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Abstract
Subtle morphological asymmetries, common in most species, typically originate from developmental noise rather than being

adaptive responses. However, diverse taxa exhibit left versus right biases in behavioural traits due to hemispheric specializa-
tion, raising the possibility that subtle morphological asymmetries have functionality. Here we provide a rare test of this hy-
pothesis by investigating the extent to which subtle left and right departures from bilateral symmetry in the defensive appara-
tus of threespine stickleback (Gasterosteus aculeatus Linnaeus, 1758) influence: (1) susceptibility to predator capture and (2) fitness
of asymmetric relative to symmetric fish. Using large samples (N = 10 126), we found that left-biased asymmetrics had lower
frequencies of predator-induced injuries than did symmetrics, while the latter had lower frequencies than did right-biased
asymmetrics. This pattern occurred in four of five years and in each sex. Relative fitness based on ontogenetic shifts in frequen-
cies within six cohorts showed both left and right-biased asymmetrics often had a fitness advantage over symmetrics, but this
varied among years in conjunction with shifts in bird versus trout predation. The results suggest that subtle departures from
symmetry can comprise an axis of functional phenotypic space maintained by fluctuating ecological and selective processes.
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Introduction
Despite the growing appreciation for complex and fluctu-

ating selective regimes on quantitative variation in natural
populations (Bell 2015), there has been much less attention
directed to the ecological and selective influences on slight
bilateral asymmetries. This is likely because subtle left-right
departures from symmetry are often thought to arise from
developmental noise (i.e., errors) and poor canalization (Van
Valen 1962; Møller and Swaddle 1997; Allenbach 2011), lead-
ing to random “fluctuating asymmetry” (FA hereafter). Differ-
entiating FA from directional asymmetries (DA hereafter) is
traditionally statistically determined based on whether the
population mean of the trait value on left and right sides
differs (Palmer and Strobeck 1986). The majority of studies
conclude that these subtle asymmetries, most with measur-
able heritability (Møller and Thornhill 1997), tend to be either
neutral or maladaptive (Francis et al. 1985; Balmford et al.
1993; Thomas 1993; Martin and Lopez 2001; Nosil and Reim-
chen 2001; Gagliano et al. 2008; review in Leung and Forbes
1996). That said, it is important to acknowledge that DA is
usually considered functional, but this designation is gen-
erally reserved for pronounced and consistently directional
asymmetries.

We evaluate these assumptions concerning studies of
asymmetry by taking advantage of long-term studies of
predator-prey interactions with threespine stickleback (Gas-

terosteus aculeatus Linnaeus, 1758) at a remote lake on Haida
Gwaii, western Canada. The ongoing study at this locality, be-
gun in 1977, examined ecological factors influencing pheno-
typic variation in defense structures of the stickleback (re-
view in Reimchen 1994). Monthly quantification of predation
landscape showed that mean lateral plate numbers in the
population increased in seasons and years with greater preva-
lence of predatory fish and decreased with increased avian
piscivory (Reimchen 1995). Predator-induced injuries classi-
fied on several thousand stickleback from this population in-
dicated that injury frequencies were highest on peripheral
and non-modal plate phenotypes, suggesting increased pre-
dation risk on such phenotypes. Yet cohort analyses indicated
that these peripheral phenotypes exhibited similar or higher
fitness compared to modal phenotypes, consistent with the
action of diversifying selection (Reimchen and Bergstrom
2023). This pattern aligns with Vermeij’s (1982) argument
that the presence of repaired predator-induced injuries in
natural populations reflects positive fitness, as such individ-
uals have effectively been “tested” by natural selection.

In the current paper, we extend these previous studies and
compare incidence of predator-induced injuries among sym-
metric and asymmetric lateral plate phenotypes. Both FA and
DA of lateral plates in stickleback have heritable signatures
(Hagen 1973; Loehr et al. 2012). As well as quantifying abso-
lute asymmetry, which is the major proxy in studies of FA
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Fig. 1. Predator-prey schematic for threespine stickleback (Gasterosteus aculeatus) at Drizzle Lake, Haida Gwaii. #1: fish that have
evaded detection or escaped during pursuit #2: fish that were captured but escaped with non-lethal injuries (see Reimchen
1988). #3: fish that were captured but escaped with lethal injuries (see Reimchen 2021). #4: fish that were pursued, captured
and consumed (see Reimchen (1990, 1994) for each predator species). #5: representative adult stickleback (SL = 75 mm) with
six lateral plates (positions 3 thru 8) from Drizzle Lake.
Image Fig. 1.

(Møller and Swaddle 1997), we focus on the sign of asym-
metry, i.e., left versus right plate asymmetries. This is war-
ranted because expanding evidence demonstrates that left
or right behavioural asymmetries (laterality) occur among di-
verse vertebrate and invertebrate taxa (Bisazza et al. 1998;
Frasnelli et al. 2012; Hori et al. 2017; Fuss et al. 2019), raising
the prospect that subtle plate asymmetries could have ecolog-
ical context, particularly in predator–prey interactions. We
make and test several predictions. (1) Initially we test the data
against the null model that there will no consistent associa-
tions between the occurrence of injuries on the stickleback in
relation to the presence or absence of plate asymmetries (2) if
differential injuries are found, we predict asymmetrics (pre-
sumably unfit) will be captured at a higher rate (i.e., higher
incidence of injuries). This allows several refined predictions
to emerge: (a) frequencies of these asymmetric phenotypes
will decline over ontogeny (lower fitness) versus (b) frequen-
cies of these asymmetrics will increase over ontogeny (higher
fitness) since such individuals have been “tested” by natural
selection. The data emerging from this within-lake investiga-
tion offer broader insight into the relatively weakly investi-
gated ecological aspects of directionality in fluctuating asym-
metry and urges the integration of subtle bilateral symmetry
with that of other traits in the study of phenotypic variation.
The focal themes examined in the current study are shown
in the simplified infographic (Fig. 1).

Materials and methods
The study area is a 110-ha dystrophic lake (53◦56′′3.11′′N;

132◦4′′29.64′′W) located on the north-eastern region of the
Haida Gwaii archipelago, western Canada. The lake contains

a population of large-bodied melanic threespine stickleback
as well as an assemblage of predators of which the two most
common are Cutthroat Trout (Oncorhynchus clarki Richard-
son, 1836) and Common Loon (Gavia immer Brünnich, 1764),
widespread predators in coastal British Columbia. Collections
of sticklebacks were made predominantly with standard min-
now traps set in spring and summer between 1980 and 1988
and then intermittently (1989, 1990, 2006, 2010 through
2016) (permits——SM09-51584 and SM10-62059, MOE, Govt. of
British Columbia; University of Victoria Aquatic Unit facility
Standard Operating Procedure OA2003). For each collection,
the fish were anaesthetized (Clove oil or MS222), then eutha-
nized, and preserved in 10% formalin and later transferred to
95% ethanol. Lake biophysical data are described elsewhere
(Reimchen 1994, 1995, 2021; Reimchen and Douglas 1980,
1984). For the present study, we include data on stickleback
standard length (SL), sex, number and position of left and
right lateral plates (Reimchen 1983), and predator-induced in-
juries. Capture by either predator group (salmonid or avian
piscivores) resulted in fractured spines and/or integumen-
tary lacerations. Many of these could not be reliably iden-
tified to specific predator group (trout or bird) while about
one quarter of the fish had distinctive vertical parallel scars
that unambiguously identified capture and escape from an
avian piscivore (Reimchen 1988) while about 10% had major
lacerations or punctures and were likely from trout injury
(Reimchen 1992a). The remainder were classified as “indeter-
minate” (trout or bird). We suspect that substantial propor-
tion of these “indeterminate” injuries are also from birds be-
cause stickleback escaping from trout have low survivorship
(Reimchen 1992a). Incidence of injuries on each fish were ex-
amined for absolute and signed lateral plate number asym-
metry (right-side minus left-side) and plate position asymme-
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Fig. 2. (A) Frequency of injured fish (sexes combined) for threespine stickleback (Gasterosteus aculeatus) at Drizzle Lake, Haida
Gwaii in relation to absolute plate asymmetry (right side minus left side). Sample sizes (N) shown above each bar. (B) Frequency
of injured fish (sexes separate) in relation to absolute plate asymmetry (right side minus left side). Sample sizes (N) shown
above each bar.
Image Fig. 2.

try (right-side minus left-side for each plate position). On a
subsample of fish, age in years was determined from annular
rings on pelvic spine cross-sections (Reimchen 1992b). From
these ages, seven cohorts were identified based on hatching
year (1977–1983). Frequencies of symmetric (SYM) and asym-
metric (ASYM) phenotypes over ontogeny were then quanti-
fied in the yearly cohorts.

Statistical analyses
Because of departures from normality in samples, we pri-

marily used non- parametric tests (Log-linear models with
partial chi-squares and Pearson’s chi-square). We also used z
scores which are the individual parameter estimates from the
LogLinear models. Initially, the entire dataset was pooled to
look for broad trends in absolute asymmetry. Subsequently,
we partitioned the data between the sexes and then for
signed asymmetry. We partitioned among years and pooled
adjacent years when sample sizes were small. We used t-tests
to compare signed asymmetries against a value of zero to
characterize fluctuating versus directional asymmetries. Po-
sition asymmetry was determined for each plate position (P1
through P10) to assess any directionality in asymmetry. Be-
cause some fish were symmetrical for number of plates but
asymmetrical for position, we compared incidence of injuries
in these “offset” phenotypes with symmetrical phenotypes.

Relative fitness (w) of symmetrical and asymmetrical plate
phenotypes was calculated within each of six cohorts (identi-
fied by hatching year) based on Manly (1985, eqs 2.18):

ŵij =
[(

2aij + 1
) (

2acj−1 + 1
)]

[(
2aij + 1

) (
2acj−1 + 1

)]

where “c” is the symmetric phenotype and “i” is the asym-
metric phenotype, “j” is the number of fish after selection
(age year >= 4) and “j − 1” the number of fish before se-
lection (age year 2,3). Spearman’s rho was used to compare
relative fitness of left and right-biased asymmetries as well
as the correlation between the sexes. All statistical analyses
were performed with SPSS version 30.0.0.0.

Results
To provide context for the major results in this paper, we

initially summarize here the lateral plate results from pre-
vious studies for this locality (Reimchen 1983; Reimchen and
Bergstrom 2009) and combine these with additional fish mea-
sured for the current study (Supp. data Fig. 1). Among the
10 126 sticklebacks collected between 1980 and 2016, modal
lateral plate number was 5 (range 0–10) with the highest
number of asymmetries occurring on fish with either the
fewest and the greatest number of plates (Supp. Fig. 1A). In
total, 60% of the fish were asymmetric in number of plates
of which the majority had a difference of one plate between
sides (range 1–4) (Supp. Fig. 1B). In both sexes, these asymme-
tries occurred primarily at myomere positions 1 thru 3 and
8 thru 10, with the fewest asymmetries on the buttressing
positions (4 through 7) (Supp. Figs. 1C and 1D). Considering
signed asymmetries, for males (Supp Fig. 1E), there was an
overall left-side bias (t = 3.2, P < 0.001, N = 4481) although
the asymmetry did not differ significantly from zero in nine
of the ten years. For females (Supp. Fig. 1F), there was also
an overall left-bias (t = 6.4, P < 0.001, N = 5645) while four
of the 10-year groups were not significantly different from
zero (FA). Signed asymmetries also varied with respect to my-
omere position on the fish. For males (Supp. Fig. 1G), Pos#1
was marginally right-biased (P < 0.07) while Pos#2, #3, and #4
were significantly left-biased and with more posterior posi-
tions shifting from no bias to right-bias but none of these dif-
fered significantly from zero. Females (Supp. Fig. 1H) showed
a very similar trend to males (rho = 0.72, P = 0.02) with three
positions (Pos#3, #4, and #6) significantly left-biased but the
remaining positions not significantly different from zero, in-
dicating FA.

For absolute plate asymmetry (Fig. 2), using pooled data
with sexes combined, there was a very weak and non-
significant increase in injuries with increased asymmetries
(chi-square = 3.3, P = 0.34, DF = 3; Fig. 2A). Restricting com-
parison to the most asymmetric phenotype (>=3 plate dif-
ference) showed a 4.4% greater injury rate than symmetrics
but without statistical support (chi-square = 1.0, P = 0.34,
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Fig. 3. Frequency of injured fish for threespine stickleback (Gasterosteus aculeatus) at Drizzle Lake, Haida Gwaii, in relation to
signed asymmetry (right side minus left side: LB2-left-biased by >=2 plates, LB1-left-biased by one plate; Sym-symmetric; RB1-
right-biased by one plate; RB2: right-biased by >=2 plates). (A) Males. (B) Females. (C) Males LB2 versus RB2. (D) Females: LB2
versus RB2.
Image Fig. 3.

df = 1). Partitioning the sexes (Fig. 2B) showed elevated in-
juries in females relative to males (partial chi-square = 55.9,
P < 0.001, df = 1). As well, the most asymmetric pheno-
types (>=3 plate difference) had higher incidence of injuries
in females than in males relative to symmetrics (Z = 2.1,
P < 0.04).

For signed asymmetry (Fig. 3), the relative extent of in-
juries varied among phenotypes. For males (Fig. 3A) and fe-
males (Fig. 3B), phenotypes asymmetric by a single on either
side had slightly but not significantly higher incidence of in-
juries than symmetrics (partial chi-square = 3.3, P = 0.19,
df = 2). Right-biased asymmetrics with >=2 plate difference
(RB2) were more frequently injured than symmetrics (SYM)
(partial chi-square = 5.7, P < 0.02) with no differences be-
tween the sexes (Z = 0.68, P = 0.5) and were more frequently
injured than LB2 in both sexes (partial chi-square = 3.9,
P < 0.05, DF = 1). In contrast, left-biased asymmetrics (LB2)
did not differ from SYM in either sex (partial chi-square = 0.0,
P = 0.97). Asymmetrics with >=3 plate difference per side
had marginally higher injuries than symmetrics in females
(chi-square = 6.0, P < 0.07) and although injuries in males ap-
pear to be marginally lower than symmmetrics, this is not
supported (chi square = 0.87, P = 0.36). We also examined
whether there was any temporal consistency to the elevated

injuries in RB2 relative to LB2. In males (Fig. 4C), two of the
six-year groups showed a weak excess of injuries but only
1981 approached significance (chi-square = 3.4, P < 0.07). Fe-
males exhibited a marginal deficiency of injuries on RB2 in
1981 (chi-square = 3.3, P < 0.07, df = 1) while 1983 had a
significant excess (chi-square = 9.8. P < 0.003, df = 1). A satu-
rated model (predinjury∗asymmetry∗sex∗year, Supp. data Ta-
ble 1) retains the significant predinj∗asymmetry interaction
(partial chi-square = 4.2, P < 0.05, df = 1). We repeated
the Loglinear analysis using only younger fish (<75 mm SL)
and the predinjury∗asymmetry interaction was accentuated
(Supp. data Table 2).

Stickleback that were symmetric for total number of plates
were occasionally asymmetric for position of plates (19% of
1962 males, 20% of 2473 females), the two sides usually off-
set by a single position (example, positions #4–#6 on one
side versus #5–7 on the opposite side). Males for these po-
sition asymmetries had non-significantly lower incidence of
injuries than did symmetrics (52% vs. 55%, chi-square = 1.5,
P = 0.23, df = 1) while females showed marginally higher in-
juries in position asymmetries (64% vs. 61%, chi-square = 1.8,
P = 0.19, df = 1). A saturated loglinear model indicates no
overall association between position asymmetry and injury
(partial chi-square = 0.14, P = 0.7) but a marginally ele-
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Fig. 4. Relative fitness (ŵ) of left-biased and right-biased asymmetrics relative to symmetrics for threespine stickleback (Gasteros-
teus aculeatus) at Drizzle Lake, Haida Gwaii. Bars above or below the horizontal indicate positive fitness relative to symmetrics
for each yearly hatching cohort. (A) Males: left-biased asymmetrics, (B) males: right-biased asymmetrics, (C) females: left-biased
asymmetrics, and (D) females: right-biased asymmetrics.
Image Fig. 4.

vated injuries in position asymmetries for females (partial
chi-square = 2.8, P < 0.01).

Relative fitness (ŵ) of signed plate asymmetries varied
among cohorts and between the sexes. For males, fitness of
left-biased asymmetrics (Fig. 4A) and right-biased asymmet-
rics (Fig. 4B) were predominantly equal or greater relative to
symmetrics, representing a 20% average advantage for left-
biased and a 25% advantage for right-biased asymmetrics.
The largest differences occurred between the 1978 and 1979
hatching year cohorts where there was a sharp fitness reduc-
tion from the highest in 1978 to approximately equal fitness
with symmetrics in 1979. This was followed by subsequent
fitness increase in later cohorts. These cohorts largely com-
prise sub-adult and adult fish collected from 1981 to 1983.
Fitness for left- and right-biased asymmetrics were correlated
with each other (Spearman’s rho = 0.89, P < 0.02). In con-
trast, females showed no consistent trends as mean relative
fitness was similar for left-biased asymmetrics (x̄ = 0.98) and
right-biased (x̄ = 1.0) asymmetrics (Figs. 4C and 4D) and the
two sides were not correlated with each other (P > 0.5). Yet
there were substantial differences among cohorts, the largest
of which were the sequential reductions, from positive to
negative fitness for both left and right-biased asymmetrics,
occurring between 1978 and 1979 when males also showed
the large reduction. Temporal trends of higher or lower fit-
ness estimates were correlated between females and males

(rho = 0.80, P < 0.03; N = 12). Further comparisons of rel-
ative fitness for plate phenotypes that were asymmetric for
position but symmetric for number of plates showed no dif-
ferences in relative fitness relative to symmetrics (males: x̄ =
0.98, females x̄ = 0.99).

We examined the incidence of major lacerations (probable
trout) relative to bird-induced scars on fish collected from
1981 and 1990. For males (Fig. 5A), there was a doubling of lac-
erations between 1981 and 1982, high levels in 1983 followed
by a reduction to minimal number of lacerations in the late
1980s. Females (Fig. 5B) showed similar trends to those of the
males (rho = 0.82, P < 0.005). We also extracted demographic
information from published data on total predation levels for
trout and bird over this time period (Reimchen 1995; Figs. 5C
and 5D). Consistent with the laceration data, there was a ma-
jor reduction in bird predation and corresponding increase
in lacerations from late 1981 to spring 1982 (Supp. Fig. 2).

Discussion
Natural variation in phenotypic traits is often analyzed

in the context of its potential adaptive and functional
significance. This has led to recognition that spatial and tem-
poral variation in traits can be tied to variability in the se-
lective landscape (Bell 2015; Stroud et al. 2023). The study
of bilateral asymmetry has proceeded in a somewhat dif-
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Fig. 5. Proportion of total injuries for threespine stickleback (Gasterosteus aculeatus) at Drizzle Lake, Haida Gwaii showing
“indeterminant” lacerations (dark shading) versus bird scars (grey shading). “Indeterminant” category is restricted to major
lacerations (probable trout injuries). (A) Males and (B) females.
Image Fig. 5.

ferent manner, due to the assumption that slight and non-
directional departures from symmetry represent develop-
mental errors rather than functional trait variation. Based
on now widely recognized criteria (Van Valen 1962; Palmer
and Strobeck 1986), different types of asymmetries are gen-
erally differentiated from each other statistically, depending
on whether the mean population differences between the left
and right and right sides differ significantly from zero (DA
and FA, respectively). These population-level criteria gener-
ally implicate different origins of asymmetry, with FA inter-
preted as emerging from random, potentially costly, errors
during development and DA emerging from heritable biases
and potentially adaptive developmental responses. This di-
vergent classification has facilitated a rich literature, some
of it consistent with the inverse relationship between FA and
fitness (Møller and Swaddle 1997), including multiple studies
on lateral plates of threespine stickleback (Moodie and Reim-
chen 1976; Francis et al. 1985; Bergstrom and Reimchen 2002,
2003; Reimchen and Nosil 2001; Trokovic et al. 2012; Loehr
et al. 2013; Lajus et al. 2019), but with mixed results overall
(Clarke 1995; Reimchen 1997; Chivers et al. 2017; Schroder et
al. 2023).

These mixed results may in part be tied to the fact that
the distinction between DA and FA is often based on statis-
tical criteria only and thus highly influenced by sample size
and power. Consequently, potential ecological influences on
asymmetries differing in the extent of departures from sym-
metry remain poorly understood, particularly when detected
in large samples. This raises the possibility that even very
subtle departures from symmetry, statistically classified as
FA, may have functional significance. Testing this conjecture
requires evaluating the relationship between left and right
asymmetries and fitness, a task we have undertaken here.
The results reported here challenge some traditional aspects
of the interpretation of departures from symmetry and may
help unify the study of asymmetry with that of other types of
phenotypic variation. We elaborate below on our main find-
ings, their potential interpretation, and promising avenues
for future research.

Building on a multiyear research program in an insular
population of threespine stickleback from western Canada,
we examined whether there was any relationship between
the incidence of predator-induced injuries, common on adult
fish, and subtle bilateral asymmetries in lateral plates. About
one-half of the samples in the current study conform to the
definition of FA, the remainder showing a weak DA to the
left side, a trend seen in other populations from the region
(Bergstrom and Reimchen 2002, 2003). Bony lateral plates of
threespine stickleback influence trunk flexibility (Reimchen
1983; Bergstrom 2002) and it thus seems plausible that asym-
metric expression of these traits could lead to atypical swim-
ming motion and a predicted increased capture rate. Indeed,
greater capture of asymmetrical individuals has been ob-
served in other taxa including insects (Moller 1996; Swaddle
1997a, 1997b; Forsman and Herrström 2004), fish (Tocts et al.
2016) and rodents (Galeotti et al. 2005).

Our results for pooled data (sexes combined) showed that
for absolute asymmetry (sign ignored), which is the major
metric in studies of FA (Palmer and Strobeck 1986, 2003;
Graham et al. 2010), there is only a very weak and non-
statistical increase in incidence of injuries among progres-
sively more asymmetric fish (Fig. 3A). However, this analysis
obscured ecologically informative differences that emerged
when the sexes were separated. While males and females
each had slightly increased incidence of injuries on weak
asymmetries, yet on the most asymmetric phenotypes (>=3
plate difference), females had substantially elevated injuries
relative to symmetrics while males had depleted injuries rel-
ative to symmetrics.

Could divergent responses in asymmetries between the
sexes develop as responses to the predation landscape? It
could mean that females are captured at higher rates than
males or that the sexes are captured at similar rates but males
are less likely to survive the capture. There is no evidence
for the former option while the latter (increased mortality)
could be relevant. In the current study population, stick-
leback are subject to predation from both trout and birds
(Reimchen 1994). Stickleback with bird scars (aviscars) com-
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monly usually show repair of the spine fractures indicating
extended post-capture survivorship (Reimchen 1988). In con-
trast, those that escape from trout in experimental tanks
generally have epidermal punctures and low survival, par-
ticularly those with missing plates (Reimchen 1991, 1992a).
This would account for the lower incidence of injuries in
males relative to females and very low injuries on the most
asymmetric phenotypes as these would be most susceptible
to punctures. This might also explain geographical trends in
the low levels of asymmetry in stickleback populations where
toothed piscivores such as cutthroat trout are the dominant
predator (Moodie 1972; Moodie and Reimchen 1976).

We speculate that these asymmetries may be associated
with the geometry of predator-prey interactions. Asymmet-
ric behavioural responses of prey to their predators occur
in multiple taxa and are known to improve survival of the
prey (Bisazza et al. 1998; Güntürkün et al. 2000; Frasnelli et
al. 2012; Hori et al. 2017; Hori 2022; Petrazzini et al. 2020;
Hulthen et al. 2021). In butterflies, males with moderately
asymmetric wings have higher reproductive success relative
to symmetrics or very asymmetric individuals, possibly due
to increased turning ability in evasive flight, (Windig and
Nylin 1999). Wall lizards (Podarcis muralis Laurenti, 1768) tend
to escape to the right when presented with a predator threat
from behind (Bonati et al. 2010). Top minnow (Girardinus fal-
catus Eigenmann, 1903) escape to the right on first exposure
to a predator but then shifts to left with subsequent interac-
tions (Cantolupo et al. 1995). Shiner perch (Cymatogaster ag-
gregata Gibbons, 1854) that are strongly lateralized showed
more rapid escape responses than less-lateralized individuals
(Dadda et al. 2010). Stickleback show a graded level of eva-
sive laterality in response to strength of predator cues, effects
that are transmitted between generations (Berlinghieri et al.
2025). As well, stickleback are usually bilaterally asymmetric
for sensory receptors such as the number of canal neuromasts
on the plates (Planidin and Reimchen 2019, 2021). When pre-
sented with experimental predator cues, stickleback tend to
position themselves with shelter on their right side and this is
accentuated on fish with few plates (Planidin and Reimchen
2022).

Yet these examples of behavioural laterality in the prey
may emerge from laterality in the approach and capture
by foragers, including predators (review in Vallortigara and
Rogers 2005). For example, pigeons (Columba livia Gmelin,
1759) show strong eye lateralization during foraging and this
improves success (Gunturkun et al. 2000). Sailfish (Istiopho-
rus platypterus Shaw and Nodder, 1792) show extensive indi-
vidual lateralization when attacking small fish prey and this
lateralization increases capture success (Kurvers et al. 2017).
Avian piscivores, including loons (Gavia sp.), vary in the di-
rectionality of different marine fish species held in their bill
suggestive of asymmetric capture (Reimchen and Bergstrom
2009). In the current study population, the ratios of left versus
right predator-induced pelvic spine fractures on the stickle-
back differed among regions of the lake (Reimchen, unpub-
lished data), results consistent with non-random orientation
of capture. Such laterality appears to be deeply rooted in evo-
lutionary history as predator-induced injuries on Cambrian
trilobites are significantly biased to one side (Babcock 1993).

If this speculation is accurate, it might indicate that subtle
asymmetries in stickleback represent functional adaptations
to variability in the lateralized predation landscape.

Whatever the correct explanation for the differential in-
cidence of injuries between asymmetrics and symmetrics,
direct measurement of fitness from cohort analyses shows
that both left-biased and right-biased asymmetrics have an
advantage relative to symmetrics. This varies between sexes
and among cohorts. Male asymmetrics averaged 20% advan-
tage, ranging from 0% to 60% among cohorts, while female
asymmetrics ranged from a 30% disadvantage to 20% advan-
tage among cohorts and between the left- versus right-biased
asymmetrics. Sampling effects cannot be rejected yet the pos-
itive and negative trends in fitness among sequential cohorts
were significantly correlated between the sexes indicating
population-level responses. For example, the large reduction
in fitness between the 1978 and 1979 hatching year cohorts
occurs for both males and females and coincides with high-
est levels of lacerations on this year class in 1982 and 1983.
In addition, there was a large shift in actual predation lev-
els from bird-dominated to trout-dominated consumption be-
tween 1981 and 1983 (Reimchen 1995). A reasonable infer-
ence from these data are that both left- and right-biased asym-
metrics are at a disadvantage when subject to predation from
trout but asymmetrics, at least for males, have an advantage
against bird predation. This could be further influenced by
frequency-dependent effects shifting over time, as has been
shown in the behavioural asymmetries of scale-eating cich-
lids (Hori 1993).

We cannot currently identify whether the greater variance
among cohorts in relative fitness for females compared with
males is ecologically informative. The complexity of the pre-
dation landscape in these populations (22 species using stick-
leback), each with separate but overlapping habitat prefer-
ences (Reimchen 1994) and temporal differences in abun-
dance (Reimchen and Douglas 2021) suggests the potential
for localized differences in laterality and fitness of male and
female asymmetrics. In most insular populations of stickle-
back from Haida Gwaii, the sexes differ in multiple body size-
corrected traits, including jaw length, eye diameter, number
of lateral plates and size of the pelvic girdle as well as dif-
ferences in isotopically-defined niche space, all of which re-
flect differences in habitat and predation regime (Reimchen
et al. 2016). In addition to this general dimorphism, its extent
varies with respect to locality differences in the aquatic spec-
tra, specifically, the dark waters of dystrophic lakes versus
the clear waters of oligotrophic lakes (Reimchen et al. 2016).
The amount of light is known to influence laterality in poe-
cilid topminnow fishes, low light levels showing less later-
ality than high light levels (Dadda and Bisazza 2012). If this
is broadly applicable among taxa, it could be that the differ-
ences in fitness between the sexes for the different asymmet-
rics and among cohorts in our study is associated with the
vertical zonation in the water column. Within a dystrophic
lake such as the current study site, there is steep attenua-
tion of light within several meters of the surface (Reimchen,
unpublished observations) and consequently, one might pre-
dict that the extent and direction of asymmetric evasion from
predators could vary over these sharp vertical gradients in
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light. Moodie and Moodie (1996) have previously shown that
male stickleback with asymmetric plates had a higher prob-
ability of having fry in their nest relative to symmetric males
while recent studies by McLean and Morrell (2021) indicate
that nesting male stickleback are more lateralized in their
behaviour than non-reproductive males and more lateralized
than females further exemplifying the value of differentiat-
ing sex and asymmetries in studies of population variation.

In broader context, the core and more general conclusion
to emerge from this work is that even subtle signed depar-
tures from symmetry may have fitness consequences rooted
in form and function. This conjecture challenges some of
the conventional interpretations of asymmetry and requires
tests in other organisms. However, the detailed spatial and
temporal studies of signed asymmetries in this population
(Reimchen and Bergstrom 2009, current study) have not been
undertaken on other species. Absolute asymmetry, with the
sign ignored, is the major metric in FA studies (Palmer and
Strobeck 1986), yet combining left and right asymmetries can
obscure significant differences in ecology and fitness between
signed asymmetrics. In stickleback, there are shifts among
years from FA to DA and back to FA (Reimchen and Nosil 2001;
Reimchen and Bergstrom 2009; current study) and similar
shifts among plate positions along the vertebral axis, which
as noted above may reflect statistical issues, functional vari-
ation, or a combination of these. Left and right-biased asym-
metrics occur with similar frequencies in littoral zones (FA)
but shift to increased left-biased asymmetrics (DA) in lim-
netic zones, the trends occurring in different seasons, in both
young and adult age classes and in both sexes (Reimchen
and Bergstrom 2009). Left-biased asymmetrics have a lower
isotopic signature than right- biased asymmetrics with the
same total number of plates (Reimchen et al. 2008). These
meristic asymmetries, which fluctuate between FA and DA,
are not readily interpretable as random developmental er-
rors. Recent meta-analyses of FA conclude that there is of-
ten no consistent associations with fitness (Lens et al. 2002;
Graham et al. 2010). Expanding recognition of hemispheric
dominance and lateralized behaviour in many vertebrate and
invertebrate taxa opens the possibility that the geometry of
a predator approach to a prey or a prey’s response to a preda-
tor is often asymmetrical and that the subtle morphologi-
cal asymmetries, rather than random errors in development,
could reflect functional adaptations between predator and
prey and comprise a largely ignored axis in functional phe-
notypic space.
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