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Natural selection plays an important role in the evolution of sexual communication systems. Here, we assess the effect of two well-known selection agents,
transmission environment and predation, on interpopulation variation in
sexual signals. Our model system is a series of 21 populations of Bahamian
mosquitofish subjected to independent variation in optical conditions and predation risk. We show that optically diverse environments, caused by locally
variable dissolved organic carbon concentrations, rather than spatial variation
in predation, drove divergence in fin coloration (fin redness). We found a
unimodal pattern of phenotypic variation along the optical gradient indicating
a threshold-type response of visual signals to broad variation in optical
conditions. We discuss evolutionary and ecological mechanisms that may
drive such a pattern as well as the implications of non-monotonic clines for
evolutionary differentiation.

1. Introduction
Optical variation among aquatic ecosystems has strong effects on fundamental
ecological processes [1]. In shallow waters, a major driver of optical variation is
the concentration of dissolved organic carbon (DOC) [2,3]. Essentially, by affecting the light environment, DOC drives a variety of ecological processes, from
consumer foraging and habitat use [4], to the thermal stratification of lakes [5].
But perhaps the greatest effect of DOC is its effect on primary production. By
strongly absorbing photosynthetically active radiation, DOC inhibits primary
production at high concentrations [6–8] indirectly reducing zoobenthic production [9], the abundance of predatory fishes [6,10] and their somatic growth
[11]. Yet, the effects of optical variation due to DOC on evolutionary processes
are less well understood, despite the fact that many aquatic organisms employ
visual signals during courtship and territorial displays.
Two types of mechanisms, evolutionary and ecological, appear likely to
drive DOC-mediated effects on visual signals and sexual communication.
First, light limitation can presumably reduce the effectiveness of visual signals,
ultimately shaping their evolutionary trajectory through natural selection on
signal performance (e.g. transmission). These selection-based explanations for
signal–environment correlations typically draw upon evolutionary models
such as sensory drive [12,13] to provide a mechanistic basis for divergence.
Indeed, empirical evidence lends support to these evolutionary mechanisms by
showing that spatially heterogeneous optical conditions can drive divergence in
sensory systems and signal attributes [14–16]. Second, light conditions can
also limit signal production and maintenance, representing a more proximate,
ecological, basis for signal divergence. We believe this inhibitory effect can arise
via two nutritional pathways, pigment limitation and energetic limitation. The
development of many colourful signals in animals depends on the acquisition
of plant-derived pigments (i.e. carotenoids) [17]. As discussed previously, DOC
is likely to limit the availability of these algal-derived pigments by stifling primary
production at high concentrations. Whether bottom-up limitation of sexual
signals could be driven by DOC is unknown. However, existing evidence for
canopy-driven limitations on carotenoid supply and signal development in
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Figure 1. Male Bahamian Gambusia vary widely in coloration among populations. Individuals in panel (a) represent the diversity of coloration exhibited among
populations on Abaco Island, The Bahamas. Panel (b) depicts the diversity of optical environments characterizing mosquitofish habitats. (Online version in colour.)

guppies suggests it may play an important role [18]. Alternatively, because signals are energetically costly to produce and
maintain, light limitation may simply have negative effects on
signal production by driving reduced male condition. Since
most elaborate signals appear to have some degree of condition
dependence, such a link between low mean condition and low
mean signal elaboration seems likely.
Our primary objective in this study was to better understand the effects of optical variation on interpopulation
divergence in sexually selected visual traits. We explored
this effect by sampling a series of 21 Bahamian mosquitofish
populations on Abaco Island (Gambusia bahamasminimus)
across an optical gradient driven primarily by DOC. We
focused on three male traits used during courtship displays
and subject to female preference: dorsal fin redness, anal fin
redness, and gonopodia length [19,20]. While DOC was the
focal driver in our study, other ecological costs such as predation are potent evolutionary agents (reviewed in [21,22]) that
also drive the adaptive evolution of sexual signals in this
system [20,23,24], and many others [25 –28]. Therefore, we
included predation surveys in our study to assess this effect
in concert with the spectral environment, and in doing so we
offer an assessment of their individual and combined effects
on sexual signals.

2. Methods
(a) Study system and sampling
This study was conducted on Abaco Island, The Bahamas.
Mosquitofish populations on Abaco are of an undescribed species,
tentatively named Gambusia bahamasminimus ( previously G.
hubbsi), within a Bahamian clade consisting of at least three phenotypically and ecologically similar species [29]. Bahamian
mosquitofish are small, live-bearing, fish found in a variety of
aquatic habitats [24,30,31]. Males exhibit enlarged, orange-red
coloured, condition-dependent dorsal fins subject to sexual selection via female preference [20,23,24]. Males also possess anal fins
with orange-coloured membranes and an elongate sperm-transfer
organ formed from modified fin rays 3 – 5, the gonopodium
[23]. Fin coloration in Bahamian mosquitofish has heritable
components, but also seems affected by diet [23].
For this study we sampled Gambusia populations between June
and August in 2011. To encompass a wide range of spectral conditions we sampled a variety of aquatic ecosystems throughout
Abaco including blue holes, freshwater marshes and mangrovelined tidal creeks. From each population we collected 4– 71 adult
males, measured their standard length (SL), gonopodium length
(GL) and photographed them live for colour analysis following
Giery & Layman [24]. Fin coloration was measured in RGB
colour space using Adobe Photoshop CS5. RGB defines colour in
three-dimensions where R indicates red, G indicates green and B
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Figure 2. Dissolved organic carbon (DOC) strongly absorbs short and
medium-wavelength light generating an asymptotic relationship between
DOC and water redness (note the log-transformed x-axis). Non-predator
populations are displayed in black predator populations in red (or grey).
(Online version in colour.)

indicates blue. Following Endler [32] we use RG, an index of signal
coloration (R 2 G)/(R þ G) that estimates colour (hue) along an
axis from red (1) to yellow (0) and green (21) which encompasses
the range of colour (yellow-red) expressed in Bahamian Gambusia
(figure 1; electronic supplementary material).
To describe the optical conditions in each site we passed a beam
of light between two fibre optic cables fitted with co-limiting lenses
positioned 10 cm apart and submerged in a basin of water collected
from each site. Water colour was calculated as the amount of light at
particular wavelengths reaching the spectrometer (Jaz, Ocean
Optics, FL) after being transmitted through a sample, proportional
to a distilled water standard (e.g. T ¼ water sample/control). We
restricted transmission measures to 370 and 570 nm because these
wavelengths correspond with peak sensitivities for short and
long-wavelength cones in poeciliid fishes (e.g. [33,34]), and piscivorous fishes ([35], electronic supplementary material). Gross
patterns in water colour, i.e. the spectral shift that typifies our
study system (reddening), were estimated with an index, TRB.
This index is the difference in transmission between long (red)
and short (UV/violet) wavelengths [(T570 2 T370)/(T570 þ T370)]
with larger positive TRB values indicating long wavelength dominated environments and large negative values indicating
environments dominated by short wavelengths (hereafter called
‘red’ and ‘blue’ environments, respectively).
We sampled DOC concentrations between June and November 2012. Water samples were passed through precombusted
(4008C for 4 h) Whatman GF/F filters. Filtered samples were analysed in situ with a Turner Aquaflor fluorometer and recorded in
relative fluorescence units (RFU). RFUs were converted to mg
C l21 using field-collected samples measured for TOC concentrations following method 5310B [36]. Two to four samples were
collected from each study site across the sample period. Repeatability was high among samples within sites (r ¼ 0.8) indicating
consistent DOC concentrations across the sampling period [37]
so DOC measures were averaged for analysis (electronic supplementary material, table S1). Annual variation in DOC was not
assessed in this study. However, previous study on Abaco shows
that water colour, a product of DOC concentration in part [2], is largely consistent from year to year (see table S1 in [30]). To assess the
contribution of DOC to site-level variation in optical environments
we regressed TRB against DOC (log-transformed). We also generated qualitative estimates of predator risk (predatory fish
present/absent) for each site using visual surveys following
Giery & Layman [24].

gonopodium

F

p

length (GL)

(b) Data analysis
We began our analysis by checking for heterogeneous trait allometries between predation regimes [19,29]. We used linear mixed
models (LMM) in which focal signalling traits were dependent
variables. SL(log-transformed), predation, and their interaction
were fixed effects. Population and population*SL were random
effects in order to allow population-level heterogeneity in slopes
and intercepts. There was no significant effect of predation on
the slopes of the SL – GL, SL – RGd, or SL – RGg relationships
( p ¼ 0.4; p ¼ 0.56; p ¼ 0.72, respectively). Predator-dependent
allometry was not considered further.
To test for effects of water colour and predation on signal morphology we employed linear mixed models. We ran separate
models for each focal trait: GL, RGd and RGg. Initial visual inspection of our raw data (e.g. RGd on TRB) suggested a quadratic effect
of TRB for fin coloration. While not part of our original prediction,
we chose to include quadratic TRB terms in all models. Independent variables included log-transformed standard length (SL),
water colour (TRB), predator regime, the interaction between TRB
2
and predator regime, a quadratic term (TRB
), and its interaction
with predation regime. Population and the interaction between
population and SL were included as random terms to allow
unique allometries for each population. Models were then reduced
by sequential model comparison using log-likelihood comparisons
[38]. Independent variables that did not significantly improve fit
( p . 0.05) were removed. Variance inflation factors were greater
2
than five for the predator*TRB
term in all full models and removed
prior to log-likelihood comparisons.
We also assessed the effect of geographical distances on the
similarities of site conditions (TRB, predator) and size-corrected
morphological traits (RGd, RGg and GL) using Mantel tests.
p-values were generated from 9999 simulations.

3. Results
DOC concentrations were highly variable among sites (electronic supplementary material, table S1), but typical for
coastal ecosystems in the region [39]. Optical environments
(TRB) were also extremely variable among sites (electronic supplementary material, table S1) and strongly associated with
DOC (F1,19 ¼ 129.9, p , 0.001, R 2 ¼ 0.87; figure 2). Piscivores
such as snappers (Lutjanus spp.), needlefish (Stongylura spp.)
and great barracuda (Sphyraena barracuda) were detected coexisting with 14 mosquitofish populations (electronic
supplementary material, table S1). The predator status of each
population has been maintained for at least several years, see
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Table 1. Results of linear mixed models examining the effects of predation
and water colour on signalling traits in Gambusia. Random effects
(population and the interaction of population and SL) were included in
both models.
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High concentrations of DOC removed a substantial fraction
of short-wavelength radiation from aquatic habitats and generated a strong gradient in water colour (figures 1 and 2). In
turn, spatial heterogeneity in the optical environment
appeared to drive phenotypic divergence in sexual signals
used by Bahamian mosquitofish. We found no evidence for
a predation effect in this study suggesting a relatively weak
influence of predation pressure on sexual signals in our
system—a result consistent with some of our previous
findings [30], but inconsistent with others [23,24]. Despite
this contribution, the most notable result from our study
was not that optical environments are more important for
sexual signal expression, but rather that this effect was
non-monotonic (i.e. ‘hump-shaped’).
Most interpretations of light-mediated signal divergence
in fishes favour evolutionary processes such as sensory
drive to explain interpopulation variation in signal coloration
(e.g. [40– 42]). Although the direction of divergence appears
to vary among species (negative or positive slopes along optical gradients), linear or near-linear relationships appear
typical for continuous traits and are commonly regarded as
indicators of an adaptive response to optical conditions
[40,43]. However, the form of the response we found differs
substantially from these existing empirical data and their
underlying theoretical prediction. We believe that this difference is due, at least in part, to bottom-up ecological controls
on signal elaboration, but we can only speculate without
further examination of underlying mechanisms. Following,
we discuss several hypotheses about how ecological variation
might drive the observed pattern of phenotypic differentiation
in order to stimulate new research in this field. We begin with
evolutionary mechanisms and follow with ecological ones.
Our first two hypotheses invoke a role for functional thresholds in the evolution of visual communication.
If phenotypic (signal) variation is constrained, selection on

0.2
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4. Discussion
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Giery & Layman [24]. Importantly, a difference between predator and no-predator habitats in optical conditions TRB was not
detected (t ¼ 21.4, d.f. ¼ 19, p ¼ 0.20).
We captured, photographed and subsequently measured
879 male mosquitofish (electronic supplementary material,
table S2). Visual signals expressed by male mosquitofish
varied considerably among populations (electronic supplementary material, table S2). Our reduced LMM explaining
interpopulation variation in fin colour (RGd and RGg) included
linear and quadratic water colour terms (table 1). Yet, the only
significant effect in each model, besides the body size covariate
(SL) was the quadratic term ( p , 0.03) indicating a unimodal
relationship between water colour and the coloration of
dorsal and anal fins (figure 3). For gonopodium length, all
focal terms besides SL were removed during model reduction
indicating little-to-no effect of observed ecological variation
on gonopodium length (figure 3 and table 1).
Geographical distance was not correlated with morphological traits (r ¼ 0.06, p ¼ 0.26) or ecological characters (r ¼ 0.01
p ¼ 0.46) indicating that phenotypic and ecological variation
among sites are not driven by geographical proximity alone.
Simple mantel tests performed for each morphological and ecological variable also failed to reveal a significant geographical
effect (electronic supplementary material, table S3).
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Figure 3. Water redness (TRB) appears to have a strong nonlinear effect on
mean (þ standard error) sexual signal coloration for 21 populations of Bahamian Gambusia: mean dorsal fin redness (RGd), top panel; and mean anal fin
(RGg) redness, middle panel. No effect of water colour was detected for gonopodium length (GL), bottom panel. Predation was dropped from all models
during model selection, however populations subject to predation are displayed
here in red (or grey), non-predator populations in black. All traits are partialed
for the effect of body size (Log SL). (Online version in colour.)

signal efficacy may produce thresholds at which selection for
maximum conspicuity (e.g. via chromatic contrast) favours
complex patterns of phenotypic divergence. For example, if
signal coloration is constrained between yellow and red, then
across a gradient of spectral conditions (e.g. blue to red), optimal signal design via chromatic contrast requires a nonlinear
relationship between signal and environment to maximize conspicuity: e.g. yellow signals in blue environments, red signals
in green environments, and yellow signals in red environments. The role of constraints in the adaptive diversification
of visual signals has not been a focus of study, yet such an
effect seems compatible with sensory drive hypotheses
[13,44], with empirical studies lending support to this. For
example, Fuller [45] shows that colour-polymorphic bluefin
killifish (Lucania goodei) maximize conspicuity rather than
maintain specific hues across a DOC-driven water colour gradient. The result is that blue-finned fish are common in red
environments, and red-finned fish are common in blue
environments. Such a pattern suggests that sexual selection
may act on signal conspicuousness via chromatic contrast
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5. Conclusion
Despite a wealth of study on a suppressive role for predation
regarding the elaboration of sexual traits, we found no such
effect in our study. Rather, our data indicate that water colour
was a strong driver of variation in the colour of a sexually
selected trait. While these findings are important, we note that
the more intriguing result is the complex relationship between
sexual signal coloration in Bahamian mosquitofish and the optical properties of the environmental. In fact, this study is one of
the first to identify non-monotic divergence in sexual signals
due to environmental variation. Further study of the underlying
mechanism(s) and evolutionary implications of this divergence
pattern is needed. Nevertheless, our results clearly illustrate that
the coupling of evolutionary and ecological dynamics are
important for sexual signalling systems, and given the prevalence of optical heterogeneity in nature, other systems are also
likely to exhibit complex divergence patterns.
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tendency seen in guppy sexual signals as well [49,50].
Underlying causes of variable responses to predation remain
unclear, however several explanations seem likely. First, antipredator adaptations may compensate for increased cost of
signalling under high predation risk [22,51,52]. Second, predators might also regulate bottom-up drivers of trait variation [18]
through trophic cascades — a hypothesis in line with the light
limitation hypothesis detailed above. Essentially, these inconsistencies show that much about the effects of predators on
sexual selected traits remains to be explained. Nevertheless, it
seems clear that detectible effects of predators, in this system
and others, are variable or at least hard to predict based on
simplified scenarios of ecological costs [25,53].
At a more fundamental level, our results provide evidence
that ecological gradients can generate complex patterns
of phenotypic variation. In turn, nonlinear phenotypic
responses to these gradients may have important evolutionary
and ecological implications [54]. For example, non-monotonic
divergence along environmental gradients could dampen
local adaptation if phenotypes at disparate ends of ecological
gradients are convergent, as in our system. Therefore, assortative mating could weaken local adaptation by facilitating
gene flow among populations [55]. This suggests that adaptive
divergence in sexual signals along environmental gradients
may not necessarily favour reproductive isolation due to assortative mating by signal phenotype, a common phenomenon in
fishes [56], and a hypothetically important mechanism in
models of speciation with gene flow (e.g. [57,58]).

rspb.royalsocietypublishing.org

when the optical environment is highly variable. While such a
strategy seems well-established, it has never been shown for
fishes that are not colour polymorphic, such as Bahamian mosquitofish. Therefore, a role for evolutionary constraints in these
cases remains unexplored.
It is also plausible that the yellow coloration exhibited by
fishes inhabiting the most red optical conditions simply reflects
lowered investment in signal production. Disruptive transmission environments can relax selection on sexual signal
production [46,47]. If the transmission environment is antagonistic to effective signalling, investment in signal production
may constitute a substantial fitness cost [48] which could
explain the predominance of yellow signals (i.e. less carotenoid
rich) that we observe in disruptive signal environs. While we
can only speculate as to whether divergent signal coloration across the DOC gradient is adaptive, the idea of colour
signals ‘tuned’ to suit environmental variation generates
appealing hypotheses with abundant support from a variety
of study systems.
Alternatively, the effect of DOC on sexual signal coloration
may be entirely ecological. That is, DOC-mediated light limitation may simply suppress sexual signal production via
bottom-up controls. Light-limitation in oligotrophic aquatic
ecosystems (like those in The Bahamas) strongly regulates productivity [6,9]. These effects can propagate up trophic levels,
affecting zooplankton abundance, and reducing individual
growth rates and population sizes of vertebrate consumers
(i.e. fish; [6,10,11]). Therefore, at high DOC concentrations, a
bottom-up reduction in primary productivity and pelagic zooplankton biomass could in turn limit the availability of
carotenoids and/or the energy available for the production
of red sexual signals [17,18]. Interestingly, several researchers
also have shown unimodal responses in fish population density [10] and growth rate [11] across a gradient of DOC. They
attributed this response to an ecological threshold at which
DOC switches from a stimulator of lake productivity to an
inhibitor via shading effects. Similarities in the response to
increasing DOC, although superficial, point to a nonlinear,
mechanistic link between light limitation, ecosystem productivity, growth, and the production of sexual signals in our
system. Indeed, when we explored this link further using
male Gambusia growth data collected previously from nine of
our study sites [31], we found that growth rates also followed
a unimodal pattern along the DOC gradient (electronic supplementary material, figure S1) providing corroborative
evidence for bottom-up regulation of fish secondary production at high DOC concentrations. While merely
suggestive, these supplemental data provide additional evidence for strong, bottom-up, ecological control of signal
production via nutritional pathways. And while evolutionary
hypotheses such as sensory drive provide attractive explanations for observed correlations between signal and optical
environment, we suggest that one should not overlook the ecological effects that accompany variable optical conditions and
the potential for bottom-up regulation of sexual signals.
What do these results, and those of previous studies on
Bahamian mosquitofish, suggest about the importance of
predation for the evolution of sexual signals in this system?
Here, we find no significant effect of predators on interpopulation variation in sexual signals, a result shared with a previous
archipelago-wide study [30], yet inconsistent with others
[23,24]. These inconsistencies highlight heterogeneous prey
responses to variable predation pressures in these systems, a

Downloaded from http://rspb.royalsocietypublishing.org/ on April 5, 2017

References

2.

3.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15. Fuller RC, Travis J. 2004 Genetics, lighting
environment, and heritable responses to lighting
environment affect male color morph expression
in bluefin killifish, Lucania goodei. Evolution 58,
1086 –1098. (doi:10.1111/j.0014-3820.2004.
tb00442.x)
16. Reimchen TE. 1989 Loss of nuptial color in
threespine sticklebacks (Gasterosteus aculeatus).
Evolution 43, 450 –460. (doi:10.2307/2409219)
17. Hill GE. 1992 Proximate basis of variation in
carotenoid pigmentation in male house finches. Auk
109, 1 –12. (doi:10.2307/4088262)
18. Grether GF, Hudon J, Millie DF. 1999 Carotenoid
limitation of sexual coloration along an
environmental gradient in guppies. Proc. R. Soc.
Lond. B 266, 1317–1322. (doi:10.1098/rspb.1999.
0781)
19. Langerhans RB, Layman CA, DeWitt TJ. 2005 Male
genital size reflects a tradeoff between attracting
mates and avoiding predators in two live-bearing
fish species. Proc. Natl Acad. Sci. USA 102,
7618 –7623. (doi:10.1073/pnas.0500935102)
20. Heinen-Kay JL, Morris KE, Ryan NA, Byerley SL,
Venezia RE, Peterson MN, Langerhans RB. 2015 A
trade-off between natural and sexual selection
underlies diversification of a sexual signal. Behav.
Ecol. 26, 533–542. (doi:10.1093/beheco/aru228)
21. Zuk M, Kolluru GR. 1998 Exploitation of sexual
signals by predators and parasitoids. Q. Rev. Biol.
73, 415– 438. (doi:10.1086/420412)
22. Langerhans RB. 2006 Evolutionary consequences of
predation: avoidance, escape, reproduction, and
diversification. In Predation in organisms: a distinct
phenomenon (ed. AMT Elewa), pp. 177–220.
Heidelberg, Germany: Springer-Verlag.
23. Martin RA, Riesch R, Heinen-Kay JL, Langerhans RB.
2014 Evolution of male coloration during a postPleistocene radiation of Bahamas mosquitofish
(Gambusia hubbsi). Evolution 68, 397–411. (doi:10.
1111/evo.12277)
24. Giery ST, Layman CA. 2015 Interpopulation variation
in a condition-dependent signal: predation regime
affects signal intensity and reliability. Am. Nat. 186,
187 –195. (doi:10.1086/682068)
25. Endler JA. 1983 Natural and sexual selection on
color patterns in poeciliid fishes. Environ. Biol. Fishes
9, 173– 190. (doi:10.1007/BF00690861)
26. Rosenthal GG, Flores Martinez TY, Garcı́a de León FJ,
Ryan MJ. 2001 Shared preferences by predators and
females for male ornaments in swordtails. Am. Nat.
158, 146 –154. (doi:10.1086/321309)
27. Halfwerk W, Jones PL, Taylor RC, Ryan MJ, Page RA.
2014 Risky ripples allow bats and frogs to eavesdrop
on a multisensory sexual display. Science (New York,
NY) 343, 413–416. (doi:10.1126/science.1244812)
28. Stoddard PK. 1999 Predation enhances complexity
in the evolution of electric fish signals. Nature 400,
254 –256. (doi:10.1038/22301)
29. Heinen-Kay JL, Noel HG, Layman CA, Langerhans
RB. 2014 Human-caused habitat fragmentation can

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

drive rapid divergence of male genitalia. Evol. Appl.
7, 1252 –1267. (doi:10.1111/eva.12223)
Giery ST, Layman CA, Langerhans RB. 2015
Anthropogenic ecosystem fragmentation drives
shared and unique patterns of sexual signal
divergence among three species of Bahamian
mosquitofish. Evol. Appl. 8, 679 –691. (doi:10.1111/
eva.12275)
Araujo MS, Langerhans RB, Giery ST, Layman CA.
2014 Ecosystem fragmentation drives increased diet
variation in an endemic livebearing fish of the
Bahamas. Ecol. Evol. 4, 3298–3308. (doi:10.1002/
ece3.1140)
Endler JA. 2012 A framework for analyzing colour
pattern geometry: adjacent colours. Biol. J. Linn.
Soc. 107, 233 –253. (doi:10.1111/j.1095-8312.2012.
01937.x)
Archer SN, Endler JA, Lythgoe JN, Partridge JC. 1987
Visual pigment polymorphism in the guppy. Vision
Res. 27, 1243–1252. (doi:10.1016/00426989(87)90200-8)
Korner KE, Schlupp I, Plath M, Loew ER. 2006
Spectral sensitivity of mollies: comparing surfaceand cave-dwelling Atlantic mollies, Poecilia
mexicana. J. Fish Biol. 69, 54– 65. (doi:10.1111/j.
1095-8649.2006.01056.x)
Loew ER, Lythgoe JN. 1978 The ecology of cone
pigments in teleost fishes. Vision Res. 18, 715 –722.
(doi:10.1016/0042-6989(78)90150-5)
Eaton AD, Clesceri LS, Rice EW, Greenberg AE,
Franson MAH. 2005 Standard methods for the
examination of water and wastewater: centennial
edition, 21st edn. Washington, DC: American Public
Health Association.
Lessells CM, Boag PT. 1987 Unrepeatable
repeatabilities: a common mistake. Auk 104,
116–121. (doi:10.2307/4087240)
Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith
GM. 2009 Mixed effects models and extensions in
ecology with R. New York, NY: Springer.
Qualls RG, Richardson CJ. 2003 Factors controlling
concentration, export, and decomposition of
dissolved organic nutrients in the Everglades of
Florida. Biogeochemistry 62, 197 –229. (doi:10.
1023/A:1021150503664)
Morrongiello JR, Bond NR, Crook DA, Wong BBM.
2010 Nuptial coloration varies with ambient light
environment in a freshwater fish. J. Evol. Biol. 23,
2718–2725. (doi:10.1111/j.1420-9101.2010.02149.x)
Boughman JW. 2001 Divergent sexual selection
enhances reproductive isolation in sticklebacks.
Nature 411, 944– 948. (doi:10.1038/35082064)
Fuller RC, Noa LA. 2010 Female mating preferences,
lighting environment, and a test of the sensory bias
hypothesis in the bluefin killifish. Anim. Behav. 80,
23– 35. (doi:10.1016/j.anbehav.2010.03.017)
Dugas MB, Franssen NR. 2011 Nuptial coloration of
red shiners (Cyprinella lutrensis) is more intense in
turbid habitats. Naturwissenschaften 98, 247– 251.
(doi:10.1007/s00114-011-0765-4)

Proc. R. Soc. B 284: 20170163

4.

Wetzel RG. 2001 Limnology: lake and river
ecosystems, 3rd edn, xvi, 1006 p. San Diego, CA:
Academic Press.
Pace ML, Cole JJ, Scanga S, Fischer D, Malcom H,
Carpenter S, Carpenter P, Houser J, Kitchell J. 2002
Synchronous variation of dissolved organic carbon
and color in lakes. Limnol. Oceanogr. 47, 333–342.
(doi:10.4319/lo.2002.47.2.0333)
Morris DP, Zagarese H, Williamson CE, Balseiro EG,
Hargreaves BR, Modenutti B, Moeller R, Queimalinos C.
1995 The attenuation of solar UV radiation in lakes and
the role of dissolved organic carbon. Limnol. Oceanogr.
40, 1381–1391. (doi:10.4319/lo.1995.40.8.1381)
Estlander S, Nurminen L, Olin M, Vinni M, Immonen
S, Rask M, Ruuhijärvi J, Horppila J, Lehtonen H.
2010 Diet shifts and food selection of perch Perca
fluviatilis and roach Rutilus rutilus in humic lakes of
varying water colour. J. Fish Biol. 77, 241 –256.
(doi:10.1111/j.1095-8649.2010.02682.x)
Fee EJ, Hecky RE, Kasian SEM, Cruickshank DR. 1996
Effects of lake size, water clarity, and climate
variability on mixing depths in Canadian Shield
lakes. Limnol. Oceanogr. 41, 912 –920. (doi:10.
4319/lo.1996.41.5.0912)
Karlsson J, Byström P, Ask J, Ask P, Persson L,
Jansson M. 2009 Light limitation of nutrient-poor
lake ecosystems. Nature 460, 506–509. (doi:10.
1038/nature08179)
Ask J, Karlsson J, Persson L, Ask P, Byström P,
Jansson M. 2009 Terrestrial organic matter and light
penetration: effects on bacterial and primary
production in lakes. Limnol. Oceanogr. 54,
2034–2040. (doi:10.4319/lo.2009.54.6.2034)
Carpenter SR, Cole JJ, Kitchell JF, Pace ML. 1998
Impact of dissolved organic carbon, phosphorus,
and grazing on phytoplankton biomass and
production in experimental lakes. Limnol. Oceanogr.
43, 73 –80. (doi:10.4319/lo.1998.43.1.0073)
Jones SE, Solomon CT, Weidel BC. 2012 Subsidy
or subtraction: how do terrestrial inputs influence
consumer production in lakes? Freshw. Rev. 5,
37 –49. (doi:10.1608/frj-5.1.475)
Finstad AG, Helland IP, Ugedal O, Hesthagen T,
Hessen DO. 2014 Unimodal response of fish yield to
dissolved organic carbon. Ecol. Lett. 17, 36– 43.
(doi:10.1111/ele.12201)
Karlsson J, Bergstrom A-K, Bystrom P, Gudasz C,
Rodriguez P, Hein C. 2015 Terrestrial organic matter
input suppresses biomass production in lake ecosystems.
Ecology 96, 2870–2876. (doi:10.1890/15-0515.1)
Endler JA. 1992 Signals, signal conditions, and the
direction of evolution. Am. Nat. 139, 125– 153.
(doi:10.1086/285308)
Ryan MJ, Cummings ME. 2013 Perceptual biases
and mate choice. Annu. Rev. Ecol. Evol. Syst. 44,
437–459. (doi:10.1146/annurev-ecolsys-110512135901)
Seehausen O et al. 2008 Speciation through sensory
drive in cichlid fish. Nature 455, 620–626. (doi:10.
1038/nature07285)

rspb.royalsocietypublishing.org

1.

6

Downloaded from http://rspb.royalsocietypublishing.org/ on April 5, 2017

53. Endler JA. 1980 Natural selection on color patterns
in Poecilia reticulata. Evolution 34, 76 –91. (doi:10.
2307/2408316)
54. Lande R. 1982 Rapid origin of sexual isolation
and character divergence in a cline. Evolution 36,
213–223. (doi:10.2307/2408039)
55. Lenormand T. 2002 Gene flow and the limits to
natural selection. Trends Ecol. Evol. 17, 183–198.
56. Jiang Y, Bolnick DI, Kirkpatrick M. 2013 Assortative
mating in animals. Am. Nat. 181, E125 –E138.
(doi:10.1086/670160)
57. Doebeli M, Dieckmann U. 2003 Speciation along
environmental gradients. Nature 421, 259–264.
(doi:10.1038/nature01274)
58. Servedio MR. 2016 Geography, assortative mating, and
the effects of sexual selection on speciation with gene
flow. Evol. Appl. 9, 91–102. (doi:10.1111/eva.12296)
59. Giery ST and Layman CA. 2017 Data from: Dissolved
organic carbon and unimodal variation in sexual
signal coloration in mosquitofish: a role for light
limitation? Dryad Digital Repository. (http://dx.doi.
org/10.5061/dryad.gh225)

7

Proc. R. Soc. B 284: 20170163

49. Weese DJ, Gordon SP, Hendry AP, Kinnison MT. 2010
Spatiotemporal variation in linear natural
selection on body color in wild guppies (Poecilia
reticulata). Evolution Int. J. Org. Evolution 64,
1802 –1815. (doi:10.1111/j.1558-5646.2010.00945.
x)
50. Kemp DJ, Reznick DN, Grether GF, Endler JA. 2009
Predicting the direction of ornament evolution in
Trinidadian guppies (Poecilia reticulata).
Proc. R. Soc. B 276, 4335 – 4343. (doi:10.1098/rspb.
2009.1226)
51. Jacquin L, Reader SM, Boniface A, Mateluna J,
Patalas I, Perez-Jvostov F, Hendry AP. 2016 Parallel
and nonparallel behavioural evolution in response
to parasitism and predation in Trinidadian guppies.
J. Evol. Biol. 29, 1406–1422. (doi:10.1111/jeb.
12880)
52. Heinen-Kay JL, Schmidt DA, Stafford AT, Costa MT,
Peterson MN, Kern EMA, Langerhans RB. 2016
Predicting multifarious behavioural divergence in
the wild. Anim. Behav. 121, 3–10. (doi:10.1016/j.
anbehav.2016.08.016)

rspb.royalsocietypublishing.org

44. Endler JA, Basolo AL. 1998 Sensory ecology,
receiver biases and sexual selection. Trends Ecol.
Evol. 13, 415 –420. (doi:10.1016/S01695347(98)01471-2)
45. Fuller RC. 2002 Lighting environment predicts the
relative abundance of male colour morphs in
bluefin killifish (Lucania goodei) populations.
Proc. R. Soc. Lond. B 269, 1457 –1465. (doi:10.
1098/rspb.2002.2042)
46. Candolin U, Salesto T, Evers M. 2007 Changed
environmental conditions weaken sexual selection
in sticklebacks. J. Evol. Biol. 20, 233 –239. (doi:10.
1111/j.1420-9101.2006.01207.x)
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