ORIGINAL ARTICLE

doi:10.1111/j.1558-5646.2010.00945.x

SPATIOTEMPORAL VARIATION IN LINEAR
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We conducted 10 mark-recapture experiments in natural populations of Trinidadian guppies to test hypotheses concerning the
role of viability selection in geographic patterns of male color variation. Previous work has reported that male guppies are more
colorful in low-predation sites than in high-predation sites. This pattern of phenotypic variation has been theorized to reflect
differences in the balance between natural (viability) selection that disfavors bright male color (owing to predation) and sexual
selection that favors bright color (owing to female choice). Our results support the prediction that male color is disfavored by
viability selection in both predation regimes. However, it does not support the prediction that viability selection against male
color is weaker in low-predation experiments. Instead, some of the most intense bouts of selection against color occurred in
low-predation experiments. Our results illustrate considerable spatiotemporal variation in selection among experiments, but such
variation was not generally correlated with local patterns of color diversity. More complex selective interactions, possibly including
the indirect effects of predators on variation in mating behavior, as well as other environmental factors, might be required to more

fully explain patterns of secondary sexual trait variation in this system.
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The role of natural selection in generating diversity is frequently
inferred from associations between phenotypic variation and envi-
ronmental features or habitat types (Endler 1986; Schluter 2000).
Such evidence for natural selection is indirect because selection
itself is not actually quantified (Lande and Arnold 1983; Endler
1986; Kingsolver et al. 2001). Direct estimates of selection in
the wild can therefore provide additional insight into adaptive
hypotheses by suggesting whether contemporary patterns of se-

lection are consistent with those predicted to produce observed
patterns of phenotypic variation (Lande and Arnold 1983; Endler
1986). The best opportunity to witness such selection might often
be cases in which trade-offs exist between different components
of fitness. This follows from the recognition that although se-
lection might be expected to shift trait values toward adaptive
optima, potentially making contemporary selection less appar-
ent, such trade-offs will often prevent phenotypes from being
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optimized with respect to any one component of selection (e.g.,
survival or mating success) (Schluter et al. 1991). Here, we con-
sider natural (i.e., viability) selection on secondary sexual traits,
which are generally considered subject to a selective trade-off
between natural and sexual selection (Fisher 1930; Endler 1980;
Svensson and Gosden 2007). In so doing, we assess the contribu-
tion of viability selection to contemporary phenotypic variation in
nature.

In addition to the balance between fitness trade-offs, phe-
notypic evolution will be sensitive to spatiotemporal variation
in selection. This variation is likely common in nature, presum-
ably because of fluctuating environmental conditions (reviewed
in Siepielski et al. 2009). This spatiotemporal variation in the
intensity or direction of selection is commonly proposed as a
primary mechanism responsible for the maintenance of trait vari-
ation both within and between populations (Barton and Turelli
1989; Merili et al. 2001; Brooks 2002). Although spatiotemporal
variation in natural or sexual selection has been directly docu-
mented in some systems (Siepielski et al. 2009), such variation
is more commonly indirectly surmised. Importantly, although it
is relatively straightforward to test for the statistical significance
of any estimate of selection at a given time and place (Hy: no
selection is apparent), such a test is not in itself a statistical eval-
uation of whether patterns of trait variation are likely the result of
variable selection. Rather, the generality of adaptive hypotheses
must be statistically assessed by contrasting multiple spatiotem-
poral estimates of selection (Hy: selection is spatiotemporally
consistent).

Our objectives were to quantify spatiotemporal variation in
patterns of natural selection in a classic study system of sec-
ondary sexual trait evolution—color patterns of Trinidadian gup-
pies (Poecilia reticulata). Using survival data from 10 separate
mark-recapture experiments, we estimated linear natural selec-
tion coefficients (Lande and Arnold 1983) associated with male
coloration (male guppies have colored spots that vary in size
and number). Our estimates of natural (viability) selection were
then used to evaluate support for current hypotheses for the ori-
gin and maintenance of color diversity within and among habitat

types.

EVOLUTION OF GUPPY COLOR

Typically, Trinidadian guppy habitats are characterized as either
high predation or low predation (Endler 1995). High-predation
habitats are usually found in the lower reaches of streams and
contain a variety of large, predatory fishes. These predator com-
munities differ somewhat between the south and north slopes of
Trinidad’s Northern mountain range. The south slope contains a
“mainland” community of predators (a subset of the icthyofauna
of South America), whereas the north slope contains a marine-
derived “Caribbean” icthyofauna (Endler 1983). Low-predation

habitats, in contrast, are usually found upstream of barrier wa-
terfalls that have prevented colonization by the above predatory
fishes (Endler 1978; Magurran 2005). These low-predation habi-
tats do contain some guppy predators, although these predators are
considered less “dangerous.” They include a species of killifish
(Rivulus hartii) on both slopes and several species of predatory
prawns (Macrobrachium spp.) on the north slope (Endler 1978,
1983; Millar et al. 2006; Gordon et al. 2009; Mckellar et al. 2009).
Both Rivulus and Macrobrachium are also found in high-predation
habitats, the latter only on the north slope. Regardless of slope-
specific differences in predator communities, the broad contrast
between high- and low-predation habitats has been suggested to
drive parallel patterns of adaptive divergence in numerous traits,
including male color, in many streams (Endler 1978, 1983, 1995;
Magurran 2005).

The color patterns of male guppies are influenced by both
sexual and natural selection (Endler 1978, 1983). Sexual selection
(female mate choice) often (although not always) favors more col-
orful males (Houde 1987; Endler and Houde 1995; Brooks and
Endler 2001). On the other hand, natural selection imposed by
predators is expected to favor less conspicuous color patterns
(Endler 1978, 1980, 1983; Godin and McDonough 2003; Millar
et al. 2006). Broadly consistent with this prediction, males in
high-predation guppy populations on both slopes are often (but
not always) less colorful than their low-predation counterparts
(Endler 1978, 1980, 1983; Alexander et al. 2006; Millar et al.
2006; Karim et al. 2007; Schwartz and Hendry 2007; Kemp et al.
2008). The role of predators in color pattern evolution has been
further supported by an introduction of guppies from a high-
predation site to a low-predation site, and by multigeneration
greenhouse experiments (Endler 1980). In both cases, colored
spots were smaller and less numerous in guppies that coexisted
with large fish predators compared to those that inhabited con-
trol, low-predation treatments, or natural low-predation streams
(Endler 1980).

Despite these broadly deterministic patterns, a large amount
of local color diversity exists both within and among guppy pop-
ulations, even within a given predation regime (Endler 1978;
Brooks 2002; Millar et al. 2006; Olendorf et al. 2006; Karim
et al. 2007). As a result, guppies are commonly regarded as a
model system in which to study the factors maintaining variation
in adaptive traits. Numerous mechanisms have been advanced
as potential explanations (reviewed in Brooks 2002), including
frequency-dependent natural selection (Olendorf et al. 2006),
frequency-dependent sexual selection (Hughes et al. 1999), lo-
cal variation in female color preferences (Endler and Houde 1995;
Schwartz and Hendry 2007), spatial variation in selection coupled
with gene flow (Brooks 2002; Crispo et al. 2006), and temporal
variation in selection (Brooks 2002; Gamble et al. 2003). Our
study will address the possible contribution of spatiotemporal
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variation in natural (viability) selection to the patterns of trait
variation.

Despite extensive work on the geographic distribution and
evolution of male guppy color, no study has yet directly tested
the basic expectation that more conspicuous and colorful gup-
pies face a survival deficit in natural habitats. That is, no studies
have actually calculated selection coefficients for color in natural
populations of guppies. We suggest that such estimates would be
valuable in extending and refining this now classic example of
evolution in the wild, and would contribute to a growing body
of work emphasizing the biological implications of spatiotempo-
ral variation in natural and sexual selection. Based on previous
work in the guppy system, we tested the following hypotheses. (1)
Mortality rates are higher in high-predation environments than in
low-predation environments (see also Reznick et al. 1996; Gordon
et al. 2009). (2) Natural selection generally disfavors more col-
orful guppies (Endler 1978, 1980), and estimated linear selection
coefficients are therefore predominantly negative. (3) The strength
of natural selection (selection coefficients) against color is greater
in high-predation habitats than in low-predation habitats (Endler
1978, 1980). This prediction is distilled from the general notion,
derived from geographic patterns, field introductions, and labora-
tory evolution, that viability selection against color is more intense
(sensu Endler 1978) in high-predation habitats. We interpret this
notion as predicting that the slope describing the relationship be-
tween color and survival should be more strongly negative where
guppies coexist with visual-hunting fish predators. (4) Linear se-
lection coefficients and mean trait values should be correlated
among populations: populations with less of a given color should
experience strong selection against that type of color.

Methods

STUDY SITES

Our study sites were located within three rivers (Marianne,
Damier, and Aripo) that flow from Trinidad’s Northern Moun-
tain range (Table S1). The Marianne and Damier rivers drain the
north slope, whereas the Aripo River drains the south slope. Addi-
tional environmental information about the Marianne River sites
(M1, M10,M15,M16, M17), can be found in Crispo et al. (2006)
and Millar et al. (2006). The Aripo River sites (AH, AL) are de-
scribed in Schwartz and Hendry (2007) and the Damier River sites
(DH, DL) are those described in Karim et al. (2007) and Gordon
et al. (2009). We conducted the majority of our fieldwork during
the dry season (March—June) (Table 1)—because flow rates and
stream morphology are less variable at this time (Reznick et al.
1996). The sites chosen for our mark—recapture experiments were
all characterized by distinct pool-riffle structure. Study sites were
typically pools or sets of pools (guppies are rarely found in rif-
fles) selected for features that would minimize emigration (e.g.,
partial barriers to upstream or downstream movement). In one
case, separate mark—recapture experiments were conducted in the
same site (Aripo high predation) in two different years (2005 and
2006).

Guppy populations from the Damier River were the result
of a 1996 experimental introduction of guppies that originated
from the high-predation section of the nearby Yarra River (Karim
et al. 2007; Gordon et al. 2009). The Damier selection experi-
ments thus provide a particularly direct test of the hypothesis that
colonization of different predation habitats leads to differential

selection, because trait values in these populations may not have

Table 1. Summary of mark-recapture information for the 10 experiments. Capture efficiency is the proportion of guppies captured
at the first recapture episode (Recap 1), divided by the number known to be alive based on the second recapture episode (Recap 2).
Daily mortality rate (Mort rate) is the estimated percentage of the original number released fish that died per day. Killing power (daily
exponential mortality rate) is log10(N released) minus Log10(N at final recap) then divided by the duration of the experiment (7).
Information for Recap 2 and Capture efficiency are not applicable (n/a) for experiments with only a single recapture event.

. Recap 1 Recap 2 o
Experiment Release N Capture Mort Killing
date released N T (days) N T (days) efficiency rate power
Low predation
MI16 3/26/2005 65 61 19 45 52 97.97 0.006 0.003
Ml 6/29/2004 132 71 11 36 67 90.87 0.011 0.008
M10 5/19/2005 211 147 14 118 30 85.90 0.015 0.008
DL 3/27/2004 87 63 12 n/a n/a n/a 0.023 0.012
AL 5/5/2005 95 34 25 n/a n/a n/a 0.026 0.006
High predation
MI15 3/28/2004 248 93 13 n/a n/a n/a 0.048 0.011
AHO5 5/10/2005 100 23 10 n/a n/a n/a 0.077 0.014
AHO06 4/3/2006 210 79 15 31 44 82.78 0.019 0.019
M17 6/26/2004 111 41 13 21 66 89.76 0.012 0.011
DH 3/28/2004 62 39 12 n/a n/a n/a 0.031 0.012
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achieved optimum values. All other sites contained indigenous
populations.

MARK-RECAPTURE TECHNIQUES

We employed standard mark-recapture techniques for guppies
(Rodd and Reznick 1991; Reznick et al. 1996; Bryant and Reznick
2004; Olendorf et al. 2006; Van Oosterhout et al. 2007; Gordon
et al. 2009). For each experiment, virtually all of the adult gup-
pies in each pool were captured and transported to our field sta-
tion in Trinidad. These guppies were kept in aerated tanks that
had been treated to prevent fungal infection (Fungus Eliminator,
Jungle Laboratories Corporation, Cibolo, TX), reduce stress from
handling (Stresscoat, Aquarium Pharmaceuticals, Chalfont, PA),
and neutralize toxic chemicals in the water (Amquel, Kordon,
Hayward, CA). All guppies were anaesthetized with tricanine
methanesulfonate (MS-222), placed on a standard metric grid un-
der full spectrum fluorescent lights (which mimic the daylight
spectrum), photographed with a digital camera (Sony MVC-500),
and then individually marked with subcutaneous injections of
elastomer dye (Northwest Marine Technology, Shaw Island, WA).
Using a combination of six different colors and (up to) six differ-
ent anatomical locations, two subcutaneous injections provided
540 individually identifiable marking codes per sex per experi-
ment. Mortality rate due to tagging was very low (<1%) in the
period between tagging and release. Within a few days of tagging,
guppies were released back into their site of origin. On several
occasions, subsets of marked guppies were retained in the lab-
oratory, verifying that no appreciable delayed mortality resulted
from marking.

Recapture episodes occurred at approximately 2-week in-
tervals after the original release date, with some variation (10—
14 days) due to field logistics and anticipated mortality rates (e.g.,
the Aripo low-predation experiment was sampled after 25 days).
These are standard and appropriate lengths of time for studies
of mortality in adult male guppies because approximately 50%
of adult male guppies perish over 2 weeks in high-predation ex-
periments (Reznick et al. 1996; Gordon et al. 2009). Recapture
episodes involved intensively sampling each site, where we at-
tempted to catch all guppies. We used butterfly nets, in conjunc-
tion with bait stations (wire boxes holding dog food), to capture
guppies from particular pools before identifying their marks in the
laboratory or field. Very few (<0.1%) guppies lost one of their
original marks between marking and recapture. In most of these
cases, color patterns recorded in photos (in addition to the single
remaining mark) allowed determination of fish identity.

Typically, recapture episodes lasted several days, depending
on the number of guppies and the size and complexity of a partic-
ular stream site. We stopped fishing when no more guppies were
observed, and then returned on one or two subsequent days to
capture any remaining guppies. We also sampled upstream and

downstream pools within 300—400 m of our release sites (un-
less an absolute barrier to guppy movement was present), which
prevented potential emigrants from leaving our focal sites. This
distance corresponds roughly with the maximum observed move-
ment for male guppies as described by Croft et al. (2003). The
vast majority of marked guppies were captured within the focal
study areas.

Five experiments (M16, M1, M10, AH06, and M17) included
a second recapture episode that targeted individuals surviving
the first episode (which had been rereleased following the first
recapture episode) (Table 1). For these experiments, we were
able to estimate approximate capture efficiency as the number
of guppies known to be alive during the first episode (including
guppies missed during the first episode but subsequently captured
during the second episode) divided by the number of guppies
that were captured during the first episode. To compare mortality
patterns between regimes, we calculated (for each experiment)
the daily mortality rate as the percentage of the original number
of guppies released that had died divided by the number of days
in each experiment (Begon et al. 1996). To represent the concept
that the probability of death can be considered as a rate applied
over time, and to account for differences in experimental sample
size and duration, we also calculated (for each experiment) the
killing power (daily exponential mortality rate) as log10(number
of fish released) minus loglO(number of fish present at the final
recapture episode) then divided by the number of days in each
experiment (Begon et al. 1996). We used #-tests with the different
selection experiments as the unit of replication to evaluate regime
differences in both daily mortality rates and killing power.

PHOTO ANALYSIS
Using the photographs, each color spot on each guppy was as-
signed to one of seven color categories (Black, Silver, Orange,
Yellow, Green, Blue, Violet). We generally followed the methods
of Millar et al. (2006), except that we did not differentiate between
fuzzy black and black, or between bronze-green and green. We
then measured body area, and the area of each individual color
spot with the program ImageJ (Scioncorp.com). No measurements
were taken from any fins (including the caudal fin), because such
structures are difficult to position in a standard fashion and due to
concerns that extra handling time could contribute to mortality. A
substantial amount of color can be located on the caudal fin (less
so on the dorsal fin); this limitation should be addressed in future
work, but does not obviate any inferences with specific respect
to selection on body color. We likewise did not take spectrora-
diometer measurements from each color spot because the required
procedure (Kemp et al. 2008) was again considered too stressful
for fish being used in a mark—recapture experiment in the wild.
For each individual, the areas of all spots of the same color
were summed to obtain the total area of a particular category of
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color spot. The colors yellow, silver, and violet were all very rare
and so they were not considered individually. They were, however,
included in analyses that pooled colors into biologically relevant
categories (Endler 1978): structural color (includes violet, silver,
and blue spots) and carotenoid color (includes yellow and orange
spots). Total color was computed as the entire color spot area on
an individual guppy (all color spots pooled).

MEASUREMENT OF NATURAL SELECTION

For experiments with a single recapture episode, captured guppies
were assigned an absolute fitness of one, and guppies that were
never recaptured were assigned an absolute fitness of zero. In ex-
periments with two recapture episodes, guppies that survived the
entire duration of the experiment were assigned an absolute fitness
of one, and guppies that survived to the first recapture episode (but
not the second) were assigned an absolute fitness proportional
to the interval of time between the first and second recapture
episode (Brodie and Janzen 1996). Assigning absolute fitness in
this manner is suitable for adult male guppies because they at-
tempt to copulate with females continuously following maturity
(Magurran 2005), and thus the number of days a male guppy is
alive is likely a good surrogate for potential reproductive success.
As is customary for direct estimates of natural selection (Lande
and Arnold 1983; Brodie et al. 1995), every individual’s absolute
fitness was converted to relative fitness by dividing by the popula-
tion mean (independently for each experiment). Trait values were
also standardized to a mean of zero and a standard deviation of
unity (Lande and Arnold 1983; Brodie et al. 1995), which facil-
itates the comparison of selection coefficients (Kingsolver et al.
2001).

For experiments with two recapture episodes, simple lin-
ear regressions (fitness predicted by a single trait) were used to
calculate selection differentials (regression coefficients). Multi-
ple regressions (fitness predicted by all color traits and body area)
were used to calculate selection gradients (partial regression coef-
ficients associated with particular traits) (Lande and Arnold 1983;
Brodie et al. 1995). Selection differentials indicate total selection
(both direct and indirect) acting on a trait, whereas selection gra-
dients estimate selection on a trait while removing the effects of
selection on all other measured traits. We did not include total
color in the full multiple regression model as this would result
in complete collinearity (Mitchell-Olds and Shaw 1987), because
total color was determined by adding up all of the individual color
elements. We did, however, calculate selection gradients associ-
ated with total coloration in a multiple regression that included
only body area and total color. In experiments with two recapture
events, we assessed temporal variation in selection by calculating
selection differentials and gradients separately for each recapture
episode. To estimate selection over the second episode, we only
considered variation in fitness among the subset of the popula-
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tion that survived the first recapture episode. Therefore, for these
analyses we implemented the analytical approaches appropriate
for studies with a single recapture episode (described below).
Episode-specific estimates of selection necessarily have reduced
sample size and experimental duration; therefore, we consider the
selection coefficients that estimate selection over the duration of
the experiment to be the more accurate representation of selection.

For experiments with only a single recapture episode, rela-
tive fitness can only have two possible values and selection dif-
ferentials were calculated by standardizing trait values and then
subtracting the mean trait value of survivors from the population
mean value. Statistical significance was tested by performing a lo-
gistic regression between the standardized trait value and fitness.
For these experiments, selection gradients were calculated using
multiple logistic regressions. The relevant coefficients resulting
from the logistic regressions were converted to their linear equiv-
alents following the methods of Janzen and Stern (1998). For all
experiments, linear selection coefficients represent the number of
standard deviations that selection will change the mean value of
a trait within a generation (Lande and Arnold 1983; Kingsolver
et al. 2001).

Given the well-documented challenges associated with de-
tecting significant selection in the wild (Mitchell-Olds and Shaw
1987; Kingsolver et al. 2001; Hersh and Phillips 2004), we set our
alphalevel at 0.10, but considered P-values between 0.05 and 0.10
as less conclusive support for a hypothesis than P-values less than
0.05. Furthermore, given the many recent criticisms of Bonfer-
roni corrections (e.g., Nakagawa 2004), we did not perform such
corrections when considering the results of individual selection
experiments. Instead, we addressed the issue of multiple compar-
isons by also implementing statistical models that simultaneously
considered data from multiple experiments (see below).

To visualize the pattern of natural selection associated with
particular color traits in different selection experiments, we gen-
erated cubic spline diagrams for each trait in every experiment
(Schluter 1988). We do not here present a formal analysis of
nonlinear selection because our specific objective was to test hy-
potheses concerning linear selection and mean trait values (see
Introduction). Nonlinear selection will be explored in a future
manuscript.

We were also interested in comparing the broader pattern
and strength of natural selection within and between predation
regimes, combining data from all experiments. For these analyses,
differences in temporal interval were approximately standardized
by only considering the first recapture episode from each ex-
periment, except in the low-predation experiment M16 in which
the longer interval was used (because only four guppies died by
the end of the first episode). Also, because we were interested
in documenting natural (unmanipulated) selection in the wild,
we excluded the Damier River experiments (which were recently
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introduced) from these analyses. To compare the pattern of selec-
tion between predation regimes, we approximately followed the
analysis of covariance (ANCOVA) methods described by Caruso
(2000). Using the combined data from the eight experiments, we
generated an ANCOVA model that included, as independent vari-
ables, standardized traits including body area (due to collinearity
we excluded total coloration from this analysis), predation regime,
experiment nested within predation regime, and an interaction
term between each trait and predation regime. The dependent
variable, relative fitness, was calculated separately for each exper-
iment; therefore the coefficients resulting from these ANCOVA
models should not be considered formal selection gradients. Sta-
tistical significance of the trait-by-predation-regime interaction
terms would indicate statistical support for a difference in the pat-
tern and strength of natural selection between predation regimes.
We next considered the predation regimes separately and used a
similar ANCOVA with independent variables that included traits
(excluding total color), experiment, and interaction terms. Models
without the interaction terms (none were significant) were then
run to estimate regime-wide selection coefficients for each trait.
Finally, we generated a model with all experiments pooled and no
regime effect; independent variables were experiment and traits
(excluding total color). This model estimates universal selection
coefficients for each color trait and for body area (there were no
significant interactions). To generate comparable selection coeffi-
cients for total coloration identical models were constructed with

only body area and total coloration as traits.

RELATING SELECTION TO DIVERGENCE

We were interested in qualitatively comparing our estimates of
selection to differences in trait values between high- and low-
predation regimes. To test for, and characterize, trait differences
between predation regimes we used an (analysis of variance)
ANOVA to test for an effect of predation regime and experi-
ment (nested within regime) on body area (body size). For each
color individually, we used a similar ANOVA model but here in-
cluded body area as a covariate (i.e., ANCOVA), thus controlling
for possible allometric effects of body size. We initially consider
models in which the amount of a particular color depended on pre-
dation regime, experiment nested within predation regime, body
area, and an interaction term between predation regime and body
area. No significant interactions between body area and preda-
tion regime were found, indicating that we could assume parallel
slopes between predation regimes. We then considered a reduced
ANCOVA model (separately for each color), wherein a particular
color depended on predation regime, experiment nested within
predation regime, and body area. From these models, we esti-
mated the least squares adjusted mean values for each color trait
associated with each predation regime. Additionally, a discrimi-
nant functional analysis (DFA) was employed to identify the axis

of color variation that maximized discrimination between high-
and low-predation individuals.

To formally explore the possibility that variation in color
trait values among sites is correlated with variation in the strength
of linear selection acting on color traits, we calculated the rel-
ative areas of the different colors for each experiment (mean
area of a color divided by mean body area), and then arcsine
square-root transformed these values. Separately for each color
trait (black, green, carotenoid color, structural color, and total
color), we then used general linear models to determine if selec-
tion gradients measured during the experiments were related to
these transformed mean trait values. We evaluated two models
in this regard, each conducted separately for each color pattern
element: (1) to assess the relationship between selection gradients
and population-level mean trait values, the first model considered
only selection gradients as the predictor variable; and (2) to as-
sess whether such relationships differ among predation regimes
the second model also considered predation regime and the in-
teraction between predation regime and selection gradient as the
predictor variables.

Results

SAMPLING EFFICIENCY AND MORTALITY RATES

Our estimated recapture efficiencies were high (range = 83%—
98%, mean = 90%) (Table 1). The guppies we did not capture
were thus assumed to have perished, particularly because we also
sampled from pools below and above our study sites. Consistent
with our predictions, daily mortality rates were higher, on average,
in high-predation experiments (mean = 3.8%, range = 1.2%—
7.7%) compared to low-predation experiments (mean = 1.6%,
range = 0.6%—-2.6%), although statistical support was modest
(P19 = 0.057). Similarly, daily killing power was significantly
higher on average in our high-predation experiments (mean =
0.013, range = 0.011-0.019), compared to low-predation exper-
iments (mean = 0.0074, range = 0.003-0.012) (P9 = 0.012;
Table 1). Note, however, that some estimates of mortality rate and
killing power in low-predation experiments were higher than some
estimates in high-predation experiments (Table 1). Overall, mor-
tality rates for our high- (HP) and low-predation (LP) experiments
were in the same ranges as those reported for mature males in pre-
vious work: Rodd and Reznick 1991 (LP = 3.8%), Reznick et al.
1996 (HP average = 3.8%, LP average = 2.0%) (estimated from
Fig. 2C), Olendorf et al. 2006 (HP = 1.6%-2.2%, LP = 1.3%—
2.5%), Van Oosterhout et al. 2007 (LP = 1.2%), and Gordon et al.
2009 (HP = 0%-5.0%, LP = 0.5%-2.0%).

ESTIMATES OF NATURAL SELECTION
We first consider the results of individual selection experiments.
Results for selection differentials and gradients were similar, and
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Table 2. Linear selection gradients () associated with all traits in the 10 selection experiments.

. Size Black Green Carot Struct Total
Experiment
p P p P p P p P p P p P

Low predation

M16 —0.05 0.54 -0.02 0.72 —0.05 0.47 0.02 0.66 —0.02 0.81 —0.01 0.84

Ml 0.15 022 —-0.17 0.07 —0.07 0.51 —-0.12 0.18 —0.23 0.06 —0.30 0.01

M10 —0.01 0.89 —0.01 0.89 —0.02 0.70 —0.11 0.06 —0.06 0.39 —0.16 0.001

AL —0.08 0.75 0.01 094 —0.08 0.58 —0.26 0.09 -0.32 0.10 —0.31 0.11

DL 0.01 092 —0.03 0.64 —0.08 0.20 0.03 0.71 —0.04 0.55 —0.05 0.49
High predation

M15 —0.01 093 —-0.16 0.08 —0.07 041 -0.13 0.14 0.00 099 —-0.24 0.01

M17 0.10 0.61 —0.10 0.55 -0.16 0.33  —0.11 0.52 0.07 0.71 —0.15 0.39

AHO5 —0.11 0.71 0.32 0.10 —0.03 0.89 —0.06 0.74 —0.13 0.54 0.19 0.41

AHO06 0.06 0.67 —0.14 0.19 0.01 0.90 0.08 045 —0.13 026 —0.11 0.40

DH 0.02 0.86 0.09 0.39 0.15 021 —0.12 022 —-0.02 0.87 0.02 0.87

so we here discuss results for gradients only, with results for dif-
ferentials appearing in the Supporting Information (Table S2).
Consistent with expectations, the majority of estimated selection
gradients (for individual experiments considered separately) for
color were negative (Table 2, Figs. 1 and 2). Of the seven gra-
dients that were significant (P < 0.10), six were negative. The
only significant case of positive selection on color was for black
coloration in one selection experiment (2005) at the Aripo high-
predation site (Table 2, Fig. 1). The absolute values of significant
selection gradients measured in this study range from 0.11 to 0.32,
which exceed 40%—78% (respectively) of the gradients from the
literature (Kingsolver et al. 2001). We did not detect significant
selection gradients associated with fish body size (body area).
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Figure 1. Selection gradients for all experiment/trait combina-
tions considered in this study. Circles represent gradients asso-
ciated with low-predation experiments. Triangles represent gra-
dients associated with high-predation experiments. Statistical
support is represented by the shading in the symbols interiors
(gray fill P < 0.1; black fill P < 0.05).
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Significant selection gradients were most commonly asso-
ciated with black (i.e., the aforementioned estimate from Aripo
high predation), carotenoid colors, structural colors, and total
color (Table 2, Fig. 1). Green appeared to be the most selectively
benign color: no selection gradients associated with green were
significant. (Table 2, Fig. 1). Power to detect significant selection
coefficients can be influenced by sample size (Kingsolver et al.
2001; Hersh and Phillips 2004). However, we sometimes failed to
detect statistically significant selection in experiments with rela-
tively large sample sizes (e.g., M17 = 111, AHO6 = 210) and, in
other cases, detected selection with comparatively modest sample
sizes (e.g., AHO5 = 100, AL = 95). These results suggest that
sample size did not strongly influence the patterns of selection
that we detected.

Differences in the prevalence and strength of selection be-
tween high- and low-predation experiments were not as overt
as we had expected (Figs. 1 and 2). Indeed, more bouts of sig-
nificant selection against color components or total color were
encountered in low-predation experiments than in high-predation
experiments (Table 2, Fig. 1). Our ANCOVA analyses, combining
all selection experiments, revealed no support for differences in
selection associated with any color traits between high-predation
and low-predation experiments (interaction terms: Table 3), sug-
gesting that the magnitude and direction of selection was similar
in both regimes. Therefore, we focus on interpreting the results
of the ANCOVA models that estimated universal selection gra-
dients (experiments from both regimes pooled). In these models,
selection against structural and total color was strong and well
supported statistically, but coefficients associated with body area,
green color, black color, and carotenoid color were not.

Fluctuating selection was occasionally suggested by compar-
isons of selection gradients (Table 4) and differentials (Table S3)
between the early and late episodes for the five experiments with
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Figure 2. Cubic splines depicting the relationship between various traits considered in this study and absolute fitness. To facilitate
interpretation, experiments with lines that are very close together (on the figure) have been assigned different dash patterns.

two sequential recapture events (M1, M10, M16, M17, AHO06).
For example, in the high-predation experiment at AHO6 the sign of
selection gradients for four of five color traits were reversed in the
second recapture episode. In this experiment, selection gradients
for green, carotenoid, structural, and total colors were negative in
the first episode (only structural and total were significant), and
positive in the second episode (all significant except total color).

Note that for this experiment, the selection gradients that esti-
mated selection over the entire duration of the experiment (both
recapture episodes) were insignificant for all traits (Table 2).

RELATING SELECTION TO DIVERGENCE
Consistent with previous work, male guppies from low-predation
experiments were larger, on average, than were those from

Table 3. Summary of results of the ANCOVA models that (1) tested for significant differences in selection between the two putative
regimes (TraitxRegime P), (2) estimated selection coefficients separately within low-predation (LP 8) and high-predation regimes (HP B),
and (3) estimated universal selection coefficients (Universal ) with experiments from both regimes pooled. These analyses do not include

the Damier River experimental introductions.

Trait Traitx LPB P HP B p Universal p
Regime P B

Area 0.91 —0.024 0.70 —0.01 0.92 —0.027 0.65
Black 0.82 —0.031 0.41 —0.013 0.86 —0.23 0.57
Green 0.65 —0.027 0.50 —0.068 0.40 —0.033 0.45
Carotenoid 0.17 —0.048 0.18 —0.152 0.02 —0.094 0.128
Structural 0.33 —0.097 0.028 —0.20 0.037 —0.12 0.011
Total 0.28 —0.13 0.0078 —-0.24 0.011 —0.17 0.001
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Table 4. Selection gradients calculated separately for early (1) and late (82) recapture episodes (*P<0.1, **P<0.05; only experiments

with two recapture episodes).

. Area Black Green Carotenoid Structural Total
Experiment
B1 p2 p1 B2 B1 B2 B1 B2 B1 B2 Bl B2

Ml 0.15 0.00 -0.05 -023 —-0.06 —-0.02 -0.05 -0.15 -0.17* —-0.13 —-0.15 —0.33**
M10 —0.03 0.04 0.03 —-0.07 0.02 —-0.09 —-0.07 -0.07 —=0.07 0.03 —0.09** —0.16**
M17 —0.04 023 -0.09 -0.02 -0.07 -0.08 —0.18 0.13 0.06 —-0.04 —-0.19 0.03
M16 0.12 -0.13 0.06 —-0.07 —0.04 -0.08 0.05 0.02 —0.04 —0.02 0.04 —0.07
AHO06 0.02 0.12 -0.02 -0.33* —-0.08 031"  —0.03 0.26* —0.24** 0.28* —0.17 0.16

high-predation experiments (Table S4). Also, our DFA identified
body size as an important variable discriminating between preda-
tion regimes (Table S4, Fig. S1). We also found significant differ-
ences in coloration between males from high- and low-predation
experiments. Consistent with previous work, low-predation gup-
pies were more colorful for their size than were high-predation
guppies (Table S4, Fig. S1), particularly in structural colors.
Note, again, however, that for each color trait average values
overlapped somewhat between high- and low-predation experi-
ments: for example, some high-predation experiments had more
structural color than some low-predation experiments. Moreover,
not every color category followed the predictions; high-predation
guppies actually had a greater total area of carotenoid color spots
for their size than did low-predation guppies (Table S4, Fig. S1).
The multivariate DFA supported this trend, with low-predation
guppies toward the structural color end of the discriminant func-
tion and high-predation guppies toward the carotenoid color end
(Table S4, Fig. S1). Low-predation populations had more black
and green, but these colors did not load as strongly on the DFA
(Table S1, Fig. S1).

Analyses of the relationship between experiment-specific
values of male color and experiment-specific estimates of se-
lection were significant for only a single color trait. Here we
detected a significant negative relationship between the strength
of selection against structural colors and the mean relative area of
structural colors (R? = 0.46, F19=06.71,P=0.032, Fig. 3). Ex-
periments with initially more structural color experienced stronger
selection against structural coloration. We found no evidence that
the relationship between selection and trait values differed be-
tween predation regimes (all interactions were insignificant).

Discussion

Our objective was to obtain the first formal linear estimates of se-
lection on male guppy coloration from replicated mark-recapture
experiments in the wild, and to then use those replicate esti-
mates to test a priori hypotheses about the role of nature selec-
tion in shaping geographic patterns of male color variation. Our
results broadly support many existing perspectives about the se-
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lective basis for color variation, but also suggest some important
nuances.

PREVALENCE AND STRENGTH OF NATURAL
SELECTION

Consistent with our first hypothesis, the presumed effects
of predators, and several other guppy mark-recapture studies
(Reznick et al. 1996; Gordon et al. 2009), mortality rates were,
on average, higher in high-predation experiments than in low-
predation experiments. However, mortality rates were also quite
variable, especially in high-predation experiments (Table 1). It
is worth noting that not all of our unrecaptured guppies were
necessarily eaten by aquatic predators; other agents of mortality

0.10 A

0.08 -

0.06 -

Relative area of structural color

0.04 - ° e L]

0.02 T T T T
-0.4 -0.3 -0.2 -0.1 0.0 0.1

Structural selection gradient

Figure 3. Relationship between the strength of selection on
structural color and the average amount of structural color among
the 10 experiments (R*> = 0.46, F19 = 6.71, P = 0.032). Open
symbols represent low-predation experiments. Filled symbols
represent high-predation experiments. The negative relationship
suggests that we measured stronger selection against structural
coloration in experiments that had higher initial mean values for
structural color.
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(starvation, parasitic infection, or bird predators) may account for
some of the variable mortality in our mark-recapture experiments.
It would be very useful to consider these factors in future work.

Our second hypothesis was that selective trade-offs between
natural and sexual selection in guppies should cause more col-
orful male guppies to experience greater mortality. Consistent
with this prediction, selection coefficients for color pattern ele-
ments were mostly negative, directly confirming for the first time
that viability selection in the wild generally disfavors male gup-
pies with exaggerated color patterns. Within this general pattern,
however, selection varied extensively in space and time. Indeed,
in one high-predation experiment in particular (AHO06), separate
selection gradients for the early and late recapture episodes (of
the same selection experiment) revealed opposite directions of
selection—a complexity that was obscured by selection estimates
that spanned both recapture intervals. Without experimental ma-
nipulation of potential causative agents, we can only speculate
about specific causes of this spatiotemporal variation in selection.
One possibility is frequency-dependent selection by predators re-
sults in a rare-type viability advantage (Olendorf et al. 2006).
Another possibility is spatiotemporal variation in the abundance
and distribution of predators or other environmental factors that
influence risk of predation, such as light availability and spec-
tral properties of the water, both of which could vary spatially
and temporally (e.g., increased turbidity during periods of higher
rainfall).

Spatiotemporal variation in selection is not entirely unex-
pected (Siepielski et al. 2009). For example, general reviews of
selection and contemporary evolution in the wild (Hendry and
Kinnison 1999; Hoekstra et al. 2001; Kinnison and Hendry 2001)
indicate that estimates over longer periods of time (multigener-
ational) are weaker, probably owing to a tendency for temporal
averaging over periods of fluctuating selection across genera-
tions. Even within generations or cohorts, however, conflicting
selection on a trait during an individual’s ontogeny is predicted
to result in evolutionary trade-offs that constrain the direction of
evolution (Schluter et al. 1991). Indeed, consistent directional se-
lection might be relatively rare outside of specific contexts; for
example, immediately following the colonization of a novel habi-
tat (Clegg et al. 2008), in the face of ongoing gene flow (Bolnick
and Nosil 2007), or owing to human perturbations (Darimont et al.
2009). That said, our own assessment of selection in introduction
sites on the Damier River (9 years after these population were
established) did not reveal any significant selection.

The biological relevance of spatiotemporal variation in selec-
tion has been stressed in recent work examining the spatial scale
of adaptation (Svensson and Sinervo 2004; Garant et al. 2007),
apparent trait stasis (Hendry and Kinnison 1999; Merild et al.
2001), the maintenance of genetic variation (Roff 1997), and the
evolution of phenotypic plasticity (Huber et al. 2004). Perhaps

one of the most enduring questions in guppy biology surrounds
hypothesized mechanisms that maintain extreme levels of male
color polymorphisms. Thus far, support has been provided for the
roles of mate choice (Endler and Houde 1995; Hughes et al 1999;
Gamble et al. 2003), frequency-dependent selection (Olendorf
et al. 2006), and negative genetic correlation between attractive-
ness and survival (Brooks 2000). Here we provide evidence that
high spatiotemporal variation in natural selection, coupled with
the relatively short life span of guppies, should be considered
an additional candidate mechanism (but see Hedrick 2000 for a
theoretical discussion of the role of spatiotemporal variation in
maintaining genetic polymorphism).

The pattern and strength of spatiotemporal variation in se-
lection also have important consequences for a broader set of
eco-evolutionary interactions (Yoshida et al. 2003; Hanski and
Saccheri 2006; Kinnison and Hairston Jr. 2007; Pelletier et al.
2007). Clearly, any broader understanding of the ecological rel-
evance of ongoing evolutionary processes requires not only a
demonstration of the population, community, and ecosystem con-
sequences of intraspecific trait variation (e.g., Palkovacs et al.
2009), but also studies that reveal the spatial and temporal grain
over which selection and evolution may shape such dynamics
(Siepielski et al. 2009). The variation in selection documented in
this study suggests that such eco-evolutionary effects might occur
on very fine spatiotemporal scales.

REGIME-SPECIFIC SELECTION

Given the general pattern of selection against color and the consid-
erable variability in selection among mark-recapture experiments,
it is noteworthy that we did not find support for the hypothesis
that the strength of selection is generally greater in high-predation
habitats (hypothesis 3). This can be seen by considering patterns in
the experiment-specific selection estimates and in our ANCOVA
analyses that combined experiments. Despite evidence of higher
mortality rates in high-predation experiments, experiment-
specific estimates detected significant selection against color in
only a single high-predation experiment (M15). In contrast, selec-
tion against color was evident for at least three color traits in three
of five low-predation experiments (Fig. 1; Table 2). When we
combined our multiple experiments into a single ANCOVA anal-
ysis comparing predation regimes, we found support for universal
selection against structural color and total color, but no signifi-
cant regime-by-color interaction terms that would suggest differ-
ences in selection between the high- and low-predation habitats
at large. On the other hand, this finding is consistent with sugges-
tions by some authors that predators in low-predation sites (e.g.,
Rivulus harti and Macrobrachium spp.) might impose significant
mortality and color selection in their own right (Endler 1978,
1980, 1983; Millar et al. 2006; Kemp et al. 2008; McKellar et al.
2009).
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The fact that we did not find evidence of divergent selection
between predation regimes warrants further discussion. It is diffi-
cult to rule out the possibility that our spatiotemporal replication
of selection experiments (which estimated selection during rela-
tively narrow windows of time) was inadequate to detect some
rare, but strong, bouts of natural selection that might have dis-
proportionate effects on color traits in high-predation sites. Some
previous authors have also suggested that predators are not the
only environmental factor shaping geographic variation in male
color in Trinidadian guppies. Other environmental variables that
may mediate color pattern evolution include canopy openness,
primary production, and variation in water transmission proper-
ties (Kodric-Brown 1989; Grether et al. 1999, 2001; Millar et al.
2006). Guppy populations are known to differ in susceptibility
to parasite infection (Van Oosterhout et al. 2003), such variation
may also influence color pattern evolution through viability and
sexual selection (Houde and Torio 1992; Van Oosterhout et al.
2003).

RELATING SELECTION TO DIVERGENCE

Although we did not detect significant differences in selection at a
regime level, it is important to note that we did nonetheless detect
differences in male color between predation regimes. Phenotypic
color comparisons from this study were broadly consistent with
the major conclusions of previous studies comparing males from
high- and low-predation sites (Endler 1978, 1983; Reznick 1982;
Reznick and Endler 1982; Magurran 2005; Millar et al. 2006;
Kemp et al. 2008). For example, our observation of greater struc-
tural coloration (i.e., blues and iridescent colors) in low-predation
experiments (compared to high-predation experiments) is similar
to earlier surveys and experiments (Endler 1978, 1980). In con-
trast, we did not find greater carotenoid color in low-predation
experiments, but other studies have also found variable results
in this regard (Endler 1978, 1980, 1983). Likewise, recent stud-
ies that have compared the coloration of high- and low-predation
guppies have documented a diverse range of outcomes despite
some generally recognized trends (e.g., Alexander et al. 2006;
Millar et al. 2006; Karim et al. 2007; Schwartz and Hendry 2007;
Kemp et al. 2008).

Several explanations have been advanced for why variable re-
sults are obtained when comparing high- and low-predation guppy
populations (Millar et al. 2006; Schwartz and Hendry 2007; Kemp
et al. 2008). We can here address one of these explanations: di-
vergent selection might be temporally variable or even episodic.
Under these conditions, different geographic surveys of standing
variation might yield different patterns, particularly if strong bouts
of selection had recently acted in different populations in differ-
ent studies. In this framework, focused and temporally replicated
studies of selection in the wild can supplement surveys of geo-
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graphical variation in trait values (e.g., Endler 1978; Alexander
etal. 2006; Millar et al. 2006) by drawing attention to the finer dy-
namics that likely contribute to, but also complicate, geographic
patterns.

Irrespective of regime-specific patterns of selection and
color, it is nonetheless useful to inquire whether experiment-
specific patterns of selection are in any way related to local color
variation (hypothesis 4). In general, patterns of contemporary vi-
ability selection did not strongly predict broad patterns of trait di-
vergence. If so, we would have expected stronger selection against
color to be associated with less male coloration. If anything, the
converse appears to be truer—greater amounts of structural color
were associated with stronger selection against structural colors
(e.g., Fig. 3). This might suggest that the detection of selection
on structural color is in part linked to the phenotypic opportunity
for selection (i.e., the total amount of color variation present). For
most color traits, however, no clear associations were detected,
which may suggest that past selection and local adaptation have
reduced the phenotypic opportunity for contemporary selection on
some traits (e.g., Clegg et al. 2008), particularly in high-predation
sites.

The discordant relationship between patterns of natural se-
lection and trait variation (greater areas of particular colors in
experiments in which those colors are disfavored by natural se-
lection) might best be explained by dynamic trade-offs between
natural (i.e., viability) selection and sexual selection. In some
sites, stronger sexual selection for male color might pull male
traits further from the optimal with respect to natural selection,
and thereby generate stronger, and detectable, natural selection.
Of course, this hypothesis in turn raises the question of what fac-
tors might cause spatiotemporal variation in the strength or pattern
of sexual selection?

Research on sexual conflict has revealed that male guppies
can obtain fertilizations either by attracting a female through mat-
ing displays or through coercive mating behaviors (Houde 1997,
Godin 1995; Magurran 1998, 2005). The elevated mortality risk
in high-predation sites might favor males that engage in sneaky
copulation attempts, instead of complex mating displays (Godin
1995). Moreover, guppies in high-predation sites often show more
schooling behavior (Seghers and Magurran 1995), which might
further enhance opportunities for males to succeed in coercive
matings. Finally, females might be less attracted to, or discrim-
inating against, displaying males if such displays increase pre-
dation risks for females (Godin and Briggs 1996). Accordingly,
some studies have reported that female preferences for male colors
are weaker in high-predation sites (Schwartz and Hendry 2007).
Collectively, these possibilities suggest that predator environment
could influence net selection on color indirectly through its effects
on the strength and pattern of sexual selection.
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In short, geographical patterns of color variation may in some
cases be more directly explained by environmental (e.g., preda-
tory) modulation of sexual selection than by the direct effects
of viability selection. However, additional studies that simulta-
neously estimate natural and sexual selection (e.g., Hamon and
Foote 2005 and Svennsson et al. 2006) would be required to for-
mally address this hypothesis in the guppy system. Interestingly,
sexual selection gradients have been estimated for low-predation
guppies under laboratory conditions by Brooks and Endler (2001).
In that study, estimates of sexual selection gradients for areas of
black, iridescent and orange colors were comparable in scale but
opposite in sign to our estimates of natural selection (0.077, 0.205
and 0.127 respectively: Brooks and Endler 2001). Such compara-
bility of scale, but opposing sign, suggests that natural and sexual
selection might interact strongly, leading to diverse and unstable
evolutionary outcomes for male color at various sites and times.

SUMMARY

We documented considerable spatiotemporal variation in viability
selection both within and among the classically categorized pre-
dation regimes experienced by wild guppy populations. Our study
supports previous inferences in that mortality rates are greater in
high-predation sites, and that natural selection broadly disfavors
male guppies with more color. However, it does not support the
prediction that natural selection against color would generally be
stronger in high-predation sites. Indeed, natural selection mea-
sured in any given low-predation experiment was often as strong,
or stronger, than natural selection measured in any given high-
predation experiment. Moreover, patterns of natural selection did
not readily predict geographic variation in guppy color. We sug-
gest that one explanation for this discordance with geographical
patterns of color divergence may be that the role of visual-hunting
fish predators should be deconstructed into direct effects (viability
selection by predators against colorful males) and indirect effects
resulting from predation’s influence on sexual behavior (e.g., de-
creased sexual selection favoring colorful males in habitats with
higher extrinsic mortality). Real-time studies of the interaction
of natural and sexual selection in the wild, perhaps using natu-
ral pedigrees, could ultimately yield more definitive insights into
the relative importance of these components of selection on male
color in this classic evolutionary system.
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experiments with two recapture episodes).

The following supporting information is available for this article:

Figure S1. Visual summary of discriminant function analysis (DFA) that differentiated between high- and low-predation sites based
on body area and color traits (black, green, carotenoid, and structural).

Table S1. Locations of the sites used for our selection experiments in Trinidad’s Northern range mountains.

Table S2. Linear selection differentials (S) associated with all traits in the 10 selection experiments.

Table S3. Selection differentials calculated separately for early (S1) and late (S2) recapture episodes (*P < 0.1, **P < 0.05) (only

Table S4. Population trait means in millimeter square (= SEM) for all 10 sites.

Supporting Information may be found in the online version of this article.
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