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abstract: A widely held view is that the strength and form of
natural selection varies in time and space in response to varying
ecological forces; however, adequate quantitative evaluations of this
are relatively scarce. In this study, we measured the strength and
form of sexual selection acting on a suite of male morphological
traits in a wild ambush bug (Phymata americana) population at 10
sampling dates over 2 years. We tested the prediction that the strength
and direction of sexual selection would be associated with one or
more important ecological variables. We found that patterns of multi-
variate selection varied considerably over time, and even within a
season. Yet, for this population, a sexually dimorphic color pattern
trait was consistently a target of directional selection. The strength
of sexual selection on this trait was related to both sex ratio and
density, which is consistent with the idea that ecological factors can
play an important role in generating patterns of sexual selection. We
also demonstrate that the median strength of linear selection obtained
from replicated cross-sectional methods was qualitatively similar to
the estimates obtained from longitudinal methods, providing mul-
tiple lines of evidence that the evolution of sexual color dimorphism
in this species is attributable to sexual selection.

Keywords: sexual selection, sexual dimorphism, phenotypic selection,
fluctuating selection, sex ratio.

Introduction

Understanding the strength and form of selection in nature
is of fundamental importance in evolutionary biology
(Kingsolver et al. 2001; Hereford et al. 2004). While our
collective understanding of the typical strength and form
of selection nature has been advanced by a considerable
number of empirical studies in nature (Conner 2001; Hoek-
stra et al. 2001; Kingsolver et al. 2001), we still have only
a limited understanding of how much and why patterns of
selection vary (Arnold et al. 2001). It is typically assumed
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that the form and strength of selection on a given trait is
determined by a suite of ecological variables. It is also gen-
erally assumed that these ecological factors may vary con-
siderably over time and space, ultimately causing the form,
direction, and strength of selection to vary accordingly
(Wright 1932; Simpson 1953; Whitlock 1997). A number
of phenotypic selection studies have demonstrated selection
that varies in space and/or time (e.g., Kalisz 1986; Gibbs
and Grant 1987; Weis et al. 1992; Milner et al. 1999; Preziosi
and Fairbairn 2000; Kruuk et al. 2001; Grant and Grant
2002; Reimchen and Nosil 2002; Caruso et al. 2003; Coulson
et al. 2003; Svensson and Sinervo 2004; Chaine and Lyon
2008; Gosden and Svensson 2008; Kasumovic et al. 2008).
However, the majority of these considered only selection on
a single trait or ignored selection on trait variances and
covariances. Although these studies are valuable contribu-
tions to understanding variability in patterns of natural se-
lection, selection is not restricted to linear selection acting
on single traits in isolation, as it is more likely to act on
multiple traits simultaneously and, possibly, on trait com-
binations (e.g., Lande and Arnold 1983; Phillips and Arnold
1989; Brodie 1992; Schluter and Nychka 1994; Blows and
Brooks 2003; Blows 2007).

Lande and Arnold (1983) introduced a powerful frame-
work for estimating and understanding multivariate se-
lection. Estimable coefficients of linear and nonlinear se-
lection describe selection acting on trait means, variances,
and covariances, and they effectively approximated the se-
lective landscape (sensu Wright 1932; Simpson 1953; see
also Schluter 1988). Features of the selective landscape may
be temporally dynamic; the degree and scale of temporal
variability (both within and between generations) has cru-
cial implications for a number of fundamental issues in
evolutionary quantitative genetics, including the mainte-
nance of genetic variation (Hedrick 1986; Gillespie and
Turelli 1989; Ellner and Hairston 1994; Turelli and Barton
2004), genetic architecture (Bulmer 1980; Turelli 1988;
Kawecki 2000; Jones et al. 2004), and, ultimately, the rate
and direction of phenotypic evolution (Hansen and Houle
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2004; Estes and Arnold 2007; Lande 2007). However, the
degree to which the features of the selective surface (and
the adaptive landscape) vary (or are conserved) over eco-
logical and evolutionary timescales remains a largely unex-
plored empirical question (Arnold et al. 2001; but see Run-
dle et al. 2008).

Temporal changes in patterns of selection may reflect
variability in the position of a selective optimum. If such
changes are principally dictated by ecological variables that
determine the variance in relative fitness among individ-
uals and/or the selective value of traits, then the strength
of selection may vary predictably according to ecological
factors (e.g., Gibbs and Grant 1987; Reimchen and Nosil
2002; Caruso et al. 2003; Twiss et al. 2007). Excellent ex-
amples of how such factors affect variance in fitness and,
subsequently, the strength of selection can be seen in the
dynamics of mating systems, where both abiotic and biotic
factors can exert considerable influence. Climatic variables
have been linked to variation in both the opportunity for
sexual selection and the strength of sexual selection
(Blanckenhorn et al. 1999b; Jann et al. 2000). Similarly,
demographic factors such as operational sex ratio and pop-
ulation density have been shown to affect the strength of
sexual selection because of their relation to the spatial
distribution and density of prospective mates and, con-
sequently, the intensity of competition for mates (Emlen
and Oring 1977; Sutherland 1985; Hubbell and Johnson
1987; Conner 1989; Arnqvist 1992; McLain 1992; Carroll
and Salamon 1995; Coltman et al. 1999). Finally, variability
in selection can complicate the interpretation of selection
coefficients, depending on the method of measurement.
Phenotypic selection coefficients can be estimated from
populations where relative fitness is measured from either
longitudinal or cross-sectional data (Lande and Arnold
1983; Arnold and Wade 1984b). Both methods appear to
yield estimates of similar magnitude (Kingsolver et al.
2001); however, the latter method is potentially misleading
if the interval during which selection is estimated fails to
represent selection acting throughout the lifetime of in-
dividuals in the population (Arnold and Wade 1984a). An
intuitive expectation would be that, for a given population,
the central tendency of coefficients derived from multiple
cross-sectional estimates would approach the values ob-
tained from a longitudinal estimate. However, the degree
to which temporally replicated cross-sectional estimates of
selection are in agreement with longitudinal estimates of
selection for a given population has not, to our knowledge,
been investigated beyond partitioning of selection accord-
ing to different episodes or components of fitness (e.g.,
Arnold and Wade 1984a; Moore 1990; Schluter et al. 1991;
Nishida 1994). On the other hand, however, cross-
sectional data can be very informative for understanding
the degree to which selection pressures vary over time as

well as for identifying the causal ecological agents that
underlie this variability; one potential drawback of relying
on only longitudinal analyses is that it describes the average
relationship between character(s) and fitness and does not
provide information on the degree of variability in this
relationship during the lifetime of an individual (i.e.,
within-generation variability).

In this study we use both longitudinal and cross-
sectional analyses as complementary approaches to eval-
uate patterns of sexual selection in a wild population of
ambush bugs (Phymata americana). Previous work on the
same population of P. americana has revealed evidence of
sexual selection on components of male color pattern
(Punzalan et al. 2008c). Both the form and the strength
of selection varied between sampling dates within a season,
but the study was limited to two sampling dates and could
not assess whether this variation was related to ecological
differences. A subsequent study of the mechanism of sex-
ual selection in this species suggested that dark male lateral
color pattern (described in “Methods”) is a thermoregu-
latory adaptation that is favored because it enhances mate
search (Punzalan et al. 2008b). Here we report variation
in patterns of selection measured on 10 dates over two
seasons (with one generation per season) to evaluate the
degree to which the patterns of multivariate linear selection
and nonlinear selection varied within and between seasons.
We also evaluate the degree to which the strength of sexual
selection on male color pattern was associated with several
potentially important ecological variables, namely, sex ra-
tio, density, and ambient temperature. Finally, we ask how
phenotypic selection estimates from cross-sectional meth-
ods compare with those from longitudinal methods of
estimation, and we relate these findings to the observed
pattern of sexual dimorphism in this species.

Methods

Study Organism and Traits Measured

Selection was measured in males in a naturally occurring
population of Phymata americana (Heteroptera: Phyma-
tidae) at the Koffler Scientific Reserve at Joker’s Hill, King,
Ontario, Canada (44�03�N, 79�29�W). These insects are
characterized by striking sexual dimorphism in color pat-
tern and body size. Except where noted, we focused on
four male traits: area of dark dorsal color pattern (dark
dorsal color is apparent in both sexes but males are
darker), area of lateral color pattern (apparently expressed
only in males), pronotum width (a measure of linear size),
and weight (both a correlate of three-dimensional size and,
possibly, an index of condition). Previous work (Punzalan
et al. 2008b, 2008c) has demonstrated significant sexual
selection favoring dark lateral color pattern in males, pos-
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sibly accounting for the observed sexual dimorphism in
color pattern.

Cross-Sectional Sampling

Six cross-sectional samplings (on August 13, August 20,
August 27, September 3, September 10, and September
17) were performed in 2003 at the same field site, and
four samplings (on August 19, August 24, September 1,
and September 10) were performed in 2004. All samples
were taken on warm sunny days, the conditions under
which mating activity occurs. Within each year, the se-
lected sampling dates effectively spanned the length of the
season when bugs were in the adult stage and potentially
mating. The samplings were intentionally spaced approx-
imately 1 week apart. The discrepancy in season length
between years appeared to be the result of relatively later
emergence of adults in 2004, possibly due to a cooler,
wetter summer than in 2003 (D. Punzalan, unpublished
data). At each sampling date, an independent measure of
sex ratio and population density was obtained at around
11:00 (P. americana are relatively inactive until around
midday, when ambient temperatures are quite warm;
Balduf 1941) by taking a census of the numbers of single
males, single females, and mating pairs (i.e., those copu-
lating or in a precopulatory, coupled position; see Pun-
zalan et al. 2008c) observed over a 30-min haphazard walk
through the field site. Before copulation, males ride on the
dorsal surface of females (i.e., coupling), apparently in a
mate-guarding position. Because coupling persists for sev-
eral hours and is highly correlated with copulation success
(Punzalan 2007; Punzalan et al. 2008c), we used coupling
frequency as a surrogate measure of mating success and
as our measure of absolute fitness in our selection gradient
analyses, discussed below. Within 4 h after the population
census, single and mating males were collected; to obtain
a balanced representation of both fitness classes, we at-
tempted to collect comparable numbers of each. Minimum
and maximum ambient temperatures were recorded with
a digital thermometer during the sampling period. Insects
were collected in individual plastic containers and trans-
ported live to the laboratory (University of Toronto), and
they were stored overnight in an environmentally con-
trolled room ( C under 14L : 10D). The following27� � 3�
morning, bugs were weighed to the nearest 0.01 mg and
photographed under standardized lighting conditions with
a lightproof box illuminated by an LED light (Nikon SL-
1) mounted on a digital camera (Nikon CoolPix 4500).
Bugs were subsequently fed approximately four live adult
fruit flies (Drosophila melanogaster), transported to the
original field site, and released the next day. Digital images
were later analyzed using Scion Image software (http://
www.scioncorp.com) to measure pronotum width and the

area of dark dorsal and dark lateral color patterns (here-
after, referred to as dorsal and lateral, respectively). Be-
cause P. americana is univoltine, replicate samples taken
within each year can be considered as snapshots of selec-
tion acting on a given population of individuals at different
times within the same generation. Phenotypic selection
coefficients were calculated for each sampling date; mating
success (defined as a male successfully copulating or cou-
pled with a female) was used as the measure of absolute
fitness. The full details regarding the calculation of phe-
notypic selection gradients are described below.

Longitudinal Sampling

In 2003 we conducted a mark-release-recapture study on
a field site located approximately 500 m from the site we
used for cross-sectional studies. The chosen site was a
rectangular field ( m), with vegetation similar to90 # 30
that of the site used for cross-sectional studies, and it was
partially surrounded on three sides by forest or rows of
trees and tall bushes. In the summer of 2002, an array of
15 parallel transects spaced 5 m apart (marked with 1.5-
m-tall wooden stakes that were spaced 5 m apart along
each transect) was established; this array spanned most of
the field. We conducted the mark-release-recapture study
by marking and photographing bugs as they were en-
countered along each transect, as well as noting whether
the observed males were single or mating (coupled or
copulating). The order of transects sampled was random-
ized, and all photography was conducted in situ using a
camera and lighting setup identical to those used in the
cross-sectional analyses. Individuals were marked with tags
bearing a unique three-digit identification number that
was printed in black, 2-point Times New Roman font on
white copy paper and protected by a layer of adhesive
transparent laminate. Tags were precut to a size of 1 #

mm and stored in a centrifuge tube until their appli-1.5
cation. A custom-built device was employed to gently re-
strain bugs until tags could be mounted with Krazy Glue
Gel to the dorsal surface of the pronotum using fine for-
ceps. Although we were somewhat concerned that the
placement of the tags could interfere with the natural dor-
sal color pattern phenotype and mobility, pilot studies
indicated that it was the most suitable location. Its location
also prevented it from being rubbed off by the hind legs
while making it easily visible without having to handle the
bugs during sampling. Males were photographed on first
capture and, because the color pattern of P. americana
darkens with age, upon capture at 14 days of age or older
(estimated from date of first sighting and date of last sight-
ing). A previous laboratory study revealed that darkening
appears to asymptote between the ages of 10 and 17 days
(Punzalan et al. 2008a). We did not measure male weight
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due to the practical difficulty associated with obtaining
precise measurements in the field. The longitudinal field
study was conducted on 28 days (roughly every other day)
during a period between July 24 and September 26, 2003,
corresponding to the approximate dates of earliest and
final sighting of adults at the site. We performed daily
walks along transects for several days after September 26
but did not encounter any bugs, which suggests that pop-
ulation densities were extremely low and, likely, that the
reproductive season had ended at that site. Although the
distance between cross-sectional and longitudinal sites
probably did not exclude migration between sites, in only
two instances over two seasons did we observe marked
males from the longitudinal sampling at the site used for
cross-sectional sampling.

At the end of the season, we analyzed digital images to
measure pronotum width and dorsal and lateral color pat-
terns in a manner identical to that described for the cross-
sectional sampling study. For measures of dorsal color
pattern, we excluded the area occupied by the identi-
fication tag. We also compiled a summary score of mat-
ing success for each marked male, defined as the pro-
portion of sightings in which a male was observed to have
been mating (i.e., coupled or copulating). The dis-
tribution of number of sightings (i.e., recapture rates)
for each male was centered at a median of 2
( ; ). Because recapture ratesmaximum p 9 mean p 2.64
probably reflected both mortality and short-distance dis-
persal, in this study we did not estimate selection on the
basis of survival; fitness was estimated on the basis of
mating success. To minimize the influence of individuals
sighted very few times (individuals who were sighted only
once had a score of 0.00 or 1.00), we restricted our analyses
to individuals sighted a minimum of three times. Thus, a
total of 233 males throughout the 2003 season were
marked, but only those that were sighted at least three
times and had color pattern measurements at a minimum
age of 14 days were included in the longitudinal pheno-
typic selection analysis ( males). The mean (SD)n p 44
longevity of all males ( ) on the site (i.e., calculatedn p 233
from first and last date of recapture) was 10.62 (11.14),
and the mean proportional mating success for males
sighted a minimum of three times ( ) was 0.377n p 53
(0.379).

Estimation of Selection Coefficients

For each cross-sectional sample (2003 and 2004), we cal-
culated standardized linear selection gradients (b) and
nonlinear selection gradients (g) for the four measured
male traits using multiple linear regression (Lande and
Arnold 1983). Within each sample, each trait was stan-
dardized to a zero mean and unit variance and the fitness

of each individual was scored according to relative fitness
(individual absolute fitness divided by mean fitness; Lande
and Arnold 1983; Brodie et al. 1995). Univariate nonlinear
selection gradients were obtained by doubling the qua-
dratic coefficients of the second-order regression model,
as outlined in Stinchcombe et al. (2008). Because the mea-
sure of fitness was binary (mated vs. unmated), gradients
were estimated using linear regression but significance test-
ing for the selection gradients was performed using logistic
regression (Janzen and Stern 1998). We assessed signifi-
cance of gradients at the conventionally accepted value

as well as at to adjust for the multiplea p 0.05 a p 0.005
samples (i.e., 10 separate estimates). In addition, because
classes of individuals may not have been sampled accord-
ing to their actual abundance (Arnold and Wade 1984b),
we applied the appropriate correction to the estimated
coefficients according to the equations outlined by
Blanckenhorn et al. (1999a).

For the longitudinal study (2003), we calculated stan-
dardized linear selection gradients (b) and nonlinear se-
lection gradients (g) for the same suite of male traits except
for weight (which was not measured). Absolute fitness
(proportion of recaptures where a male was mating) was
first arcsine–square root transformed before calculating
relative fitness. Coefficients and their significance were es-
timated using multiple linear regression. The opportunity
for selection (I) was calculated as the variance in relative
fitness (Arnold and Wade 1984b).

Assessing Temporal Variability in Patterns
of Multivariate Selection

To evaluate the variability of patterns of linear selection
within and between cross-sectional sampling periods (i.e.,
weeks and years), we used a mixed-model multiple logistic
regression (in JMP), where mating success was a binary
response variable and the four measured male traits were
independent (continuous) variables. This analysis was per-
formed for the data pooled across sampling dates but with
trait standardizations calculated for each sample separately.
Year, week (nested in year), and the trait # year and trait
# week(year) interactions were also included as categor-
ical (dummy) variables. Following the convention of mea-
suring linear and nonlinear selection gradients in separate
models (Lande and Arnold 1983), we constructed a similar
model (with cross-product trait terms and their interac-
tions with year and week (nested in year) to assess vari-
ability in patterns of nonlinear selection.

To aid in interpretation, we visualized temporal variability
in patterns of selection using a geometric approach. To eval-
uate variability of features of the individual surface within
and between years, we treated the data for linear and non-
linear selection separately. In addition to the coefficients
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estimated from the 10 cross-sectional samples obtained in
this study, for the visualizations we included estimates of
linear and nonlinear selection from two additional cross-
sectional estimates obtained from the same population as
that in a previous study in 2002 (Punzalan et al. 2008c).

To compare the vectors of linear selection on male traits
among the 12 cross-sectional samples, we measured the
closest angle (J) between each pair of column vectors
(normalized to unit length) in trait space according to

�1 TJ p cos Fb b F,j k

where j and k indicate different sampling dates and the
superscript T indicates the matrix transpose. Note that this
approach constrained angles to vary between 0� (indicating
that axes of linear selection are identical) and 90� (indi-
cating that axes of linear selection are orthogonal). A

dissimilarity matrix B was constructed such that12 # 12
the elements are the angles corresponding to each pair of
samples that were compared. We performed a principal
coordinates analysis on matrix B and plotted the 12 ob-
servations (samples) onto the same multivariate space de-
fined by the first two principal coordinate axes. The con-
cordance of b vectors was assessed qualitatively by visual
inspection for clustering of vectors according to sampling
year and interpreted as indicative of variability in linear
selection within and between years.

We used an analogous approach to visualize temporal
variability in nonlinear selection (i.e., the gamma matrix).
We used a series of multivariate analyses to visually assess
and simultaneously compare the 12 estimated gamma ma-
trices. We first employed a canonical rotation of each
gamma matrix to reduce the information to four principal
axes (eigenvectors m1–m4) in each sample. Canonical ro-
tation of the g-matrix effectively identifies the major axes
of nonlinear selection (i.e., curvature of the selective sur-
face), and it has a number of computational advantages
because of its ability to reduce the number of dimensions
and to reveal selection acting on trait combinations beyond
merely pairwise comparisons (Phillips and Arnold 1989;
Blows and Brooks 2003; Blows 2007).

Scree plots of the distributions of eigenvalues for each
rotated gamma matrix revealed considerable variability
among samples, often with similar amounts of variance
summarized along several eigenvectors. We retained the
first three eigenvectors (i.e., with the largest absolute ei-
genvalues) for each sample in subsequent analyses. For
each pair of samples, we assessed pairwise concordance of
fitness surfaces (which we defined by the orientation of
the first three eigenvectors) using PROTEST, a procedure
that uses Procrustean superimposition to calculate geo-
metric concordance of a pair of matrices (Gower 1971;
Jackson 1995; Peres-Neto and Jackson 2001). This pro-

cedure translates, stretches, and rotates one matrix with
reference to a second reference matrix to compare, on the
basis of least squares residuals among points (or vectors),
the similarity of configurations in terms of the dimensions
(e.g., trait axes) considered.

PROTEST calculates the statistic m12, which can be con-
sidered to be a measure of matrix dissimilarity based on
orthogonal least squares residuals. We used the m12 values
to construct a dissimilarity matrix D, which was subse-
quently subjected to a principal coordinates analysis. The
concordance of (the first three eigenvectors of) the gamma
matrices was visualized by projecting the samples onto the
same space, defined by the first two principal coordinate
axes of the distance matrix D.

Comparing Cross-Sectional and Longitudinal
Estimates of Selection

To evaluate whether multiple cross-sectional estimates of
selection can approximate those obtained from longitu-
dinal estimates, we compared the selection gradients from
the cross-sectional samples obtained in 2003 with the se-
lection gradients from the longitudinal study in the same
year. Since selection gradients are estimated from multiple
regressions, the estimated partial regression coefficients are
somewhat dependent on which traits/variables are in-
cluded in the model (Lande and Arnold 1983; Mitchell-
Olds and Shaw 1987). Because a different number of traits
were included in the cross-sectional (four traits) and the
longitudinal (three traits) studies, for the comparison of
the two methods we used recalculated cross-sectional se-
lection gradients, with weight excluded from the regression
models. For each trait separately, we calculated the median
standardized selection linear (bmed) and nonlinear (gmed)
gradients for the six cross-sectional samples in 2003 and
compared them with the estimates of b and g measured
from the longitudinal study in the same year. The com-
parisons between longitudinal and cross-sectional esti-
mates were of a qualitative nature, because the estimates
of selection are dependent on the chosen scale for scoring
fitness (Brodie and Janzen 1996). Since the measure of
fitness in the cross-sectional studies was binary (mated vs.
unmated) while the measure of fitness in the longitudinal
study was based on proportional mating success, we were
specifically interested in whether longitudinal and cross-
sectional methods produced coefficients of similar direc-
tion rather than of magnitude.

Ecological Predictors of the Strength of Sexual Selection

We tested whether the strength and direction of linear
sexual selection on lateral color pattern (previously estab-
lished as a sexually selected trait; Punzalan et al. 2008b,
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Table 1: Standardized selection gradients for male Phymata americana and demographic parameters
from cross-sectional samples taken in 2003

Sample, trait Mean (SD) b

g

Sex ratio DensityPN WT DO LA

Sample 1 ( )N p 94 .68 129

PN 3.02 (.15) .138 .213

WT 19.6 (3.8) �.325a �.239 .539a

DO 15.85 (2.97) .418 �.300 .328 .030

LA 4.37 (2.30) .233 .318 �.223 .243 .382

Sample 2 ( )N p 115 .98 115

PN 3.01 (.16) .056 .049

WT 22.4 (4.8) �.073 �.042 .236

DO 15.83 (2.86) �.244b �.119 �.228 .185

LA 4.13 (1.20) .258b .335 .095 �.321 .342

Sample 3 ( )N p 102 1.13 179

PN 3.03 (.16) .107 .278

WT 19.7 (3.02) �.041 �.152 �.097

DO 16.22 (2.03) �.285b .052 .037 �.070

LA 5.02 (1.37) .271b �.314 .529a .185 �.025

Sample 4 ( )N p 121 1.16 147

PN 3.02 (.16) �.032 .082

WT 13.9 (2.9) �.042 �.117 .070

DO 16.80 (2.09) �.088 �.144 .107 �.138

LA 5.09 (1.00) .118 .097 �.117 �.075 .176

Sample 5 ( )N p 102 1.14 79

PN 3.04 (.18) �.291 �.450

WT 18.7 (3.6) .193 .028 �.095

DO 16.59 (2.03) .067 .199 .003 .527a

LA 5.59 (1.10) �.008 .068 .096 .318 �.228

Sample 6 ( )N p 67 2.14 22

PN 3.09 (.17) �.159 .307

WT 16.9 (3.2) .163 �.009 .175

DO 17.50 (1.72) .554 �1.087a �.109 1.084

LA 6.03 (.70) �.465 .592a .163 .223 �.681a

Note: Standardized linear (b) and nonlinear (g) selection gradients are measured for pronotum width (PN), weight

(WT), and dorsal (DO) and lateral (LA) color patterns. Also reported are the trait means and SDs before standardization,

sex ratios, and relative abundances. Trait means are reported in millimeters (for PN), milligrams (for WT), and square

millimeters (for DO and LA). Sex ratio (males : females) and density (total number of adults) measurements are based

on a 30-min census performed at the site before each sampling event. Gradients were estimated using linear multiple

regression; significance testing was performed using logistic regression. Corresponding standard errors are reported in

table A1 in the online edition of the American Naturalist.
a Significance at .a p 0.05
b Significance at .a p 0.005

2008c) covaried with the ecological factors likely to influ-
ence mating patterns: population density and sex ratio.
Because of limited statistical power, we did this in a simple
bivariate manner (i.e., rather than in a multiple regres-
sion), separately plotting the relationship between the lin-
ear selection gradients estimated for lateral color pattern
(blateral) at each cross-sectional sample and either demo-
graphic variable. For the analysis of sex ratio, we included
the 2003 and 2004 samples plus two additional cross-
sectional estimates from a previous field study performed
at the same site in 2002 ( ; Punzalan et al. 2008c).n p 12
Note that the estimates of sex ratio in 2002 were based

on the actual representation of males and females in the
samples (bugs were sampled according to their abun-
dance), unlike in the 2003–2004 samples, where sex ratio
was estimated from a census that was performed before
sampling. For the analysis of population density, we did
not include the data from 2002 because of differences in
sampling methods that make it difficult to directly com-
pare the estimates of density in 2002 with those in 2003–
2004 ( ). Because the sexually selected trait in P.n p 10
americana has been linked to thermoregulation (Punzalan
et al. 2008b), we examined the bivariate relationship be-
tween the strength of linear selection on lateral coloration
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Table 2: Standardized selection gradients for male Phymata americana and demographic parameters from cross-
sectional samples taken in 2004

Sample, trait Mean (SD) b

g

Sex ratio DensityPN WT DO LA

Sample 7 ( )N p 146 1.55 148
PN 3.07 (.15) �.024 �.112
WT 17.6 (3.0) .305a .299 .202
DO 17.12 (2.28) .764b .005 .128 .329
LA 4.97 (1.65) �.468a .472 .067 �.171 �.283

Sample 8 ( )N p 189 1.39 134
PN 3.05 (.14) .122 .181
WT 18.0 (4.8) .069 �.049 .243
DO 12.77 (3.13) .017 �.008 .119 �.116
LA 3.44 (1.55) .565b .179 .083 .112 .167

Sample 9 ( )N p 105 1.31 148
PN 3.07 (.15) .390b .254
WT 21.4 (2.0) �.104 .039 �.157
DO 15.64 (2.04) �.520b �.329 .408 .355
LA 5.35 (.69) .350b .239 �.217 �.323a .282a

Sample 10 ( )N p 60 1.75 66
PN 3.08 (.16) �.123 �.146
WT 18.3 (2.1) .738a .249 .667
DO 13.6 (1.40) .122 �.086 �.022 .195
LA 3.89 (.72) �.222 �.295a .478a �.022 �.545

Note: Standardized linear (b) and nonlinear (g) selection gradients are measured for pronotum width (PN), weight (WT), and

dorsal (DO) and lateral (LA) color patterns. Also reported are the trait means and SDs before standardization, sex ratios, and relative

abundances. Trait means are reported in millimeters (for PN), milligrams (for WT), and square millimeters (for DO and LA). Sex

ratio (males : females) and density (total number of adults) measurements are based on a 30-min census performed at the site before

each sampling event. Gradients were estimated using linear multiple regression; significance testing was performed using logistic

regression. Corresponding standard errors are reported in table A2 in the online edition of the American Naturalist.
a Significance at .a p 0.05
b Significance at .a p 0.005

and two separate measures of ambient environmental tem-
perature: minimum and maximum ambient temperatures
recorded at the sampling site during collection.

Regression coefficients, gradients, and their significance
were estimated using mixed-model linear and logistic re-
gressions with JMP, version 4.0.3. Canonical rotation of
the gamma matrices were performed using Poptools 2.6.2
(available at http://www.csiro.au/poptools). A Procrustes
superimposition and permutation test was performed us-
ing PROTEST (Peres-Neto and Jackson 2001; available at
http://labs.eeb.utoronto.ca/jackson/pro1.html), and prin-
cipal coordinates analysis and visualization of dissimilarity
matrices were performed using NTSYSpc, version 2.0.

Results

Temporal Variability in Patterns of Selection

The sign, strength, and form of sexual selection on each
male trait varied considerably among the 10 cross-sectional
samples (summarized in tables 1 and 2; see also tables A1
and A2 in the online edition of the American Naturalist).

Among cross-sectional samples in both years, we detected
13 linear selection gradients that were significant at

, of which eight indicated positive linear selectiona p 0.05
and five indicated negative linear selection (at a p

, six were positive and three were negative). Notably,0.005
male color pattern trait was a prominent target of selection
in a number of samples. We detected significant directional
selection (at ) acting to favor increased expres-a p 0.005
sion of dark male lateral color pattern in four of the sam-
ples, although linear selection on this trait varied across
samples (i.e., significant trait # sample interactions; table
B1 in the online edition of the American Naturalist). Con-
versely, dorsal coloration was often subjected to negative
linear selection (i.e., in three samples at ). Tena p 0.005
nonlinear selection gradients were significant at a p

, of which six were positive and four were negative.0.05
We did not detect significant nonlinear selection at a p

. The full model, however, did indicate significant0.005
temporal variation in patterns of nonlinear selection across
samples within years (table B2 in the online edition of the
American Naturalist). In examining the patterns of selec-
tion graphically, we found considerable variation in the
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Figure 1: Projection of samples in two-dimensional principal coordinates space revealed no clustering of vectors of linear selection according to
year. Multivariate distances were calculated on the basis of angles between vectors of linear selection (b) for each sample in 2002 (black circles),
2003 (gray circles), and 2004 (open circles).

angle between pairs of vectors of linear selection among
samples, suggesting a large degree of temporal variability
in patterns of linear selection. The lack of clustering of
vectors indicated within-year variability in linear selection
that was comparable to that observed between years (fig.
1). Similarly, patterns of nonlinear selection were highly
variable both within and among years (fig. 2).

Comparison of Cross-Sectional and Longitudinal
Estimates of Linear Selection

The linear selection gradients estimated from the longi-
tudinal study were not statistically different from zero but
exhibited a trend suggestive of positive linear selection on
lateral color pattern ( , ; tables 3, 4).b p 0.182 P p .088
The median vector of linear selection estimated from
cross-sectional estimates in 2003 (table 5) provided a qual-
itatively similar finding to the estimates derived from lon-
gitudinal methods in the same year. Both the median cross-

sectional estimates and the longitudinal estimates suggest
male lateral coloration as a target of positive directional
sexual selection. For the nonlinear selection analyses, the
concordance between the median estimates (table 5) from
the cross-sectional analyses and the longitudinal data set
was reasonably good, although there was one discrepancy.
The longitudinal data set detected significant nonlinear
selection on several traits/trait combinations, including
convex (e.g., stabilizing) selection on dorsal color, but the
median cross-sectional estimates indicated nonlinear se-
lection of the opposite sign. The longitudinal analysis also
suggested significant correlational selection favoring a neg-
ative covariance between dorsal color and pronotum
width, a pattern that was reflected in the median estimates
obtained from cross-sectional analyses.

Ecological Predictors of the Strength of Sexual Selection

The sign and strength of direct linear selection on lateral
color pattern (blateral) showed a strong inverse relationship
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Figure 2: Projection of samples in two-dimensional principal coordinates space revealed no clustering on the axes of nonlinear selection according
to year. Multivariate distances were calculated on the basis of m12 values from Procrustean superimposition for each pairwise comparison of the
three principal axes of nonlinear selection (g) for each sample in 2002 (black circles), 2003 (gray circles), and 2004 (open circles).

with sex ratio ( , , ; fig. 3A)r p �0.658 P p .039 n p 10
across samples in 2003 and 2004; lateral color pattern was
favored for female-biased sex ratios but selectively disfa-
vored when sex ratio was male biased. This relationship
was true even when two additional estimates of blateral from
2002 were included ( , , ). Ther p �0.696 P p .012 n p 12
opposite trend was observed in terms of population den-
sity, where there was a positive but not statistically sig-
nificant association with blateral ( , ,r p 0.569 P p .086

; fig. 3B). There was no significant relationship be-n p 10
tween blateral and any measure of environmental temper-
ature (minimum temperature: , ,r p 0.133 P p .715

; maximum temperature: , ,n p 10 r p 0.280 P p .434
). Similar bivariate comparisons with dorsal colorn p 10

pattern showed no significant trends.

Discussion

Patterns of selection are expected to vary over time as a
result of varying ecological conditions; this can have a
number of important evolutionary consequences. This
variation also poses a challenge to the accurate estimation
of selection because a single estimate need not reflect the
average strength or direction of selection. Few studies have
adequately characterized temporal variation in selection,
and, similarly, evidence of a link between temporal vari-
ability and ecological factors is sparse. In this study we
found that the strength of linear sexual selection on male-
limited coloration varied significantly and that some of
this variation could be attributed to population sex ratio
and, to a lesser extent, population density. We also provide
a rare comparison of estimates of selection obtained from
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Table 3: Standardized selection gradients for male Phymata
americana in a longitudinal phenotypic selection study in
2003

Trait Mean (SD) b

g

PN DO LA

PN 3.01 (.171) �.046 .032
DO 13.64 (2.81) �.059 �.267a �.186b

LA 4.69 (1.20) .182c .260c .169 .226

Note: Standardized linear (b) and nonlinear (g) selection gradients

are measured for pronotum width (PN) and dorsal (DO) and lateral

(LA) color patterns. Trait means are reported in millimeters (for PN)

and square millimeters (for DO and LA). Also reported was the total

opportunity for selection ( ) based on males sighted a mini-I p .642

mum of three times ( ). Estimates are derived fromn p 53 n p 44

individually marked males (see “Methods”). Corresponding standard

errors are reported in table 4.
a Significance at .a p 0.005
b Significance at .a p 0.05
c ..05 ! P ! .10

Table 4: Standard errors associated with the selection gradients
for the longitudinal study in 2003 (reported in table 3)

Trait SE (b)

SE (g)

PN DO LA

PN .091 .164
DO .073 .095 .088
LA .104 .144 .100 .152

Note: Standardized linear (b) and nonlinear (g) selection gradients are

measured for pronotum width (PN) and dorsal (DO) and lateral (LA) color

patterns.

two alternative methods of estimating phenotypic selec-
tion. Both cross-sectional and longitudinal estimates of
selection indicated overall positive directional selection on
sexually dimorphic coloration. Our results are discussed
in detail below, as they pertain to evolution of dimorphism
in this species and to the broader context of quantifying
and understanding evolutionary processes.

Overall Patterns of Sexual Selection

The strength, form, and even sign of sexual selection were
highly variable among the cross-sectional samples. We pri-
marily detected significant linear selection; nonlinear selec-
tion gradients were less frequently statistically significant,
and only at the less conservative value . It is dif-a p 0.05
ficult to discern whether this is indicative of a truly less
common (or weaker) form of selection or merely an artifact
of low statistical power associated with nonlinear estimates
(Kingsolver et al. 2001). Among the 10 cross-sectional sam-
ples in 2003 and 2004, male lateral color pattern was often
subjected to strong, positive directional (i.e., linear) selec-
tion. We also detected direct linear selection on lateral color
in the longitudinal study, although the estimates were not
quite significant, possibly because of low statistical power.
Despite the variation among samples, this overall pattern
of selection is consistent with previous manipulative labo-
ratory studies demonstrating that dark lateral coloration is
a target of sexual selection through its effects on mate
searching (Punzalan et al. 2008b).

In contrast to our results for lateral color, our data
suggest negative nonlinear selection (i.e., stabilizing; from
the longitudinal analysis) or negative linear selection (i.e.,
from the cross-sectional analyses) on dorsal color. The
dorsal color pattern is exaggerated in males compared with

females, although less so than lateral color (Punzalan et
al. 2008a). In light of the presence of negative or stabilizing
selection on this trait in males, it is possible that the per-
sistence of this sexual dimorphism in dorsal color pattern
reflects some evolutionary constraint. One possibility is
that dorsal color is genetically correlated with lateral color,
thereby precluding advantageous combinations of high
trait values for lateral color and low values for dorsal color
pattern. There is some indirect evidence that suggests the
potential for constraint; lateral color pattern and dorsal
color are indeed phenotypically correlated (Punzalan et al.
2008a, 2008c), and the expression of both traits is similarly
affected by resource limitation (i.e., both traits are con-
dition dependent; Punzalan et al. 2008a), suggesting a
shared physiological or developmental basis. Further study
is required to determine whether genetic correlations con-
strain the independent evolution of these traits.

Temporal Variability in Patterns of Selection
and Its Ecological Basis

Temporal variation in patterns of selection can have im-
portant implications for a number of central issues, in-
cluding the direction and rate of evolution and the main-
tenance of genetic variation (e.g., Hedrick 1986; Ellner and
Hairston 1994; Jones et al. 2004; Turelli and Barton 2004);
however, our understanding of this variation is limited
(Endler 1986; Kingsolver et al. 2001). In this study we eval-
uated temporal variation in patterns of both linear (b) and
nonlinear (g) selection in separate analyses, and both varied
considerably. In short, sexual selection on male trait means
and variances were highly variable over time. Selection fluc-
tuated within year (generation), but the range of variation
was similar among years. Although the consequences of
fluctuating selection have often been considered in terms
of between-generation variation in selection (e.g., Hedrick
1973; Ellner and Hairston 1994), less attention has been
paid to the implications of within-generation variability.
Both scales of temporal variation in selection, however, can
have important consequences in terms of maintaining or
eroding allelic and quantitative genetic variation, depending
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Table 5: Median selection gradients for male Phymata ameri-
cana averaged over six cross-sectional phenotypic selection
studies in 2003

Trait bmed

gmed

PN DO LA

PN .017 .058
DO .006 �.104 .019
LA .183 .242 .124 .153

Note: Values were calculated from standardized linear (b) and nonlinear

(g) selection gradients derived from analyses on pronotum width (PN) and

dorsal (DO) and lateral (LA) color patterns (i.e., weight excluded from

multiple regressions).

on a suite of genetic and selective factors (Hedrick 1986;
Gillespie and Turelli 1989; Turelli and Barton 2004).

It is commonly asserted that varying ecological factors
underlie such temporal variability in selection (discussed in
Whitlock 1997); however, strong support for this view is
relatively sparse (e.g., Blanckenhorn et al. 1999b; Grant and
Grant 2002; Gosden and Svensson 2008). Here we dem-
onstrated that much of the variation in linear sexual selec-
tion is accounted for with local sex ratio and, to some extent,
population density. These results are in accord with a few
studies that have shown that demographic factors play a
key role in determining the dynamics of insect mating sys-
tems and, thus, the strength of sexual selection (e.g., Conner
1989; Arnqvist 1992; Carroll and Salamon 1995; Fairbairn
and Preziosi 1996; Jann et al. 2000; see also Kokko and
Rankin 2006). In Phymata americana, the mating system
resembles a scramble and male lateral color pattern has no
apparent role in male-female interactions (i.e., signaling) or
the outcome of direct male-male competition (Punzalan et
al. 2008c). Instead, a male’s mating success appears to be
limited by his ability to search for mates, and dark lateral
coloration confers thermoregulatory advantages in search-
ing (Punzalan et al. 2008b). Temporal fluctuations in sex
ratio and density are likely to exert strong effects on the
efficacy of mate searching, resulting in variability in the
strength of sexual selection on male lateral coloration. A
full understanding of the proximate basis for the observed
associations between each factor and selection is compli-
cated by a negative relationship between sex ratio and pop-
ulation density ( , , ). Inferringr p �0.614 P p .059 n p 10
a causal role of these ecological variables in influencing
patterns of selection requires further study, ideally with di-
rect, experimental manipulation of these factors.

Inference from Multiple Estimates of Selection

Longitudinal studies of phenotypic selection are generally
considered to be preferable to cross-sectional studies be-
cause the former are thought to provide a more complete
estimate of lifetime fitness (Arnold and Wade 1984a,

1984b; Clutton-Brock 1988). However, in many biological
systems, longitudinal studies are not tractable because of
nuances in biology or the chosen fitness metric. In some
cases, for example, in highly mobile organisms where in-
dividual marking and tracking is not possible or where
fitness is assigned as alive versus dead, cross-sectional stud-
ies provide the only alternative (Brodie and Janzen 1996).
In our study we found that for one population in one
particular year (2003), repeated cross-sectional estimates
of linear selection and, to a limited extent, nonlinear se-
lection converged on the estimates using longitudinal
methods. Nevertheless, single cross-sectional estimates did
not necessarily correspond to the longitudinal estimate,
suggesting that multiple cross-sectional estimates are re-
quired for the summaries of selection that can be obtained
from longitudinal studies.

In fact, for some questions, a series of cross-sectional
studies of selection may actually offer more insight than
longitudinal studies. For example, in our study, we eval-
uated the role of ecological variables in mediating selection
on a trait of particular interest. As a result of systematic
sampling and subsequent comparison between estimates
of selection and measured ecological variables, we were
able to detect strong associations between selection and
ecological context, an insight that could not have been
gained from our longitudinal data alone. That being said,
one must exercise caution if only a few cross-sectional
estimates are obtained, as the large range of temporal var-
iation we observed among sampling dates suggests that a
given cross-sectional estimate can give a distorted picture
of average selection pressures, whether due to underlying
ecological variables or to stochastic sampling error. The
latter may be particularly problematic when sample sizes
are small; Kingsolver et al. (2001) noted that, on the basis
of previously published studies, the variance in the strength
of selection (FbF) was negatively associated with sample
size, suggesting that small sample sizes are prone to over-
estimation of the strength of selection due to sampling
error. In our study, however, the absolute strength (FbF)
of selection on lateral color pattern (in the cross-sectional
samples) was not significantly correlated with sample size.
Rather, the strength of selection tended to be positively
associated with sample size for cross-sectional estimates in
2003 and 2004 ( , , ). This re-r p 0.439 P p 0.204 n p 10
lationship may be partly driven, however, by an inherent
association between population density and sample size
resulting from the methodology we used here (i.e., our
sample sizes were limited by actual abundance).

Conclusions

Our study evaluated patterns of multivariate phenotypic
selection in a wild population of P. americana. While we
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Figure 3: The strength of linear selection (b) corresponding to sex ratio (A) and population density (B) in samples collected in 2002 (black circles),
2003 (gray circles), and 2004 (open circles). Sex ratio and density were measured in a separate 30-min census conducted before sampling.

found that the features of the selective surface varied con-
siderably both within and between generations, we fre-
quently detected significant selection of the same sign on
a sexually dimorphic male trait (lateral coloration). We
also show that the sign and strength of sexual selection
varied with important demographic variables, supporting
the important role that ecology plays in determining mat-

ing system dynamics and the strength of selection. Fur-
thermore, we compared estimates of phenotypic selection
using two alternative methods (cross-sectional vs. longi-
tudinal) and found that there was some qualitative con-
cordance between the estimates; both suggest that sexual
selection is responsible for the evolution and maintenance
of the striking color pattern dimorphism in P. americana.
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