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ABSTRACT

The ecological multifunctionality of colour often results in multiple selective
pressures operating on a single trait. Most research on colour evolution focuses on
males because they are the most conspicuous sex in most species. This bias can limit
inferences about the ecological drivers of colour evolution. For example, little is
known about population divergence in colour of female threespine stickleback
(Gasterosteus aculeatus), which is among the most intensively-studied model
vertebrates in evolution, ecology, and behaviour. In contrast, the evolution and
ecology of colour in male stickleback has received considerable attention. One aspect
of female colouration that is lacking previous research is non-ornamental body colour.
Non-ornamental colour can play defensive and social roles, and indicate other aspects
of female stickleback ecology. To remedy this knowledge gap, we measured the colour
and brightness of one dorsal and one ventral lateral area on female stickleback from
nine lake populations on Vancouver Island. We found that lake populations varied in
overall colour brightness and dorso-ventral contrast. In addition, we found that
female brightness increased with lake size, indicating potential ecological drivers of
these colour differences. Our results demonstrate that there is substantial scope for
future research on female colour diversification, which has been overlooked because
past researchers focused on dramatic male nuptial colours.

Subjects Biodiversity, Ecology, Zoology, Freshwater Biology
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INTRODUCTION

Intraspecific variation in colouration is common across the animal kingdom (Mallet &
Joron, 1999; Gray ¢ McKinnon, 2007; Protas & Patel, 2008; Seehausen et al., 2008).
Colouration can play many different ecological roles, including crypsis, mimicry,
aposematism, thermoregulation, and communication. The multifunctional nature of
colouration often results in multiple selective pressures acting on the same trait
(Cummings ¢ Crothers, 2013). When ecological conditions vary spatially, this can lead to
geographic variation in colour (Amundsen, 2000). Most research on among-population
colour differences has focused on males of sexually dimorphic species, because males
are usually the more conspicuous sex (Baker ¢ Parker, 1979; Protas ¢ Patel, 2008).
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Comparatively little attention has been given to geographic variation in females, the
more generally, less-conspicuous sex. While there are many examples of female
ornamentation and colour variation, the evolution and ecology of female colour is still
poorly understood (Amundsen, 2000, Nordeide et al., 2013).

The threespine stickleback (Gasterosteus aculeatus) is a good system for investigating
the evolution of colour due to its high intraspecific phenotypic diversity and the
abundance of research on its ecology (Wootton, 1984; Schluter, 2001; McKinnon ¢ Rundle,
2002; Ostlund-Nilsson, Mayer ¢ Huntingford, 2006) and courtship behaviour (Candolin,
1997; Ishikawa ¢ Mori, 2000). Populations of stickleback are often fully or partially
isolated by lakes, whose size can reflect distinct community composition and trophic
relationships (Wellborn, Skelly ¢» Werner, 1996; Tessier ¢ Woodruff, 2002). Predator
diversity and predation pressure vary with community composition ( Wellborn, Skelly ¢
Werner, 1996; Braoudakis ¢ Jackson, 2016). This variation can differentially impact the
evolution of prey defence mechanisms, such as crypsis (Husak et al., 2006). Additionally,
there is a wealth of information on colour diversity of male stickleback between and
within populations (Brock, Cummings & Bolnick, 2017; Reimchen, 1989; Milinski ¢ Bakker,
1990; Bakker, 1993; Boughman, 2001, 2007; Boughman, Rundle ¢ Schluter, 2005).

Given this large body of research on male stickleback colour, it is remarkable how little
is known about female colour in stickleback. There are stream-resident populations of
stickleback where females have red throats similar to male nuptial colouration (McKinnon
et al., 20005 Yong et al., 2013). The genetic architecture of red throat colouration is shared
between males and females, but its adaptive function, if there is any, in females is still
uncertain (Yong et al., 2013, 2015; Yong, Peichel ¢ McKinnon, 2016; Wright et al., 2015).
In addition, conspicuous red pelvic spines have been observed in North American and
European populations of threespine stickleback (Amundsen et al., 2015; Yong, Peichel &
McKinnon, 2016). There is no genetic component to pelvic spine colouration in European
populations, and its potential adaptive function is also uncertain (Amundsen et al., 2015).
Other more general female colour patterns include barring and mottling in both the
human visible and ultraviolet UV spectra (Rowland, Baube ¢ Horan, 1991; Rick ¢ Bakker,
2008). Experiments show that these patterns indicate female sexual receptiveness
(Rowland, Baube & Horan, 1991; Rick ¢ Bakker, 2008). However, between-population
differences in non-ornamental female colour remain largely unknown. To remedy this
surprising lacuna, here we present evidence that female threespine stickleback exhibit
substantial body colour variation among nine lakes on Vancouver Island,

British Columbia.

METHODS

We captured a total of 82 female threespine stickleback from nine lakes present in three
watersheds on Vancouver Island, British Columbia (Fig. 1). We placed 10-20 unbaited
Gee minnow traps in each lake between late May and mid-June 2013, in depths from 50 to
300 cm. Traps were set in the morning between 09:30 and 10:30, and were retrieved
between 16:00 and 18:00. The fish were transported to shore in clear plastic containers
filled with lake water, immediately after removal from the traps. A maximum of five
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Figure 1 Nine lake populations from Vancouver Island, British Columbia (inset) from which
stickleback populations were sampled. Lakes are coloured according to their watershed (see legend).
The sampled lakes are: (i) Roberts Lake (1 = 10; SA = 160.0 ha), (ii) Farewell Lake (n = 10; SA = 20.3 ha),
(iii) Amor Lake (7= 10; SA = 329.9 ha), (iv) Brewster Lake (n = 20; SA = 470 ha), (v) Grey Lake (n = 10;
SA =52.9 ha), (vi) Boot Lake (n = 2; SA = 98.7 ha), (vii) Echo Lake (n = 6; SA = 20.6 ha), (viii) Gosling
Lake (n = 9; SA = 62.5 ha), (ix) Higgens Lake (n = 5; SA = 10.6 ha), where ‘%’ is the number of fish

sampled and ‘SA’ is the surface area of the lake.

Full-size K&l DOI: 10.7717/peerj.4807/fig-1
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fish were transported in a given container to mitigate stress to the animal and reduce the
amount of colour change that may result from stress. The total time from retrieval to
photograph was less than 15 min. We noted the reproductive state (gravid or not
gravid) of each fish, since sampling was performed during their spawning season.
Collections were carried out with approval from the University of Texas at Austin
Institutional Animal Use and Care Committee AUP-2011-00044, and with a Scientific
Fish Collection permit from the Ministry of Forests, Lands and Natural Resource
Operations in British Columbia NA12-84188.

Captured fish were placed unanesthetized in an empty 11 L cubic cooler with the
inside spray-painted matte black to reduce glare. They were placed right side up on a
light blue rubber dissecting mat with a colour card (CameraTrax; Menlo Park, California)
attached for colour standardization. A Fotodiox Pro LED-209A light system was fastened to
the inside wall of the cooler and was kept parallel to the specimen at the most powerful light
setting to prevent shadowing and uneven lighting (the light output does not fade with
battery power decline). A Canon Rebel 3i DSLR camera was positioned in a hole in the
cooler lid directly over the specimen. The camera was set to an F-stop of 7.1, a shutter speed
of 1/125, and white balance was set to auto. Images were 18 megapixel JPEGs. White balance
standardization was completed in Adobe Photoshop CC® using the Curves tool, where
the colour card was used as a reference. One photograph was taken per specimen.

We obtained RGB brightness levels averaged from the area inside two small ovals per
fish, each approximately 5 mm in diameter, one ventral to the dorsal fin and one posterior
to the pectoral fin (Fig. 2). These areas were chosen to reflect dorsal and ventral
non-ornamental body colour variation, respectively. Measurements were made using
Image J (Schneider, Rasband & Eliceiri, 2012). We performed a principal components
analysis on the RGB brightness level matrix to obtain composite RGB brightness variables
across all photographed specimens.

We digitally measured lake surface area from Google Earth®. We cross-checked our
measurements against the British Columbia Ministry of Environment HabitatWizard
database values, which were available for about two-thirds of the lakes, to confirm a high
correlation. We performed a nested fixed-effects multivariate analysis of variance
(MANOVA) to test for differences in fish colour across lakes nested within watersheds.
Our data conformed to the parametric assumption of multivariate normality (Royston’s
Multivariate Normality Test; P > 0.05), yet our data did not conform to the assumption
of multivariate homogeneity of variance (Box’s M-test for Homogeneity of Covariance;
P < 0.01). However, we proceeded with parametric analyses since Box’s M-test is
highly sensitive to slight deviations from normality and MANOVA tends to be robust
to violations of this assumption. We retained the first two PC axes, which explained
92.4% of the variation in colour. We used the two retained PC scores as dependent
variables, and lake identity nested within watershed as independent variables. We initially
included date of capture and reproductive state (gravid versus not gravid) as covariates,
but both were nonsignificant (P > 0.05) and were left out of the final model. We
performed follow-up nested fixed-effects analyses of variance (ANOVA) for each PC axis
to see how the colour variables differed across lakes nested within watershed. To address
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Figure 2 Variation in female colour among nine lake populations from Vancouver Island, British
Columbia. The axes represent colour as measured by the first and second PCs calculated from red,
green, and blue brightness values from dorsal and ventral locations on each female. The two major axes,
plotted here, represent overall colour brightness (PC1) and dorso-ventral contrast (PC2). The percent
variances attributed to PC1 and PC2 are listed along each corresponding axis. Lakes are distinguished by
different point shapes and a bounding convex hull, and watersheds are distinguished by different colours
(see legend). Photographs of fish representative of extreme PC values are included to illustrate female
colour differences. One fish is annotated with two red ovals, indicating the areas measured for colour
analysis. Photography credit: Connor M. French. Full-size K&l DOI: 10.7717/peerj.4807/fig-2

possible concerns about low sample size per lake, we repeated these analyses, focusing only
on the five lakes for which we measured at least ten females.

We analysed the relationship between lake surface area and both colour PC scores
using weighted linear regression, where we weighted the median PC score for each lake by
the square root of its sample size. Considering the small number of populations overall,
we focused on this single well-defined predictor of known ecological importance. We
should note that we considered lake turbidity as a covariate, as the light environment is
known to influence stickleback colouration (Lewandowski ¢» Boughman, 2008), but
measurements could not be made for all lakes. We therefore excluded lake turbidity from
analysis. Our linear models met all assumptions. All analyses were performed using
R v.3.3.2 (R Core Team, 2016).
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Figure 3 Weighted linear regression between lake surface area (ha) and overall brightness of female
stickleback (median PC1 scores for each lake). Data points are weighted by the square root of the
sample size for each lake (Vn). Shading around the regression line indicates a 95% confidence interval.

Full-size K&l DOI: 10.7717/peerj.4807/fig-3

RESULTS

Of the 92.4% of variation retained by the first two principal components, the first PC
(56.6% of the variation) represents total colour brightness, as all six colour variables load
negatively on PC1 (Fig. 2). The second PC (35.8% of variation) represents dorso-ventral
contrast, as dorsal RGB values load positively on PC2, while ventral RGB values load
negatively.

A nested fixed-effects MANOVA of individuals’ PC1 and PC2 scores revealed
significant differences in colour across watersheds (F, 7, = 9.70, P < 0.001) and lakes
nested within watersheds (Fs, 7, = 9.00; P < 0.001; Fig. 2) for the nine populations.
Watershed and lake identity nested within watershed also had significant effects on
PCI and PC2 analysed in separate ANOVAs after multiple test correction (PC1: adjusted
P =0.007; PC2: adjusted P < 0.001; Benjamini ¢» Hochberg, 1995). The results for the
reduced dataset (five lakes with N > 10 each) were largely similar. There was significant
variation in colour across watersheds (F;, 55 = 36.915, P < 0.001) and lakes nested within
watersheds (Fs, 55 = 6.818; P < 0.001) for the five lakes. Additional PC axes explained
relatively little colour variance, where no single axis explained more than five percent
of the variance.

There was a significant positive relationship between lake surface area and female
brightness (R* = 0.56; P = 0.02; Fig. 3), but not between lake surface area and
dorso-ventral contrast (R* < 0.001; P = 0.97).

DISCUSSION

A multifunctional trait like colour is likely acted on by multiple selective pressures
(Gray & McKinnon, 2007; Protas ¢ Patel, 2008). Selective pressures vary across
heterogeneous environments, so colour variation is expected among geographically
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separated populations (Hoekstra, 2006). Many of these selective pressures will apply to
both sexes, rather than just the sex that experiences particularly strong sexual selection.
We therefore expect that, in sexually dimorphic species, female colour will also vary
among populations in response to environmental variables and selective forces such as
predation favouring crypsis. In line with this expectation, we found that female threespine
stickleback vary in body colour across lake populations and among watersheds in a small
geographic area (Fig. 2). This variation entailed population differences in both overall
brightness and dorso-ventral contrast. It is not known at present to what extent this
observed variation, which was measured on freshly wild-caught fish, is heritable or
environmentally induced. Among female stickleback, dorsolateral barring patterns
signal sexual receptiveness (Rowland, Baube & Horan, 1991). Males prefer enhanced
UV contrast between barring patterns and their silvery flank, suggesting sexual selection
for female colour at human visible and UV wavelengths (Rick ¢ Bakker, 2008; Hiermes
et al., 2015). UV intensity and barring contrast increase as females become gravid
(Rowland, Baube ¢ Horan, 1991; Rick ¢ Bakker, 2008; Hiermes et al., 2015), but we
found that reproductive state does not influence between-lake colour variation in

our system.

Female red throat colour, an ornamental trait analogous to male red throat colour,
has a genetic component (Yong, Peichel ¢ McKinnon, 2016). The genetic architecture is
shared between male and female red ornaments, but they seem to be differentially
expressed (Yong, Peichel & McKinnon, 2016). There is some evidence that red throated
females from a single stream population grow faster than unornamented females ( Yong
et al., 2013). However, red throat colour does not indicate female receptiveness, is not
associated with a competitive advantage, and is not preferentially selected for by males
(McKinnon et al., 2000; Yong et al., 2013, 2015; Wright et al., 2015). The function of female
red pelvic spines is similarly ambiguous (Amundsen et al., 2015). In contrast to these
studies of ornamental colouration, we provide some evidence for the adaptive potential
of non-ornamental female colour.

Predator assemblages vary with lake size, so variation in predation regime across
lakes of different sizes may contribute to variation in female colour (Reimichen, 1994).
We show that total body colour brightness increases with lake surface area (Fig. 3).

A somewhat similar pattern is seen in male stickleback, whose conspicuousness generally
increases with lake depth (Brock, Cummings ¢ Bolnick, 2017). Predator regime differed
between the lakes” benthic and limnetic environments, although the trend was not
significant (Bolnick et al., 2016; Brock, Cummings ¢» Bolnick, 2017). In addition, increased
lake size is associated with morphological traits suited to zooplanktivory across
stickleback populations (Lavin ¢ McPhail, 1985). The associated difference in diet, or
affiliated parasite exposure, could affect sticklebacks’ condition and nutrition in ways that
could alter female colour. Diet and parasite exposure are already known to influence the
colour of male stickleback (Milinski ¢» Bakker, 1990; Milinski, 2003; Pike et al., 2007, 2009).
Further inquiry into the selective consequences of predation and trophic specialisation
for female stickleback colour may reveal insight about the factors driving their colouration
divergence.
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CONCLUSION

This study reveals variation in female stickleback colouration across populations,
associated with a major ecological gradient (lake size). Our findings justify future inquiry
into the mechanistic physiological, behavioural, and ecological causes of this variation.
There has been a recent increase in interest in female stickleback colouration (Rick ¢~
Bakker, 2008; Yong et al., 2013, 2015; Yong, Peichel ¢ McKinnon, 2016; Wright et al., 2015;
Hiermes et al., 2015). In addition to these recent studies, our results suggest that female
stickleback are an opportune study system for understanding colour evolution. By
combining male and female colour variation into a single study, future researchers may be
better able to distinguish population differences arising from divergent sexual versus
natural selection. More generally, our finding of strong population divergence in female
colour serves as a reminder that colour is a multi-purpose phenotype that is under
selection in both sexes, and that researchers should avoid focusing on male colour
evolution alone.

ACKNOWLEDGEMENTS

We thank Dyna Poch, Hollis Woodard, Chase Howell, Alicia Armstrong, Amy Doan,
Louisa Torrance, Kim Hendrix, Kelsey Jiang, Racine Rangel, and Cole Thompson for
assistance with collecting fish in the field. We thank Chad Brock for advice on colour
analysis.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This research was supported by NSF grants I0S-1145468 and DEB-1456462 to Daniel I.
Bolnick. The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
NSEF: 10S-1145468 and DEB-1456462.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions

e Connor M. French conceived and designed the experiments, performed the
experiments, analyzed the data, contributed reagents/materials/analysis tools,
prepared figures and/or tables, authored or reviewed drafts of the paper, approved
the final draft.

e Travis Ingram conceived and designed the experiments, performed the experiments,
analysed the data, contributed reagents/materials/analysis tools, authored or reviewed
drafts of the paper, approved the final draft.

French et al. (2018), PeerdJ, DOI 10.7717/peerj.4807 8/11


http://dx.doi.org/10.7717/peerj.4807
https://peerj.com/

Peer/

e Daniel I. Bolnick conceived and designed the experiments, analysed the data,
contributed reagents/materials/analysis tools, authored or reviewed drafts of the paper,
approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e. approving body
and any reference numbers):

University of Texas at Austin Institutional Animal Use and Care Committee provided
full approval for this research.

Field Study Permissions
The following information was supplied relating to field study approvals (i.e. approving
body and any reference numbers):

Field experiments were approved by the Ministry of Forests, Lands and Natural
Resource Operations in British Columbia (Scientific Fish Collection Permit).

Data Availability
The following information was supplied regarding data availability:
The raw dataset is provided as a Supplemental File.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/
10.7717/peerj.4807#supplemental-information.

REFERENCES

Amundsen T. 2000. Why are female birds ornamented? Trends in Ecology ¢ Evolution
15(4):149-155 DOI 10.1016/50169-5347(99)01800-5.

Amundsen CR, Nordeide JT, Gjoen HM, Larsen B, Egeland ES. 2015. Conspicuous carotenoid-
based pelvic spine ornament in three-spined stickleback populations—occurrence and
inheritance. Peer] 3:e872 DOI 10.7717/peerj.872.

Bakker T. 1993. Positive genetic correlation between female preference and preferred male
ornament in sticklebacks. Nature 363(6426):255-257 DOI 10.1038/363255a0.

Baker RR, Parker GA. 1979. The evolution of bird coloration. Philosophical Transactions of the
Royal Society B: Biological Sciences 287(1018):63—130 DOI 10.1098/rstb.1979.0053.

Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a practical and powerful
approach to multiple testing. Journal of the Royal Statistical Society: Series B, Statistical
Methodology 57:289-300.

Bolnick DI, Hendrix K, Jordan LA, Veen T, Brock CD. 2016. Intruder colour and light
environment jointly determine how nesting male stickleback respond to simulated territorial
intrusions. Biology Letters 12(8):20160467 DOI 10.1098/rsbl.2016.0467.

Boughman JW. 2001. Divergent sexual selection enhances reproductive isolation in sticklebacks.
Nature 411(6840):944-948 DOI 10.1038/35082064.

Boughman JW. 2007. Condition-dependent expression of red colour differs between stickleback
species. Journal of Evolutionary Biology 20(4):1577-1590 DOI 10.1111/j.1420-9101.2007.01324.x.

French et al. (2018), Peerd, DOI 10.7717/peerj.4807 9/11


http://dx.doi.org/10.7717/peerj.4807#supplemental-information
http://dx.doi.org/10.7717/peerj.4807#supplemental-information
http://dx.doi.org/10.7717/peerj.4807#supplemental-information
http://dx.doi.org/10.1016/S0169-5347(99)01800-5
http://dx.doi.org/10.7717/peerj.872
http://dx.doi.org/10.1038/363255a0
http://dx.doi.org/10.1098/rstb.1979.0053
http://dx.doi.org/10.1098/rsbl.2016.0467
http://dx.doi.org/10.1038/35082064
http://dx.doi.org/10.1111/j.1420-9101.2007.01324.x
http://dx.doi.org/10.7717/peerj.4807
https://peerj.com/

Peer/

Boughman JW, Rundle HD, Schluter D. 2005. Parallel evolution of sexual isolation in
sticklebacks. Evolution 59(2):361-373 DOI 10.1554/04-153.

Braoudakis GV, Jackson DA. 2016. Effect of lake size, isolation and top predator presence on
nested fish community structure. Journal of Biogeography 43(7):1425-1435
DOI 10.1111/jbi.12731.

Brock CD, Cummings ME, Bolnick DI. 2017. Phenotypic plasticity drives a depth gradient
in male conspicuousness in threespine stickleback. Gasterosteus aculeatus Evolution
71(8):2022-2036 DOI 10.1111/evo.13282.

Candolin U. 1997. Predation risk affects courtship and attractiveness of competing threespine
stickleback males. Behavioral Ecology and Sociobiology 41(2):81-87
DOI 10.1007/5002650050367.

Cummings ME, Crothers LR. 2013. Interacting selection diversifies warning signals in a polytypic
frog: an examination with the strawberry poison frog. Evolutionary Ecology 27(4):693-710
DOI 10.1007/s10682-013-9648-9.

Gray SM, McKinnon JS. 2007. Linking color polymorphism maintenance and speciation. Trends
in Ecology & Evolution 22(2):71-79 DOI 10.1016/j.tree.2006.10.005.

Hiermes M, Bakker TCM, Mehlis M, Rick IP. 2015. Context-dependent dynamic UV signaling
in female three spine sticklebacks. Scientific Reports 5(1):17474 DOI 10.1038/srep17474.

Hoekstra HE. 2006. Genetics, development and evolution of adaptive pigmentation in vertebrates.
Heredity 97:222-234 DOI 10.1038/sj.hdy.6800861.

Husak JF, Macedonia JM, Fox SF, Sauceda RC. 2006. Predation cost of conspicuous male
coloration in collared lizards (Crotaphytus collaris): an experimental test using clay-covered
model lizards. Ethology 112(6):572-580 DOI 10.1111/j.1439-0310.2005.01189.x.

Ishikawa M, Mori S. 2000. Mating success and male courtship behaviors in three populations
of the threespine stickleback. Behaviour 137(7):1065-1080 DOI 10.1163/156853900502439.

Lavin PA, McPhail JD. 1985. The evolution of freshwater diversity in the threespine stickleback
(Gasterosteus aculeatus): site-specific differentiation of trophic morphology. Canadian Journal
of Zoology 63(11):2632-2638 DOI 10.1139/285-393.

Lewandowski E, Boughman J. 2008. Effects of genetics and light environment on colour
expression in threespine sticklebacks. Biological Journal of the Linnean Society 94(4):663—673
DOI 10.1111/j.1095-8312.2008.01021.x.

Mallet J, Joron M. 1999. Evolution of diversity in warning color and mimicry: polymorphisms,
shifting balance, and speciation. Annual Review of Ecology and Systematics 30(1):201-233
DOI 10.1146/annurev.ecolsys.30.1.201.

McKinnon JS, Demayo RF, Granquist R, Weggel L. 2000. Female red throat coloration in two
populations of threespine stickleback. Behaviour 137(7):947-963
DOI 10.1163/156853900502556.

McKinnon JS, Rundle HD. 2002. Speciation in nature: the threespine stickleback model systems.
Trends in Ecology & Evolution 17(10):480-488 DOI 10.1016/S0169-5347(02)02579-X.

Milinski M. 2003. The function of mate choice in sticklebacks: optimizing Mhc genetics. Journal
of Fish Biology 63(s1):1-16 DOI 10.1111/j.1095-8649.2003.00215.x.

Milinski M, Bakker TCM. 1990. Female sticklebacks use male coloration in mate choice and hence
avoid parasitized males. Nature 344(6264):330-333 DOI 10.1038/344330a0.

Nordeide JT, Kekildinen J, Janhunen M, Kortet R. 2013. Female ornaments revisited—are they
correlated with offspring quality? Journal of Animal Ecology 82(1):26—38
DOI 10.1111/1365-2656.12021.

French et al. (2018), PeerdJ, DOI 10.7717/peerj.4807 10/11


http://dx.doi.org/10.1554/04-153
http://dx.doi.org/10.1111/jbi.12731
http://dx.doi.org/10.1111/evo.13282
http://dx.doi.org/10.1007/s002650050367
http://dx.doi.org/10.1007/s10682-013-9648-9
http://dx.doi.org/10.1016/j.tree.2006.10.005
http://dx.doi.org/10.1038/srep17474
http://dx.doi.org/10.1038/sj.hdy.6800861
http://dx.doi.org/10.1111/j.1439-0310.2005.01189.x
http://dx.doi.org/10.1163/156853900502439
http://dx.doi.org/10.1139/z85-393
http://dx.doi.org/10.1111/j.1095-8312.2008.01021.x
http://dx.doi.org/10.1146/annurev.ecolsys.30.1.201
http://dx.doi.org/10.1163/156853900502556
http://dx.doi.org/10.1016/S0169-5347(02)02579-X
http://dx.doi.org/10.1111/j.1095-8649.2003.00215.x
http://dx.doi.org/10.1038/344330a0
http://dx.doi.org/10.1111/1365-2656.12021
http://dx.doi.org/10.7717/peerj.4807
https://peerj.com/

Peer/

Ostlund-Nilsson S, Mayer I, Huntingford FA. 2006. Biology of the Three-Spined Stickleback.
Boca Raton: CRC Press.

Pike TW, Blount JD, Lindstrom J, Metcalfe NB. 2007. Availability of non-carotenoid antioxidants
affects the expression of a carotenoid-based sexual ornament. Biology Letters 3(4):353-356
DOI 10.1098/rsbl.2007.0072.

Pike TW, Blount JD, Lindstrom J, Metcalfe NB. 2009. Dietary carotenoid availability, sexual
signalling and functional fertility in sticklebacks. Biology Letters 6(2):191-193
DOI 10.1098/rsbl.2009.0815.

Protas ME, Patel NH. 2008. Evolution of coloration patterns. Annual Review of Cell and
Developmental Biology 24(1):425-446 DOI 10.1146/annurev.cellbio.24.110707.175302.

R Core Team. 2016. R: A Language and Environment for Statistical Computing. Vienna:

R Foundation for Statistical Computing. Available at https://www.R-project.org/.

Reimchen TE. 1989. Loss of nuptial color in threespine sticklebacks (Gasterosteus aculeatus).
Evolution 43(2):450-460 DOI 10.2307/2409219.

Reimchen TE. 1994. Predators and morphological evolution in threespine stickleback. The
Evolutionary Biology of the Threespine Stickleback. Oxford: Oxford University Press, 240-276.

Rick IP, Bakker TCM. 2008. UV wavelengths make female three-spined sticklebacks (Gasterosteus
aculeatus) more attractive for males. Behavioral Ecology and Sociobiology 62(3):439-445
DOI 10.1007/s00265-007-0471-6.

Rowland WJ, Baube CL, Horan TT. 1991. Signalling of sexual receptivity by pigmentation pattern
in female sticklebacks. Animal Behaviour 42(2):243-249 DOI 10.1016/S0003-3472(05)80555-X.

Schluter D. 2001. Ecology and the origin of species. Trends in Ecology ¢ Evolution 16(7):372-380
DOI 10.1016/S0169-5347(01)02198-X.

Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH Image to Image]: 25 years of image analysis.
Nature Methods 9(7):671-675 DOI 10.1038/nmeth.2089.

Seehausen O, Terai Y, Magalhaes IS, Carleton KL, Mrosso HDJ, Miyagi R, van der Sluijs I,
Schneider MV, Maan ME, Tachida H, Imai H, Okada N. 2008. Speciation through sensory
drive in cichlid fish. Nature 455(7213):620-626 DOI 10.1038/nature07285.

Tessier AJ, Woodruff P. 2002. Cryptic trophic cascade along a gradient of lake size. Ecology
83(5):1263—-1270 DOI 10.1890/0012-9658(2002)083[1263:CTCAAG]2.0.CO;2.

Wellborn GA, Skelly DK, Werner EE. 1996. Mechanisms creating community structure across a
freshwater habitat gradient. Annual Review of Ecology and Systematics 27(1):337-363
DOI 10.1146/annurev.ecolsys.27.1.337.

Wootton R]. 1984. A Functional Biology of Sticklebacks. Berkeley: University of California Press.

Wright DS, Pierotti MER, Rundle HD, McKinnon JS. 2015. Conspicuous female ornamentation
and tests of male mate preference in threespine sticklebacks ( Gasterosteus aculeatus). PLOS ONE
10(3):e0120723 DOI 10.1371/journal.pone.0120723.

Yong L, Guo R, Wright DS, Mears SA, Pierotti M, McKinnon JS. 2013. Correlates of red throat
coloration in female stickleback and their potential evolutionary significance. Evolutionary
Ecology Research 15:453-472.

Yong L, Peichel CL, McKinnon JS. 2016. Genetic architecture of conspicuous red ornaments in
female threespine stickleback. G3: Genes, Genomes, Genetics 6(3):579-588
DOI 10.1534/g3.115.024505.

Yong L, Woodall BE, Pierotti MER, McKinnon JS. 2015. Intrasexual competition and throat color
evolution in female three-spined sticklebacks. Behavioral Ecology 26(4):1030-1038
DOI 10.1093/beheco/arv037.

French et al. (2018), PeerdJ, DOI 10.7717/peerj.4807 11/1


http://dx.doi.org/10.1098/rsbl.2007.0072
http://dx.doi.org/10.1098/rsbl.2009.0815
http://dx.doi.org/10.1146/annurev.cellbio.24.110707.175302
https://www.R-project.org/
http://dx.doi.org/10.2307/2409219
http://dx.doi.org/10.1007/s00265-007-0471-6
http://dx.doi.org/10.1016/S0003-3472(05)80555-X
http://dx.doi.org/10.1016/S0169-5347(01)02198-X
http://dx.doi.org/10.1038/nmeth.2089
http://dx.doi.org/10.1038/nature07285
http://dx.doi.org/10.1890/0012-9658(2002)083[1263:CTCAAG]2.0.CO;2
http://dx.doi.org/10.1146/annurev.ecolsys.27.1.337
http://dx.doi.org/10.1371/journal.pone.0120723
http://dx.doi.org/10.1534/g3.115.024505
http://dx.doi.org/10.1093/beheco/arv037
http://dx.doi.org/10.7717/peerj.4807
https://peerj.com/

	Geographical variation in colour of female threespine stickleback (Gasterosteus aculeatus)
	Introduction
	Methods
	Results
	Discussion
	Conclusion
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


