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3Estació n Bioló gica de Doñ ana, Consejo Superior  de Investigaciones  Cientificas, Avenida de Maria Luisa s/n Pabelló n del Perú, 
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Abstract.    Sexual selection by mate choice represents a very important selective pressure in many animal species and 
might have evolutionary  impacts  beyond  exaggeration  of secondary  sexual traits. Describing  the shape and strength 
of the relationships  linking mating success and nonsexual  traits in natural conditions  represents  a challenging  step in 
our understanding  of adaptive evolution. We studied the effect of behavioral  (nest site choice), immunological  (trem- 
atode level of infection),  genetic  diversity  (measured  by mean d2) and morphological  (standard  length  and pectoral 
fin size) traits on male mating success in a natural population of threespine sticklebacks Gasterosteaus aculeatus. Male 
mating  success  was  measured  by  microsatellite  genotyping  of  embryos  used  to  infer  female  genotypes.  First,  we 
analyzed  all  territorial  males  (full  analysis)  but  also  considered  independently  only  males  with  a  nonzero  mating 
success  (reduced  analysis)  because  some of the males  with no eggs could  have been part of a later breeding  cycle. 
Multiple  linear  regressions  identified  a significant  negative  effect  of parasite  load  in the  full  analysis,  whereas  no 
linear effect was found in the reduced  analysis.  The quadratic  analyses  revealed  that nest location  and parasite  load 
were significantly related to mating success by positive (concave selection) and negative (convex selection) quadratic 
coefficients  respectively,  resulting  in a saddle-shaped  fitness surface.  Moreover,  there  were  significant  interactions 
between  nest location,  mean d2  and parasite  load in the reduced  analysis.  The subsequent  canonical  rotation  of the 
matrix of quadratic  and cross-product  terms identified  two major axes of the response  surface:  a vector representing 
mostly  nest site choice  and a vector  representing  parasite  load. These  results  imply  that there exists more than one 
way for a male threespine  stickleback  to maximize  its mating success and that such nonlinear  relationships  between 
male mating  success  induced  by female  mate choice  and male characteristics  might  have been overlooked  in many 
studies. 
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The evolutionary implications of sexual selection beyond 

exaggeration of male ornaments and reproductive isolation 
depends on its direct and indirect impact on other traits (Hunt 
et al. 2004), which in turn depends on the shape and strength 
of the relationships linking mating success to these traits. 
Exactly  what  traits  contribute  to mating  success  or are af- 
fected by it, and especially what is the nature of their rela- 
tionships  with this component  of fitness, have been notori- 
ously  difficult to determine  in the wild (e.g., Saether  et al. 
2000; Pryke et al. 2001; Webberley et al. 2002). Empirical 
investigations of mate choice in natural conditions face im- 
portant difficulties, including the challenge of accurately doc- 
umenting mating success, the choice of traits potentially in- 
volved or affected by the mate choice process, and the sta- 
tistical analyses of often complex multivariate  datasets. One 
such statistical issue concerns the detection and measurement 
of nonlinear and correlational  (interraction  effects) selection 
(Lande and Arnold 1983; Blows and Brooks 2003). 

Correlational  selection is of particular interest in the con- 
text of mate choice because mate preferences  are thought to 
affect   several   characteristics    simultaneously    (Johnstone 
1995;  Doucet  and  Montgomerie  2003;  Blanckenhorn  et al. 
2004) and there is ample evidence that functional interactions 
are important in determining organismal performance (King- 
soler  et  al.  2001).  Nevertheless,  little  is  known  about  the 
effect of correlational selection in the wild (Kingsolver 2001). 
In this context, the analysis of selection based on the general 

multiple regression framework first proposed by Lande and 
Arnold  (1983) has become  the paradigm  of fitness-determi- 
nant studies such as mating success analyses. In principle, it 
allows for the detection of nonlinear and correlational selec- 
tion. Yet, this method is not without constraints and limi- 
tations. 

First,  this  approach  has  limited  power  for  sample  sizes 
below one hundred (Hersch and Phillips 2004), restricting its 
ability to reveal weak effects and thus potentially leading to 
publication  bias  and perhaps  a distorted  view  of the effect 
of selection in the wild (Hersch and Phillips 2004). Second, 
the nature of regression analysis also requires relatively large 
sample  sizes  to  analyze  second-order  (nonlinear  selection) 
and interraction effects on multiple traits. Large sample sizes 
are notoriously difficult to obtain in the wild for many animal 
systems, particularly vertebrates. Finally, rigorous multivar- 
iate regression analyses of nonlinear selection should include 
the canonical rotation of the response surface to accurately 
measure the strength of nonlinear effects. For instance, Blows 
and Brooks (2003) showed how nonlinear selection can be 
underestimated if the canonical rotation is omitted. Unfor- 
tunately,  this step is usually ignored in most studies. 

Despite the problems associated with the accurate mea- 
surement of mating success in natural conditions and the 
subsequent  analysis  of  selection  and  fitness  determinants, 
such studies are crucial for our understanding of sexual se- 
lection  and  the  evolution  of  mate  preferences.  Sexual  be- 
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haviors  are often  the most  sensitive  to captivity  conditions 
and so laboratory  studies  of mate choice will always suffer 
from the uncertainty of whether their findings are relevant to 
natural systems (Candolin and Voigt 2001). Moreover, there 
is a need for further documentations  of the relative strength 
of linear and nonlinear sexual selection, particularly to de- 
termine the impact it may have on speciation (Arnegard and 
Kondrashov  2004;  Kirkpatric  and  Nuismer  2004).  In addi- 
tion, stabilizing selection is central to many aspects of the 
evolutionary theory (adaptive landscape and phenotype op- 
timization,  maintenance  of genetic variance  and stability  of 
the G-matrix); yet, most studies seem to detect significant 
directional   selection  much  more  often  (Kingsolver   et  al. 
2001). A possible cause for this apparent prevalence of di- 
rectional  selection  is  researcher  bias  for  systems  or  traits 
where directional selection is likely and expected (Kingsolver 
et al. 2001). 

Here, we documented  the mating  success  of male threes- 
pine stickleback (Gasterosteus aculeatus) in coastal tide pools 
of the St. Lawrence  River estuary to explore the possibility 
of studying nonlinear and correlational selection induced by 
mate choice in natural conditions by combining Lande and 
Arnold’s (1983) multiple regression framework and the ca- 
nonical analysis of y. The Gasterosteidae is a small teleost 
family comprising eight species, all polygynandrous  with pa- 
ternal care. It represents one of six families of the order 
Gasterosteiformes, whose sister taxa is the Syngnathiformes, 
including the sex-role-reversed pipefishes and sea horses. 
During the breeding season, males compete to establish a 
territory  within  a  colony.  They  build  an  elaborate  tunnel- 
shaped nest made of vegetation adhered with a secretion from 
the kidneys and then court females through a ritualized court- 
ship display (Whoriskey and FitzGerald 1985a; Mori 1994). 
Males  provide  exclusive  parental  care  whereby  they  guard 
the nest against predators,  oxygenate  eggs by fanning using 
their pectoral fins, and remove unviable eggs (Bell and Foster 
1994). The cost of choice for females is likely to be low since 
males typically nest in high density and display intensively. 

Several traits have been suggested  to be involved in male 
G. aculeatus mating success for the possible benefits they 
provide  to the female.  Nest location  is thought  to influence 
the predation risk affecting both the embryos and the guard- 
ing male (FitzGerald 1983; Mori 1994; Kraak et al. 1999a). 
Based on findings of a sexual dimorphism where males had 
larger pectoral fins then females and considering that pectoral 
fins are used in parental care, several authors suggested that 
this  trait  could  also  be  involved  in  mate  choice  (Brønseth 
and Folstad 1997; Bakker and Mundwiler 1999; Kü nzler and 
Bakker 2000). Larger body size has been associated with 
increased vigor in parental care, including in threespine stick- 
leback (Côté and Hunte 1989; Wiegmann and Baylis 1995; 
Kraak et al. 1999b), and there are also reports of size assor- 
tative mating in this species (Kraak and Bakker 1998; 
McKinnon  et al. 2004). Hence, this trait might be important 
in determining  mating  success.  Finally,  traits  such as level 
of parasite infection and level of genetic diversity have also 
been hypothesized to be affected by sexual selection (e.g., 
Hamilton and Zuk 1982; David 1998; Neff 2004). However, 
recent theoretical results suggested that the shape of the re- 
lationship  between  male  parasite  load  and  level  of  sexual 

attractiveness is undetermined by theory and must be assessed 
empirically  (Getty 2002). Therefore, additional data are nec- 
essary to fully understand the link between this factor and 
mating success in the wild. 

In this context, our specific objectives were to explore the 
shape and strength of the relationships linking mating success 
due to nonrandom female mate choice and five traits previ- 
ously  suggested  to be affected  by mate  choice:  male  body 
and pectoral fin size, nest location, parasite load, and within- 
individual genetic diversity, in completely natural conditions. 
Using parentage analysis based on multilocus genotype in- 
formation,  we examined  the relationship  between male mat- 
ing success  and this combination  of different  categories  of 
traits to identify those worthy of future experimental inves- 
tigations. Since sample size sets an upper limit to the number 
of  traits  that  can  be  included  in  the  analysis,  we  did  not 
consider  secondary  sexual  traits  that  are already  known  to 
be under directional selection in general (Pomiankowski  and 
Møller 1995) and in this species in particular (Milinski and 
Bakker  1990;  Bakker  and  Milinski  1993;  Rowland  1995). 
Thus, we focused on characteristics that are potentially in- 
directly affected by open-ended female preference for such 
signal traits and for which the effects of mate choice might 
not be predicted  as necessarily  directional.  We also applied 
the correct response surface methodology  by performing the 
canonical rotation of the matrix of quadratic and cross-prod- 
uct terms to obtain accurate estimates of nonlinear selection. 
 

MATERIALS  AND  METHODS 
 

Study Site and Field Sampling 
 

Sticklebacks  were collected  from an anadromous  popula- 
tion  of  the  St.  Lawrence  River  estuary  (Quebec,  Canada). 
One- and two-year-old  individuals migrate each spring (May 
and June) from this estuary to reproduce in coastal tide pools 
of the Isle Verte National Wildlife Area. The most prevalent 
parasites in this population are digenic trematodes causing 
blackspot  disease  (FitzGerald  et  al.  1994).  Field  sampling 
was carried  out at the beginning  of the breeding  season  in 
May, following one of the first high spring tides flooding the 
area.  Because  of the short  breeding  season,  most  males  of 
this population are able to complete only one breeding cycle 
per breeding season (Lachance and FitzGerald 1992 and ref- 
erences therein). 

A total of 139 nests,  of which  48 (35%)  contained  eggs, 
were located. Distances among nests within the pool were 
measured  to the nearest  centimeter  and mapped.  Following 
the end of the egg-collecting phase, which typically last be- 
tween  two  to  six  days  (Jamieson  et al.  1992;  Kraak  et al. 
1999a), territorial males were captured with a hand net. Sam- 
pling  was  done  15  days  after  flooding,  as  previous  data 
showed that the egg-collecting phase of the male breeding 
cycle, which starts just after the flood, is over by then (Fitz- 
gerald  1983).  Following  a guardian  male  capture,  all eggs 
found in its nest were also immediately collected. After all 
territorial   males   were  caught,   females   and  nonterritorial 
males  were  captured  by seining,  ensuring  that most  (if not 
all) fish present were collected. All fish and eggs were im- 
mediately  put on dry ice and then kept at —80°C. A total of 
605 adult  fish were captured,  including  325 (54%)  females 



   
 

TABLE  1.    Microsatellite  loci statistics  and polymerase  chain  reaction  amplifying  conditions.  Min  and Max,  minimum  and maximum 
allele size in base pairs; A, number  of alleles;  [A0], estimated  null allele frequency;  Ho, obser ved heterozygosity;  He, expected  hetero- 
zygosity. 

 
 

Locus 
 

Min (bp) 
 

Max (bp) 
 

A 
 

[A0] 
 

Ho 
 

He 
Exclusion 

probability1 
Annealing 

T (°C)2 
Gacµ4 108 138 14 —0.002 0.85 0.85 0.524 61 
Gacµ10 180 298 54 —0.002 0.97 0.97 0.893 62 
CIER11 99 187 38 —0.006 0.96 0.95 0.804 62 
CIER51 168 314 61 0.004 0.91 0.91 0.722 60 
CIER62 100 176 33 0.022 0.90 0.95 0.802 60 
Overall       0.999  

1 The average exclusion  probability  represents  the probability  of excluding  an unrelated individual  as the parent of an offspring when neither of the two 
parents of this offspring are known. 

2 The annealing temperature  refers to the final temperature  preceded by a touchdown  of two cycles at each temperature  starting 5°C above and separated 
by steps of 1°C. 

 
 

and 280  males  (territorials  and nonterritorial  males).  Thus, 
the resulting adult sex ratio was 1.161:1 (slightly female 
biased). 

 
Mating Success Estimation 

 

Female threespine stickleback lay their eggs as a clutch, 
within which eggs stick together during the first days of in- 
cubation. Therefore, eggs from each nest were first separated 
by clutch. To obtain accurate estimates of mating success, 
simply counting  the number of eggs or clutches  in a male’s 
nest  is  not  sufficient  because  females  can  vary  greatly  in 
clutch size (Bell and Foster 1994), and the manual separation 
of eggs into distinct  clutches  is difficult and prone to error 
as these are fragile and can easily break or fuse. Moreover, 
clutch and nest take-over is known to occur in threespine 
stickleback (Rico et al. 1992; Jones et al. 1998). Thus, the 
correlation  between the number of eggs or clutches in a nest 
and the number of females attracted by the male is noisy. 
Because a difference of only plus or minus one female can 
change the mating success rank order of males and therefore 
compromise  the validity of this type of count data regression 
analysis, for each clutch 10% of the egg mass was randomly 
sampled  for  parentage  assignment  by  multilocus  microsat- 
ellite genotyping. Ten percent is considered conservative to 
detect all parents of an egg mass of the sizes encountered (50–
300  eggs; DeWoody  et al. 2000). 

Prior to DNA extraction, all eggs were checked with a 
stereoscope to determine their developmental  stage to ensure 
that the analysis would only compare males in similar phase 
of their breeding cycle (Swarup 1958). DNA extractions were 
performed using a Bilatest Genomic DNA kit magnetic beads 
extraction method (Bilatec, AG, Inc. Mannheim, Germany). 
Five  dinucleotide  repeat  microsatellite  loci  were  amplified 
using  polymerase  chain  reaction  (PCR)  and typed  for each 
egg  and  adult  individual:  CIER11,  CIER51,  and  CIER62 
(Rico  et  al.  1993),  Gacµ4  and  Gacµ10  (Taylor  1998;  see 
Table 1). Four of these loci (CIER11, CIER51, CIER62, and 
Gacµ10)  have been mapped to four different linkage groups 
of the 21 chromosomes of the threespine stickleback (Peichel 
et al. 2001). Exclusion probabilities,  null alleles frequencies, 
and departure from Hardy-Weinberg equilibrium were cal- 
culated using CERVUS 2.0 (Marshall et al. 1998). Fluores- 
cently labeled fragments were visualized with an ABI Prism 
377 sequencer  (Applied  Biosystems,  Inc., Foster City, CA), 

and allele sizes were scored using ABI Prism Genescan and 
Genotyper  (Applied  Biosystems). 

Overall, 1197 eggs from 44 nests containing eggs were 
genotyped as follow: 73% could be genotyped at the five 
microsatellite  loci, 18% at four loci, and the remaining  9% 
at between  one and three loci. Missing  genotypes  were due 
to either amplification problems likely caused by reduced 
extraction yield and DNA quality or allele size scoring un- 
certainty caused by stutter bands. However, given the ex- 
tremely high variability of the loci used, the exclusion prob- 
abilities of the parentage assignment based on fewer than five 
loci  were  never  less  than  89.3%  (see  Table  1,  probability 
value of Gacµ10).  All guardian males’ multilocus genotypes 
were also scored. Parentage was then assigned manually with- 
out the use of an assignment software to efficiently make use 
of the information  provided  by the known suspected  parent 
(the guardian male) combined with the full-sib and half-sib 
information  provided  by  the  clutch  structure,  which  facili- 
tated  the  identification  of  parental  relationships  compared 
with maximum  likelihood  or other statistical  approaches. 

Male mating success was determined by the number of 
different  female  genotypes,  deduced  by  allele  subtraction, 
found in its nest. A given guardian male was excluded as 
putative father if no allele of a given offspring matched those 
present in that male at one or more loci. Exclusion of the 
guardian  male  as the  father  of part  of the eggs  of a given 
clutch was interpreted as a sneaking event, and no correction 
was made on its mating success value (Rico et al. 1992). If 
the guardian  male was excluded  for all the eggs of a clutch 
or for all the eggs of its nest, this was interpreted  as a take- 
over  (stealing  of a clutch  of eggs  or of a nest;  Rico  et al. 
1992). In this case, mating success was awarded to the genetic 
father, if found in the genotype  database. 

Despite the precision in male mating success determination 
provided by the genetic data, egg cannibalism by guardian 
males (Fitzgerald and Van-Havre 1987) could lead to un- 
derestimation of mating success for some cannibal males. We 
recorded the occurence of egg cannibalism  among territorial 
males by examining  stomach  and gut contents  for the pres- 
ence  of  eggs  to  provide  an  assessment  of  the  relative  im- 
portance  of the uncertainty  this behavior  could introduce. 
 

Genetic and Phenotypic  Traits 
 

Because the majority (> 72%) of genotyped adult fish were 
heterozygotes  at all scored  loci,  the usefulness  of standard 



   
 

multilocus heterozygosity (MLH) estimate was limited for 
documenting the relationship between level of inbreeding and 
mating success. In such circumstances,  genetic diversity may 
be better estimated by taking into account the extent of allelic 
divergence  in  terms  of  mutational  events  (Goldstein  et al. 
1995; Tsitrone  et al. 2001) such as the d2  parameter.  More- 
over, this index outperforms heterozygosity in detecting deep 
inbreeding and high levels of genomic divergence when the 
mutation  rate and population  sizes are high (Tsitrone  et al. 
2001; Neff 2004), two conditions  likely to apply to the pre- 
sent case given the large observed number of alleles and 
population  sizes of fish species such as anadromous  G. acu- 
leatus. This genetic index was also shown to be involved in 
mate  choice  in  the  bluegill  sunfish  (Lepomis  macrochirus; 
Neff 2004)  and the black grouse  (Tetrao  tetrix;  Hö glund et 
al. 2002). In addition, correlations between mean d2 and fit- 
ness-related traits have previously been reported in various 
vertebrates  (Coltman  et al. 1998; Coulson  et al. 1998; Mar- 
shall and Spalton 2000; Rossiter et al. 2001), including fish 
(Health  et al. 2002).  Comparison  of paired  effect  sizes  re- 
ported from studies having used both MLH and mean d2 

revealed no significant differences between the two indices 
(Coltman  and Slate 2003). 

In addition  to mean  d2,  measurements  were  obtained  on 
four additional  traits. Standard  length  (SL) and pectoral  fin 
size were measured to the nearest 0.1 mm (Bakker and Mund- 
wiler 1999). The number of digenic trematode metacercaria 
(from the genera Uvulifer, Crassiphilia, Ornithodiplostomum, 
and Postodiplostomum) causing blackspot disease was count- 
ed on each fish and used as a measure for parasite load (Fig. 
1). Each blackspot was assumed to represent infection by one 
cercaria (FitzGerald  et al. 1994). This disease negatively af- 
fects  growth  and  survival  in many  fishes (e.g.,  Lemly  and 
Esch 1984), and susceptibility to infection by digenic trem- 
atodes in threespine sticklebacks has been shown to be in- 
fluenced by MHC allelic composition (Wegner et al. 2003). 
Given their prevalence in the study system and their known 
virulence, these parasites are therefore likely to represent an 
important  selection  pressure.  Finally,  the  shortest  distance 
from the nest to the shore of the pool (‘‘distance  to shore’’ 
or ‘‘nest site choice’’ hereafter) was measured to the nearest 
5 cm and used as a territorial  measure,  as it is highly posi- 
tively correlated to water depth and highly negatively cor- 
related with vegetation  cover (J. Blais, unpubl. data). These 
two aspects of territorial quality are potentially important for 
the protection  they offer against  conspecific and heterospe- 
cific predators such as birds (e.g., great blue heron Ardea 
herodias). Birds represent the most common heterospecific 
predators in this area and can remove up to 30% of the stick- 
lebacks  present  in  the  system  (Whoriskey  and  Fitzgerald 
1985b). Distance to shore is thus likely to include substantial 
information about territorial quality and can be more objec- 
tively quantify than the two other characteristics separately. 
Mean d2  and parasite  load were log10  transformed,  and dis- 
tance to shore was square-root transformed  prior to analysis. 
All variables  were  standardized  to mean  zero and variance 
one. 

 
Regression  Analyses and Surface Visualization 

 

Because mating success counts typically follow a Poisson 
distribution (Schluter and Nychka 1994), all regressions were 

performed under a log-linear model for response with Poisson 
distribution   (SAS  PROC  GENMOD,   SAS  Institute,  Inc., 
Cary, NC).The relationships  between mating success and the 
measured traits was first assessed by a purely linear multiple 
regression  (Lande  and Arnold  1983).  The y matrix  of non- 
linear and cross-product terms was then obtained from a qua- 
dratic regression  (Lande and Arnold 1983). The square-root 
of Pearson’s  chi-square  divided  by the degrees  of freedom 
was   used   as   scale   parameter   (McCullagh    and   Nelder 
1989).The level of significance of the estimates were obtained 
using log-likelihood  ratios tested against a chi-square distri- 
bution under a Type III sum of squares hypothesis. 

Following the suggestion from Phillips and Arnold (1989) 
and emphasized  by Blows and Brooks (2003), we performed 
the canonical rotation of the ç matrix to analyze nonlinear 
relationships  along  the  major  axes  of the  response  surface 
using SAS PROC IML. The eigenanalysis of the ç matrix 
(which has the quadratic coefficients of the quadratic re- 
gression  on its diagonal  and the interaction  coefficients off 
the  diagonal)  returns  the  eigenvalues  and  the  eigenvectors 
(mi) of the A canonical form comprising the M matrix and 
representing  the major axes of the surface (Phillips  and Ar- 
nold 1989), therefore removing the effect of the cross-product 
terms. The eigenvectors represent new combinations of the 
independent variables and are used to replace the original 
independent  variables in the surface quadratic equation. The 
quadratic analysis is thus carried out again with these new 
variables  (the  eigenvectors)  and  the  new  quadratic  coeffi- 
cients correspond to the eigenvalues of y (Blows and Brooks 
2003). 

The surfaces  were visualized  by thin-plate  splines and by 
the best quadratic approximation using S-PLUS (Insightful 
Corp., Seattle, WA), along the major axes identified by the 
canonical rotation of y. In contrast to the best quadratic ap- 
proximation of the surface, thin-plate splines make no as- 
sumption about the surface’s shape and therefore allows local 
feature of the surface to be determined  (Blows et al. 2003). 
The same number of grid division (21 × 21) was chosen for 
all  surfaces  to  facilitate  comparison.  Bayesian  95%  confi- 
dence intervals  were generated  by S-PLUS  using the upper 
and lower  limits  of the 95%  confidence  interval  calculated 
for the mean of the predicted  value for each observed value 
by the SAS PROC GENMOD, to place 95% upper and lower 
bounds on the thin-plate spline surface’s shape. Such a con- 
fidence interval does not represent the probability of observ- 
ing a point at any specific value of the traits, but rather the 
probability  of  the  true  surface  shape  to  lie  between  these 
higher and lower bounds (Blows et al. 2003). 
 

RESULTS 
 

Mating Success and Parentage  Assignment 
 

A total of 1185 eggs among the 1197 examined for de- 
velopmental  stages  were  between  developmental  stages  21 
and 24 (130 to 168 h after fertilization).  These represent the 
last four stages before hatching (Swarup 1958). The other 12 
fries belonged to three clutches found in three different nests 
and were at stage 26 (approximately  192 h after fertilization). 
This corresponds to the first stage after hatching, but still 
several  days  before  the fry leave  the nest  (Bell  and Foster 



   
 

 
 

FIG. 1.    Examples  of melanophore-filled  capsules of connective  tissue (blackspots)  produced in response to infection by free-swimming 
trematode  cercaria on the threespine  stickleback,  Gasterosteus  aculeatus.  The individual  on top shows signs of infection by one cercaria 
(circled), while the individual below had 11 of these parasites on its right side (circled). Observed parasite load among all fish examined 
ranged from zero to 100 per individual. 

 
1994). This indicates that all territorial males with eggs used 
in the analysis were part of a same and highly synchronized 
breeding cycle, and that eggs were collected during the pa- 
rental phase that follow the termination of the egg-collecting 
phase (Bell and Foster 1994). Therefore,  it is very unlikely 
that the males used in the analysis would have acquired more 
eggs during this cycle, and that enough  fry had already left 
the nests to significantly affect male mating success values. 
Hence, the data represent an accurate snapshot of the outcome 
of female mate choice among this particular  set of males. 

In addition, we found a relatively low occurrence of egg 
cannibalism among territorial males, with 37% of them show- 
ing  evidence  of  between  one  and  40  cannibalized  eggs  in 
their digestive  tract. This suggests  that none of these males 
had recently eaten more than one clutch of eggs. These eggs 
could have either come from their own nest, leading to a 
possible understimation  of these males mating success if the 
eggs eaten were not from a previously stolen clutch, or from 
the nests of neighboring  rivals, in which case it would have 
no impact on their own estimated mating success but possibly 
on the mating success of the neighbor (FitzGerald and Van- 
Havre 1987). Overall, the possible mating success underes- 
timation of these cannibal males appears unlikely to signif- 
icantly affect the results of the analysis, although it might 
contribute  to an increase in the noise of the data. 

The mean number of alleles per locus was 40 (range: 14– 
61), yielding  a combined  exclusion  probability  greater than 
0.999, and a single locus exclusion probability range of 0.524 
to 0.893 (Table 1). No significant departure from Hardy- 
Weinberg  equilibrium  or null alleles  were detected  for any 

of the loci. Genotype analysis led to limited exclusion of the 
guardian male as the genetic father of the eggs sampled from 
its nest. Indeed,  extranest  paternity  was detected  in nine of 
44 nests (20%), with an average  of 15% (range: 2–40%) of 
eggs in each of these nine nests fertilized by a sneaker, which 
therefore represented only 3% of all the eggs genotyped. The 
occurrence  of clutch  or nest take-over  was detected  in four 
nests  (9% of all nests),  and represented  7% of all eggs.  In 
these cases, no mating success was awarded to the guardian 
male captured  at this nest. The genetic father for one of the 
nest take-over  could  be identified in the genotype  database 
and the mating success of this nest was awarded to this male, 
which had been identified as nonterritorial upon capture. In 
summary, evidence of either extranest paternity or take-over 
was found in 30% of the nests, a value comparable  to those 
reported  in  previous  stickleback  studies  (Rico  et al. 1992; 
Jones et al. 1998). Male mating success ranged from zero to 
five females attracted per nest (mean ! SE = 0.942 ! 0.141). 
The phenotypes of the males for the studied traits and their 
mating success are given in Appendix  1 (available online at 
http://dx.doi.org/10.1554/04-189.1.s1). 
 

Phenotypic  Traits 
 

We tested for the sexual dimorphism in pectoral fin size 
reported in two previous studies on European stickleback 
populations (Brønseth and Folstad 1997; Bakker and Mund- 
wiler 1999) using an ANCOVA, with pectoral fin size as 
dependent  variable,  sex, and SL as covariate  (Fig. 2). Both 
SL  and  sex  had  significant  effects  (sex:  F = 14.532,  P < 
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FIG.  2.    Analysis  of covariance  for pectoral  fin size. Standard  length  was used as a covariate  controling  for body size. Females  have 
significantly  larger fins than males of similar size (P < 0.001). 

 
 

0.001, df = 553; SL: F = 2660.951,  P < 0.001, df = 553). 
However,  in  contrast  to  what  was  found  by  Brønseth  and 
Folstad (1997) and by Bakker and Mundwiler (1999), females 
had significantly  larger fins than males when controlling  for 
body  size  (least  square  mean  ! SE:  females  = 11.346  ! 
0.032;  males  = 11.165  ! 0.034).  The same result  was ob- 
tained by comparing the residuals of a linear regression of 
pectoral  fins on  SL  pooling  both  sexes  (mean  residuals  ! 
SE: females = 0.082 ! 0.032, males = —0.092 ! 0.034; F 
= 13.993, P < 0.001, df = 553). 

Using  linear  regression,  we  verified  if parasite  load  had 
any effect on males’ condition. There was a significant, albeit 
weak, negative relationship between parasite load and con- 
dition  (r2  = 0.06,  F = 18.090,  P < 0.001,  df = 278;  Fig. 

 
 

 
 

FIG. 3.    Fulton’s condition factor, log mass (g)/(log standard length 
[mm])3.18, as a function of log-transformed parasite load values 
(number of trematode  metacercaria)  for all males. r2  = 0.061; F = 
18.090; P < 0.001; df = 278. 

3). Males had a significantly higher level of infection than 
females  (mean  log parasite  load ! SE: females  = 0.527 ! 
0.029, males = 0.651 ! 0.029; t-test: t = —3.070, P < 0.01, 
df = 566), and territorial males with a nonzero mating success 
had  significantly  lower  levels  of  infection  than  territorial 
males with a mating success of zero (mean log parasite load 
! SE: males with nonzero mating success = 0.601 ! 0.061, 
males with zero mating success = 0.831 ! 0.053; t-test: t = 
2.754,  P < 0.01,  df  = 102).  Finally,  standard  length  was 
compared  within each of the two age classes,  distinguished 
by the bimodal size distribution (Dufresne et al. 1990), be- 
tween males and females as well as between territorial and 
nonterritorial males using Student’s t-test. This analysis re- 
vealed that females were significantly larger than males with- 
in both  age  classes  (P < 0.001)  and that  one-year-old  ter- 
ritorial males were significantly larger than one-year-old non- 
territorial  males  (P < 0.001).  However,  no significant  dif- 
ference   was   found   between   territorial   and  nonterritorial 
two-year-old  males (P > 0.67). 
 

Regression  Analyses and Surface Visualization 
 

The vector of linear coefficients obtained from the linear 
multiple  regression  including  the five independent  variables 
is presented in Table 2. This analysis revealed a negative and 
significant effect of parasite load (P < 0.05). The estimates 
for all the other variables were nonsignificant, although the 
positive  coefficient  for mean  d2  also had a low P-value  (P 
= 0.115). The y matrix of the quadratic regression is included 
in Table 2 and the M matrix is given in Table 3. The ç matrix 
revealed that there was a significant positive quadratic co- 
efficients (concave selection) on distance to shore (P < 0.05). 
The canonical  rotation  identified two major axes of the sur- 
face (m1 and m5). m1 essentially represented distance to shore, 
while m5  reflected mostly the effect of parasite load. m1  had 
a positive  eigenvalue  (P = 0.013),  while the eigenvalue  of 
m5  was negative  (P = 0.059),  indicating  that the stationary 
point of the surface was a saddle point. 



   
 

TABLE  2.    The vector  of linear  regression  coefficients  (þ) and the ç matrix  of quadratic  (main  diagonal)  and cross-product  terms  for 
the analysis  including  all territorial  males  with  complete  measurements  and the five variables.  Linear  and quadratic  coefficients  were 
estimated  in separate  regressions  under  a log-linear  model  for response  with  Poisson  distribution  and a scale  parameter  estimated  by 
Pearson’s  chi-square  divided  by degrees  of freedom.  Standard  errors are given in parentheses.  N = 95. 

 
 

þ  Mean d2  Parasite load 

Mean d2  —0.244 (0.158)  —0.108 (0.124) 
Parasite  load  —0.298* (0.158)    —0.232 (0.224)  —0.208 (0.185) 

Distance  to 
shore  Standard  length 

Pectoral fin 
size 

Distance  to shore  —0.137 (0.160)  —0.130 (0.186)  —0.224 (0.187)  0.280* (0.138) 
Standard  length  0.185 (0.149)  —0.268 (0.237)  —0.017 (0.224)  0.186 (0.183)  —0.094 (0.276) 
Pectoral  fin size  0.061 (0.150)  0.216 (0.274)  0.181 (0.224)  —0.004 (0.193)  0.153 (0.218)  —0.117 (0.167) 

 
* P Š 0.05. 

 
 

The surface visualizations  along m1  and m5  are presented 
in Figure 4, and the spline surface bounded by the 95% con- 
fidence interval in Figure 5. The thin-plate splines and the 
quadratic  approximation  were relatively similar in the sense 
that both were saddle shaped, but the spline surface was more 
rugged. Examination of the surfaces revealed that highest 
mating  success  was  achieved  by males  located  at both  ex- 
tremes  of  m1.  Extreme  values  of  m1   correspond  mostly  to 
males having nests located either close to the shore (in shal- 
low waters associated with dense vegetation) or far from the 
shore (in deep water characterized by an absence of vege- 
tation). The significant negative quadratic coefficient asso- 
ciated with m5  suggests that highest mating success was gen- 
erally achieved by males with intermediate values of parasite 
load (Fig. 4), although  the ruggedness  and wideness  of the 
upper bound of the spline surface (Fig. 5) makes it difficult 
to firmly conclude  on the trend. 

We could not strictly rule out the possibility  that some of 
the territorial  males without eggs were part of a subsequent 
breeding  cycle  (in  statistical  terms,  these  males  were  not 
‘‘structural  zeroes’’  but  ‘‘sampling  zeroes’’;  Bishop  et  al. 
1975) and so had not yet received eggs simply because they 
had not yet or had just started to court females. Consequently, 
including these males in the analysis might have artificially 
increased  the noise of the data and hence the probability  of 
Type II error. Therefore, we repeated the analysis, this time 
excluding  the males with a mating success of zero, focusing 
instead on males for which realized mating success and breed- 
ing status could be unambiguously determined (by exami- 
nation of eggs developmental  stages). 

The vector of linear coefficients obtained from this linear 
multiple  regression  including  the five independent  variables 
is presented in Table 4. This analysis revealed no significant 
linear association  between  any of the traits and mating suc- 
cess (all P-values  > 0.485). Reducing  the number of males 

in the analysis also reduced the number of estimated param- 
eters that could be included in the quadratic regression from 
five to three to minimize overfitting (Schaffer 1993). Hence, 
we first combined  SL and pectoral  fins in a single  variable 
by  using  their  first principal  component  (referred  as  body 
size hereafter). This first principal component explained more 
than 94% of the variance in both traits (factor loading: 0.707 
for fin size; 0.707 for SL). We then restricted the quadratic 
analysis to three variables at a time. Thus, four different ç 
matrices  were  obtained,  corresponding  to the four possible 
three variables  combinations. 

No significant effect was identified for body size in the ç 
matrix of any of the three variable combinations  in which it 
was involved (see Appendix 2 available online at http:// 
dx.doi.org/10.1554/04-189.1.s1). Therefore, we focus on the 
three other variables  (parasite  load, distance  to shore, mean 
d2) for which  the ç matrix  is presented  in Table  4 and the 
M matrix in Table 5. The ç matrix revealed that there were 
significant quadratic coefficients on parasite load (P = 0.002) 
and distance  to shore  (P = 0.014).  In addition,  there  were 
significant interaction coefficients involving distance to shore 
and mean d2  (P < 0.001) and distance to shore and parasite 
load (P = 0.010). The canonical rotation identified two major 
axes of the surface (m1 and m3). m1 comprised mostly distance 
to shore and, to a lesser extant, mean d2  while m3  essentially 
represented  parasite load. m1  had a positive eigenvalue (P < 
0.001), while the eigenvalue of m3  was negative (P < 0.001), 
indicating that the stationary point of the surface was a saddle 
point. 

The surface visualizations  along m1  and m3  are presented 
in Figure 6, and the spline surface bounded by the 95% con- 
fidence interval in Figure 7. The thin-plate splines and the 
quadratic approximation both resulted in a similar saddle- 
shaped surface. As in the case of the analysis including all 
territorial  males,  the  surfaces  revealed  that  highest  mating 

 
 

TABLE  3.    The M matrix of eigenvectors  (mi) and eigenvalues  (hi) from the canonical  analysis  of the ç matrix including  all territorial 
males with complete  measurements  and the five variables.  Standard  errors are given in parentheses.  N = 95. 

 
  

hi 
 

Mean d2 
 

Pectoral fins 
 

Standard  length 
 

Parasite load Distance  to 
shore 

m1 0.320**  (0.125) 0.0615 0.007 0.201 —0.190 0.959 
m2 0.231 (0.170) 0.870 0.279 —0.290 0.279 0.058 
m3 —0.015 (0.210) —0.085 0.684 0.661 0.285 —0.082 
m4 —0.274 (0.209) 0.292 —0.674 0.569 0.366 —0.061 
m5 —0.297* (0.179) —0.383 —0.030 —0.338 0.820 0.258 

* P = 0.059, ** P < 0.05. 



   
 

 
 

FIG. 4.    Fitness surface visualized by thin-plate splines (a) and the 
best quadratic approximation (b), along the two significant axes of 
selection  (m1  and m5) identified  by the canonical  rotation of the ç 
matrix (values are standardized) from the analysis including all 
territorial males with complete measurement on all independent 
variables (N = 95). The points represent the original observed val- 
ues. 

 
success  was achieved  by males located  at both extremes  of 
m1 and intermediate values of m3 representing intermediate 
values of parasite load. Qualitative conclusions from the two 
analyses  are therefore very similar. 
 

DISCUSSION 
 

The role of nonlinear selection, whether stabilizing or dis- 
ruptive, is central in models of adaptation and adaptive land- 
scape,  the  maintenance  of  genetic  variance  in  quantitative 
traits, and speciation (Kingsolver et al. 2001; Zhang and Hill 
2003; Arnegard and Kondrashov 2004). Nevertheless, field 
studies  suggest  that directional  selection  is more important 
and more common. In Kingsolver  et al.’s (2001) review, for 
instance, 25% of 993 directional selection gradients were 
significant at the 0.05 level, while this proportion  was only 
16% for the 574 quadratic selection gradients. However, the 
detection of nonlinear selection can be hampered by the pres- 
ence of correlational selection if the canonical rotation of the 
ç matrix is not performed (Blows and Brooks 2003). Because 
this step is rarely taken, nonlinear selection in the wild is 
probably  underestimated  (Blows and Brooks 2003). The re- 
sults of the present study show that male mating success was 
related by significant linear and nonlinear relationships with 
various traits, while significant correlational effects were also 
detected.  Below,  we discuss  the evolutionary  consequences 
of these findings as well as the potential usefulness of con- 
sidering nonlinear relationships between mating success and 
these type of traits in future studies. 
 

Mating Success Fitness Surface 
 

Recent data suggested that selection through mate choice 
might be stronger  than selection  through  viability  or fecun- 
dity (Kingsolver et al. 2001). This possibility emphasizes the 
importance  of documenting  the effects of mate choice in the 
wild to understand adaptive evolution. A crucial step to reach 

 
 

 
FIG.  5.    Fitness  surface  visualized  by thin-plate  splines  along the two major axes of selection  (m1   and m5) identified  by the canonical 
rotation  of the ç matrix  (values  are standardized)  from  the analysis  including  all territorial  males  with  complete  measurement  on all 
independent  variables  (N = 95), with upper and lower bounds  (transparent  grids) of the 95% Bayesian  confidence  interval. 
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TABLE  4.    Vector  of  linear  regression  coefficients  (þ),  and  the  matrix  of  quadratic  (main  diagonal)  and  cross-product  terms  for  the 

 

 
  Parasite Distance  to FIG. 6.    Fitness surface visualized by thin-plate splines (a) and the 

 hi Mean d2 load shore best quadratic approximation  (b), along the two significant axes of 
m1 0.302† (0.076) 0.504 —0.078 0.860 selection  (m1  and m3) identified  by the canonical  rotation of the ç 
m2 —0.043 (0.063) 0.834 0.339 —0.435  m3 —0.331† (0.091) —0.280 0.927 0.249 territorial  males  with  a nonzero  mating  success  and  the three  in- 

 

analysis including only males with a nonzero mating success. Standard length and pectoral fin size were excluded of the quadratic analysis 
(see Results). Linear and quadratic coefficients were estimated in separate regressions under a log-linear model for response with Poisson 
distribution  and a scale parameter  correcting  for underdispersion.  Standard  errors are given in parentheses.  N = 37. 

 
 þ  Mean d2 Parasite load Distance  to shore 
Mean d2 0.065 (0.093) mean d2 0.022 (0.058)   
Parasite  load 0.038 (0.096) parasite  load 0.123 (0.091) —0.288** (0.096)  Distance  to shore 0.005 (0.096) nest site choice 0.339† (0.089) —0.179* (0.072) 0.194* (0.079) 
Standard  length 0.046 (0.095)     Pectoral  fin size 0.027 (0.094)     

*P < 0.05; ** P < 0.01. †P < 0.001. 
 
 

this goal is to document the shape and strength of the rela- 
tionships  linking  female  mate  choice  to various  male traits 
in natural conditions.  Female mate preferences  are typically 
seen as open-ended (Price 1998; Sherman and Reeve 1999), 
therefore leading to exaggeration of secondary sexual traits 
(Hall et al. 2000). As a result, directional selection is often 
expected in studies of sexual selection through mate choice 
(e.g., FitzGerald et al. 1994; Pomiankowski and Møller 1995; 
Kraak et al. 1999b; Brooks and Endler 2001), as those usually 
focus on secondary sexual traits. However, mate preferences 
for conspicuous dimorphic signal traits might have complex 
indirect consequences on many other traits. Besides, one can- 
not  rule  out  a priori  that  other  types  of traits  may  also  be 
directly assessed  in mate choice. 

In our analysis that included all territorial males, evidence 
of linear relationships  between mating success and the mea- 
sured traits could be detected for only one variable (parasite 
load) while significant quadratic effects were detected in both 
the y and M matrices.  In the analysis  including  only males 
with a nonzero mating success, the results indicated that the 
effect of female mate choice on the male traits analyzed was 
only nonlinear. Indeed, even before the canonical rotation of 
the axes, two quadratic coefficients out of three were sig- 
nificant. In addition, there was evidence of significant inter- 
actions among two of the three traits. The finding of signif- 
icant correlational  gradients is noteworthy  because those are 
seldomly reported, and thus very little is known about cor- 
relational  selection  in the wild (Kingsolver  et al. 2001). 

These  significant  interactions  involved  traits  that  do  not 
seem to be directly functionally  related (distance to shore × 
mean d2 and distance to shore × parasite load), although they 
may all affect fitness. Hence, females’ mate assessment ap- 
pears to have affected different types of traits simultaneously 
and the effects of the males’ trait values were not acting 
independently  of  each  other,  irrespective  of their  apparent 
functional  relationships.  This suggest that individual  males’ 

 
 

TABLE 5.    The M matrix of eigenvectors  (mI) and eigenvalues  (hI) 
from the canonical  analysis  of the ç matrix  including  only males 
with a nonzero mating success. Standard errors are given in paren- 
theses. N = 37. 

total attractiveness  was not simply additively related to these 
traits, but depended instead on the balance of all trait values 
following some particular, possibly context-dependant, com- 
bination  rules. 

The linear regression of the full analysis (including all 
territorial males with complete measurement) indicated a 
negative significant effect of parasite load, suggesting that 
males with lower levels of infection were favored by females. 
However, the canonical rotation of y identified two main axes 

 
 
 

matrix  (values  are standardized)  from the analysis  including  only 
 

   dependent  variables  distance  to shore,  parasite  load, and mean d2 
†P < 0.001. (N = 37). The points represent  the original  observed  values. 
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FIG.  7.    Fitness  surface  visualized  by thin-plate  splines  along the two major axes of selection  (m1  and m5) identified  by the canonical 
rotation  of the ç matrix (values are standardized)  from the analysis  including  only territorial  males with a nonzero  mating success and 
the three independent  variables  distance to shore, parasite load, and mean d2  (N = 37), with upper and lower bounds (transparent  grids) 
of the 95% Bayesian  confidence  interval. 

 
 

of  selection  (m1   and  m5)  of  which  m5   represented  mostly 
parasite load. m5  had a signficant negative eigenvalue of the 
same magnitude than the linear coefficient for parasite load, 
indicating  convex  selection  on  this  trait.  It  seems  at  first 
difficult to decide which effect is more important. But the 
similar quadratic estimate for the same trait in the analysis 
including only males with a nonzero mating success coupled 
with the absence of linear effect of parasite load in this latter 
analysis might provide some clue about the reason of this 
apparently mixed pattern. It seems possible that, past a certain 
level of infection, males are simply in too poor condition to 
efficiently court females, which could also explain why mean 
parasite load was significantly higher in males with zero mat- 
ing success. Otherwise, mating success could be higher for 
males having  intermediate  levels of infection.  The relation- 
ship between parasite load and mating success might not be 
very stable, however, as examination of the two matrices 
involving body size and parasite load for the analysis of males 
with nonzero mating success (Appendix  2, available online) 
shows that this estimate was nonsignificant in these two cas- 
es. Admittedly, this could reflect the limited power of this 
analysis and consequently, further investigations will be re- 
quired  for clarifying  the nature  of the relationship  between 
this trait and mating success in this population. 

If the convex  component  of selection  on parasite  load is 
real, however, alternative mechanism linking mate choice, 
immunocompetence, and sexual signals might need to be pro- 
posed, as the existing theory do not explicitly predict sta- 
bilizing outcomes on parasite load (Getty 2002). Models of 
honest signaling through the well-documented  androgens im- 
munosuppressive   effect  in  vertebrates  (Folstad  and  Karter 
1992; Zuk and McKean  1996; Peters 2000), which propose 
that  male  investment  in  attractiveness  to  females  involves 

costs in immunity,  which  in turn are reflected by increased 
level of infection (Zuk and McKean 1996), may represent a 
promising  avenue to explore the possibility  of nonlinear  ef- 
fects on parasite load at equilibrium. Such models also predict 
the significantly  higher  level  of parasite  infection  in males 
than  in females  revealed  by  our  results  (Zuk  and  McKean 
1996). 

Males’  nest site choice,  in contrast,  was more clearly re- 
lated to mating success by a significant positive quadratic 
coefficient acting on m1, which essentially reflected nest dis- 
tance  to shore.  This  relationship  was consistently  found  in 
all analyses (both the full one and the nonzero males analysis) 
and appears to be stable. The higher mating success obtained 
by males having established their nest either close to the shore 
or far from the shore as compared  to males nesting at inter- 
mediate  locations  may reflect a female preference  to spawn 
with males nesting in areas less accessible to conspecific and 
bird predators  (such  as the great  blue heron),  as this could 
decrease the risk of predation  on both their progeny and the 
male guarding it. Indeed, vegetation cover is dense and offers 
concealment  in shallow waters close to the shore (Lachance 
and FitzGerald 1992), whereas deeper waters are likely to be 
inaccessible to predatory birds (Gawlik 2002), since depth 
typically  reaches  more  than  1  m in the middle  of the pool 
(J. Blais, pers. obs.). Great blue herons, for instance, cannot 
feed at depths greater than 39 cm (Powell 1987). At inter- 
mediate distances from the shore, however, vegetation cover 
is reduced and water depth may allow birds to feed on nesting 
males. Alternatively, the pattern could be indirect if more 
attractive males have a competitive advantage over less at- 
tractive ones and secure territories offering concealment and 
protection. 

Thus,  it  appears  that  males  have  at  least  two  nest-site- 
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choice tactics optimizing their mating success in this system. 
This  raises  the  possibility  of  multiple  adaptive  peaks  on 
males’ fitness surface, a phenomenon  also recently detected 
by Blows et al. (2003) for male guppies attractiveness mea- 
sured  in the laboratory.  Concave  selection  on a behavioral 
trait such as males’ nest site choice induced by female mate 
preference is interesting since examples of disruptive effects 
of  mate  choice  are  lacking  and  is  an  important  aspect  of 
models of sympatric speciation by sexual selection (Arnegard 
and Kondrashov  2004). The pattern reported in this study is 
not a demonstration of the kind of opposite and extreme 
variation in preference typically required by such models 
(Turner and Burrows 1995; Higashi et al. 1999; Takimoto et 
al. 2000),  but nevertheless  illustrates  that it is possible  for 
males of a population  to obtain equally high mating success 
despite displaying  different trait values (a behavioral trait in 
the present case). Even if nest site choice may aim at ulti- 
mately maximizing the same characteristic (here protection 
from predators), from the female perspective, there are still 
multiple alternatives. However, male-male competition prob- 
ably plays a role in territory establishment, and this is sup- 
ported by our data on male body size (see also Candolin and 
Voigt 2003). It this thus also possible that the observed pat- 
tern is due to the fact that males that are more attractive to 
females are also the most competitive ones and are able to 
secure  territories  providing  shelter  from  predators  for their 
own benefits. 

The positive linear term representing mean d2 in the full 
analysis,  despite  being  nonsignificant,  had a relatively  low 
P-value of 0.115, and the vector m1 in the analysis of nonzero 
males also comprised a minor component representing mean 
d2, and thus mating success along this axis reflects an effect 
of both traits. These observations may therefore provide the 
third empirical  evidence  of a relationship  between  mean d2 

and  mating  success  (see  Hö glund  et al.  2002;  Neff  2004). 
Namely, Neff (2004) recently showed that female bluegill 
sunfish (Lepomis macrochirus) were choosing their mates to 
produce  offsprings  lying  at  an  intermediate  position  along 
the inbreeding/outbreeding continuum  measured by mean d2 

calculated  over 11 loci. Mean d2  is thought  to be a reliable 
index of inbreeding having occured deep in the pedigree, 
especially  when  the mutation  rate and population  sizes are 
high (Tsitrone et al. 2001). Considering the high level of 
variability  of the loci examined  and population  sizes typical 
for this kind of fish species (Neff 2004), if overdomiance, 
inbreeding depression, or outbreeding depression affect traits 
influencing female mating decision (e.g., MHC genotypes; 
Reusch  et  al.  2001;  Aeschlimann  et  al.  2003;  Neff  2004), 
mean d2  could reveal these effects. 

 
Limitations  of the Study 

 

It is important to identify the potential limitations of this 
study as those could undermine the robustness of the con- 
clusions  one might draw. As mentioned  previously,  sample 
size is often an issue in selection studies, and this case is no 
exception. Sample size mostly affects power to detect weak 
effects,  thereby  increasing  the probability  of Type II error. 
Here, because we detected several significant effects, this 
problem does not seem to have been critical, although weak 

effects  might have been missed.  On the other hand, sample 
size can also affect the repeatability of the results if the effects 
detected are more due to noise than real relationships (ov- 
erfitting), which could increase the probability  of Type I er- 
ror. It is difficult to assess how much these two potential 
problems might affect our results and their relative impor- 
tance. However, the two different analyses (the one including 
all territorial males and the one including only males with a 
nonzero  mating success)  generally  produced  similar results, 
and estimates  that were always of the same sign. Neverthe- 
less, in the analysis including only males with nonzero mating 
success, the effect of parasite load was nonsignificant when 
analyzed with body size. This might reflect instability related 
to either of the two limitations  mentioned  above. 

Another possible confounding factor is the fact that male 
investment  in current and future reproduction  could modify 
the relationships detected here if individual males vary great- 
ly in their success at attracting females in successive breeding 
cycles. In other words, the selection  caused by mate choice 
on the measured traits could fluctuate through time. However, 
males  of this  population  live  only  two  years,  and  most  of 
them complete  only one breeding  cycle per year (Lachance 
and FitzGerald  1992).  Finally,  egg cannibalism  could  have 
also led to the underestimation  of some males’ mating suc- 
cess.  How  this  would  affect  the results  is not immediately 
clear, but seems at this point unlikely to dramatically change 
the detected relationships. Nevertheless, given these possible 
complications,  firmer conclusions  on the ultimate evolution- 
ary  consequences  of the  effects  detected  on  any  particular 
trait must await temporal  replications  of the study. 
 

Conclusions 
 

The  lack  of  evidence  for  linear  selection  found  by  this 
study  might  not be surprising,  considering  the direction  of 
size  dimorphism  characterized  by  females  being  larger  in 
terms of both SL and pectoral fin size in this population and 
the fact that we excluded males’ dimorphic nuptial coloration, 
for which a greater intensity has sometimes, but not consis- 
tantly (e.g., Kraak et al. 1999b; Braithwaite and Barber 2000) 
been found to be preferred by females threespine stickleback 
(Milinski and Bakker 1990; Bakker and Milinski 1993). Fe- 
males’ open-ended preference for more intense male orna- 
mentation used as proximate cue in mate choice may induce 
complex  indirect  nonlinear  selection  on various  traits  such 
as those observed here due to correlation patterns with the 
display trait. Such indirect relationships between mate choice 
and various characters  have important implications  but their 
roles remain controversial (Hunt et al. 2004). The relative 
evolutionary  impact  of sexual selection  beyond  exageration 
of secondary  sexual traits and its role in speciation  depends 
on  the  presence,  strength,  and  shape  of  these  effects.  Our 
results suggest that mate choice might indeed have important 
consequences   on   many   different   traits,   perhaps   mostly 
through nonlinear relationships. The presence of nonlinear 
selection on an organism’s fitness surface has also profound 
consequences (e.g., on the evolutionary stability of the G- 
matrix [Blows et al. 2004], and the maintenance of a pop- 
ulation at or near its adaptive peak). Hence, finding evidence 
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of stabilizing  effects of sexual selection  provides  important 
insight into the role this process might play in this context. 

 
ACKNOWLEDGMENTS 

 

We are grateful to the late G. J. FitzGerald for having 
recognized the potential and developed the scientific interest 
for the Gasterosteus  aculeatus anadromous  population of the 
Isle-Verte coastal tide pools system. We thank R. Brooks and 
two anonymous reviewers for helpful comments on earlier 
versions of the manuscript. This work was supported by the 
Canadian Research Chair in conservation  genetics of aquatic 
organisms and a research grant from the Natural Science and 
Engineering Council (NSERC, Canada) to LB. JB was sup- 
ported by a Fond de Recherche sur la Nature et les Tech- 
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