020 122.50 0.48 0.62
round < 0.0001 0.0013 time.of.day < 0.0001 0.00044 1.04 0.12 0.92
residual < 0.0001 0.0089
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the same behaviors, the context in which consistency is
measured matters. Our finding of a relative lack of individ-
ual consistency for fish from turbid streams suggests that
fish from turbid streams exhibit greater individual differ-
ences in plasticity (i.e., larger individual × environment in-
teraction; Dingemanse et al. 2010) in mating behavior be-
tween turbid and clear conditions than those from clear
streams. The underlying significance of increased variation
in mating behavior plasticity for populations in turbid
streams remains to be determined. Whatever the case, these
consistent individual differences in mating behaviors be-
tween turbid and clear populations may be induced devel-
opmentally; guppies exhibit remarkable developmental
plasticity in a whole host of traits in response to varying
environments (e.g., Kodric-Brown 1989; Chapman et al.
2010; Ruell et al. 2013), including differing turbidity re-
gimes (Ehlman et al. 2015). Alternatively, such differences
may be due to rapid evolution of guppies in turbid streams,
as guppies are fully capable of rapid evolution in the wild
within the timescale of anthropogenic turbidity increases in

Trinidad (Reznick et al. 1997). Further research is needed to
measure potential differences between populations in clear
and turbid streams and assess the underlying mechanisms
driving differences. One potentially useful experiment
would rear F2 offspring of guppies from streams of varying
turbidities in a common garden design to tease apart genetic
and developmental differences between populations.

Understanding how environmental changes affect sexual
selection is critical (Candolin and Heuschele 2008): sexual
selection can have large consequences for evolutionary tra-
jectories and macroevolutionary patterns (West-Eberhard
1983; Maan and Seehausen 2011) and species persistence
(Martínez Ruiz and Knell 2017). Thus, shifts in mating sys-
tems driven by HIREC, such as those associated with
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increasing turbidity, can have large consequences for popu-
lations and their evolution. While we found that guppies
compensate for lost time spent near females by increasing
their mating effort during the reduced time that they are
around females, it is unclear whether or not the strength of
guppy sexual selection is altered in turbid water. For in-
stance, there are a few reasons why this compensation may
not be complete. First of all, we did not assess male mating
success. If male mating success during sneaking was pro-
portionally greater (in relation to displays) in turbid water,
sexual selection on color is likely weakened. This could
occur if females were less prepared to take evasive action
against males’ sneak attempts, perhaps due to females being
less able to see approaching males in turbid water. We also
did not measure aspects of female mate choice. Even if male
behavior were not altered in turbid water, if females are less
able to discriminate between males of varying quality dur-
ing displays in turbid water, the degree of reproductive skew
in the population could be affected, with males of lower
quality increasing their contributions to the gene pool.
Over time, this could lead to a decrease in male coloration
through decreased selection for bright and ornate males,
since coloration is costly (Godin and McDonough 2003).
A loss of mating signal reliability would also result in a
weakening of preference for the sexually selected trait and
could shift preference to more reliable signals (Shenoy and
Crowley 2011); in turbid water, for example, the properties
of certain color patches may shift depending on the visual
environment (Castillo Cajas et al. 2012). Furthermore,
while we have not investigated the effects of turbidity on
male-male interactions, it is possible that turbidity could
hamper the abilities of males to assess other potential
suitors; since other types of visual obstructions alter male
mating behavior (Hibler and Houde 2006), this is a plausible
route through which turbidity may further alter male mating
behaviors.

In conclusion, due to the global nature of HIREC-
associated increases in turbidity, understanding the role of
behavioral plasticity as a mechanism to cope with such chang-
es should be a priority. Here, we offer one of the first studies to
investigate the role of past history or provenance of wild an-
imals in creating variation in mating behavior in turbid waters.
Thus, one promising research direction in the study of behav-
ioral responses to HIREC is one that takes a similar compar-
ative approach across populations or species in order to un-
derstand variation in responses.
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