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(1) indicate that latitude is more important than breaks in 
shaping the phenotypic variation of most of these fitness-
related traits, (2) show that the differences in the variance–
covariance relationship among traits between the extremes 
of the gradient arises from gradual increases in variance 
and rather sharp changes in covariance at mid-latitudes 
and (3) show that at present, it is difficult to unambigu-
ously determine whether natural selection or plasticity is 
responsible for the observed pattern in means, variances 
and covariances and only further work might disentangle 
these possibilities.

Introduction

Ectothermal organisms distributed along environmental 
gradients in a wide geographical distribution display exten-
sive variation in life-history (Lardies et al. 2010), morpho-
logical (Hoffmann and Sgro 2011) and physiological traits 
(Lardies et al. 2011). This is particularly pervasive along 
latitudinal clines, which are thought to be the result of natu-
ral selection (Sanford and Kelly 2011). The gradual pheno-
typic change that characterizes a cline is often attributed to 
organismal adaptation to varying environmental conditions, 
particularly temperature or temperature-related factors, 
which are considered to be the main agents of selection 
(Fox and Czesak 2000; Ayrinhac et al. 2004; Kingsolver 
et al. 2004; Mitchell-Olds et al. 2007). Statistically, clinal 
variation has been evaluated by correlating trait means with 
different variables along the gradient, usually environmen-
tal (e.g., temperature or photoperiod) or geographical (e.g., 
latitude). Nevertheless, as evolution is essentially a multi-
variate phenomenon, aspects of the complex relationship 
among variables cannot be addressed in an analysis consid-
ering only single trait means.

Abstract Ectothermal organisms distributed along envi-
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abrupt changes in phenotypic traits. In species with wide-
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The evolution of a multivariate phenotype can be mod-
eled using the breeder’s equation ∆z = GPS

−1 where 
Δz is the vector of change in mean trait values, G is the 
matrix of additive genetic variances and covariances, P is 
the phenotypic variance–covariance matrix and S is the 
vector of selection differentials (Lande and Arnold 1983). 
It is clear from that equation that any change in means 
(Δz), associated with a cline, will always be a function of 
the phenotypic associations that exists among the particu-
lar traits (i.e., P). In addition, if means along the gradient 
are expected to be the result of natural selection, there is 
no reason why variances and covariances will not also be 
subject to selection, drift or other evolutionary forces (Roff 
et al. 2012). Thus, the study of P can provide important 
insights into the evolutionary trajectories along an environ-
mental gradient (Lande and Arnold 1983).

Geographically widespread species may also be dis-
tributed among biogeographic breaks, which are known 
to affect patterns of abundance (Hamilton et al. 2010), 
recruitment dynamics (Cowen et al. 2006) and also varia-
tion in phenotypic traits within species (Haye et al. 2012). 
In contrast to smooth clines linked to gradual changes in 
environmental factors (Huey et al. 2000; Takahashi et al. 
2011), species inhabiting biogeographic breaks often show 
abrupt changes in phenotypic traits (i.e., stepped cline) 
(Sanford et al. 2003; Ragionieri et al. 2009) as well as in 
their genetic structure (Sanchez et al. 2011; Brante et al. 
2012). Furthermore, in species with widespread latitudinal 
distribution that also encompass important biogeographi-
cal breaks, it is not clear which of those factors prevails on 
shaping the phenotypic variation or if some traits are par-
ticularly more sensitive to one or the other. In this context, 
we focus on evaluating the underlying causes of phenotypic 
variation along a latitudinal gradient overlain by three bio-
geographic regions. To the best of our knowledge, no study 
has so far addressed whether latitude or biogeographic 
breaks are the main determinant of phenotypic (co)varia-
tion in fitness-related traits.

We use the intertidal snapping shrimp Betaeus truncatus 
as our study model. This species inhabits the southeastern 
Pacific coast from Callao (12°S) to the Strait of Magellan 
(54°S) and along the Atlantic until 41°S (Wehrtmann and 
Carvacho 1997). The southeastern Pacific Ocean off to the 
Chilean coast includes two biogeographic breaks (Camus 
2001). The northern break is located in an area of sharp 
discontinuities in upwelling regimes around 30–32°S and 
is characterized by changes in abundance of competitively 
dominant species and in the temporal dynamics of benthic 
and pelagic communities (Rivadeneira et al. 2002; Thiel 
et al. 2007). The southern break (around 42°S) is recog-
nized as a major biogeographic discontinuity, where the 
West Wind Drift splits into a northern arm as the Humboldt 
Current System and a southern arm the Cape Horn Current 

(Waters 2008; Silva et al. 2009). This area defines a break 
point in species composition (Meneses and Santelices 
2000) and is a barrier for larval dispersal (Thiel et al. 
2007). These breaks thus define three major biogeographi-
cal provinces: (1) the Peruvian Province (PP, from 4°S to 
30°S); (2) the Magellanic Province (MP, from 41–43°S to 
54°S) and (3) an intermediate area (IA) between both prov-
inces (Fig. 1). Here, we statistically evaluated the role of 
both latitude and biogeographic breaks on mean population 
values of fitness-related traits and also on the phenotypic 
variances and covariances between them.

Materials and methods

Study site

Individuals of B. truncatus were sampled during the aus-
tral autumn (May) of 2011 at low tide using a hand net in 
the low intertidal zone and from intensive subtidal bivalve 
cultures (i.e., Guanaqueros and Putemún) in six locali-
ties along the Chilean coast: Iquique (20°12′), Antofa-
gasta (23°31′), Guanaqueros (30°07′), Metri (41°35′) and 
Putemún (42°25′). Shrimps from Beagle Channel/Picton 

Fig. 1  Map of the south Pacific showing the localities examined in 
this study. The dashed lines separate the biogeographical provinces 
along the Peru-Chilean coast: Peruvian Province, intermediate area 
and Magellan Province. The vertical solid line indicates the geo-
graphic distribution of Betaeus truncatus in the Pacific. The sampling 
localities are indicated with numbers along the coast; 1 Iquique, 2 
Antofagasta, 3 Guanqueros, 4 Metri, 5 Putemún and 6 Beagle Chan-
nel. Main oceanographic characteristics of this area are also indicated
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Island (55°01′) were sampled with an Agassiz trawl (mesh 
size 10 mm) during cruise with the RV ‘‘Polarstern’’ ANT 
XIII/4 during May 1996 (Arntz and Gorny 1996). Sam-
ple size was as follows: Iquique (N = 51), Antofagasta 
(N = 49), Guanaqueros (N = 31), Metri (N = 50), Putemún 
(N = 65) and Beagle (N = 27). The sampled range covered 
about 3,900 km (ca. 34° latitudinal gradient), and it encom-
passes almost the entire distributional range of B. truncatus 
in Chile.

Life-history traits

We measured 4 traits from each female shrimp: carapace 
length (CL), egg number (EN), egg volume (EV) and 
reproductive output (RO). Female shrimps carrying first 
stage eggs (according to Lardies and Wehrtmann 1997) 
were individually placed in labeled flasks and preserved in 
a 4 % formaldehyde–seawater solution buffered with borax. 
Females and eggs were measured and weighted 1 month 
after collection from the field to avoid fixation errors. CL 
was measured using a stereomicroscope with a calibrated 
eyepiece. All eggs on ovigerous females were removed 
and counted (EN), and the length and width of 20 eggs per 
female were determined with a stereomicroscope using 
a calibrated ocular micrometer. Length and width values 
were used to calculate the EV, using the formula for the 
volume of an ellipsoid (see Lardies and Wehrtmann 1997). 
Finally, dry female body mass (mb) and dry egg mass were 
determined with an analytical balance (±0.01 mg). For this 
measure, individuals and eggs were meticulously rinsed 
with distilled water and dried for 72 h at 60 °C. Using this 
information, RO or biomass invested on reproduction by 
each female was estimated according to Clarke et al. (1991) 
as RO = total mass of egg batch/mass of female.

Statistics I: mean comparisons

All traits were analyzed using a linear mixed modeling 
approach to evaluate the effect of latitude while taking into 
account the nested structure of our design (localities nested 
within biogeographic provinces, see Fig. 1) and imbal-
ance in the data. Note that we decided not to evaluate the 
effect of sea surface temperature in addition to the effect 
of latitude, since both traits are, as expected, highly and 
negatively correlated. (latitude and minimum rP = −0.99, 
P < 0.001; latitude and mean rP = −0.97, P < 0.01; lati-
tude and maximum rP = −0.89, P < 0.05; temperature data 
were obtained from the Servicio Hidrográfico y Ocean-
ográfico de la Armada de Chile, and it is based on daily 
averages of the last 20 years).

Hypothesis testing for latitude, which was included in 
the model as a fixed effect, was carried out using a Markov 
chain Monte Carlo (MCMC) sampling. We created 10,000 

samples from which we obtained the posterior distribution 
of the parameter, from which we estimated the 95 % high-
est posterior density intervals. The interval should not over-
lap zero for the estimate to be significant. Hypothesis test-
ing for the random components (provinces and localities 
nested within) was based on likelihood ratio tests of nested 
models based on REML deviance. The asymptotic null dis-
tribution of the test is a χ2 with degrees of freedom equal 
to the difference in the number of parameters between the 
two models (West et al. 2007). Analyses were carried out 
in the following sequence. First, we tested for the vari-
ance component for localities: If this variance was signifi-
cant, then there is no break effect as phenotypic variation 
should be homogenized within each province by the bio-
geographic breaks. Second, if the variance component for 
localities variance was not different from zero, we tested 
for the effect of province. Third, we evaluated the effect of 
latitude. All traits were log10 transformed to meet normal-
ity assumptions. For all analyses, EN is per unit of weight 
of each female. These statistical analyses were performed 
using the lme4 package (Bates et al. 2013) implemented in 
R platform 2.15.0 (R Development Core Team 2009).

Statistics II: matrix comparisons

We applied a recently developed set of matrix comparison 
tools, leveraging Bayesian MCMC modeling methods, to 
assess how latitude and biogeographic zone drive changes in 
the pattern of phenotypic variance and covariance changes 
from north to south (Robinson and Beckerman 2013). The 
methods use Bayesian MCMC MANOVA models to esti-
mate a joint posterior distribution of the phenotypic covari-
ance matrix. Using the joint posterior distribution from 
two models (i.e., pairs of sites), it is possible to compare, 
with inference, changes in several properties of the pheno-
typic variance–covariance structure of the two populations. 
These include Ovaskainen’s distance metric which indicates 
whether the variance–covariance structures are derived from 
a common probability distribution (Ovaskainen et al. 2008), 
whether overall phenotypic variance increases or decreases, 
whether the amount of variation tied to the major axis of 
variation (Pmax) varies, whether the angle separating Pmax in 
the two populations is significantly different from zero and 
differences in the eccentricity of the variance–covariance 
structure. Because a significant angle of rotation can be 
associated with a shift in the traits that define the major axis 
of variation, the method also offers a formal test of whether 
the traits explaining variation in one location do a good job 
explaining variation in the other location. Full details are 
available in Robinson and Beckerman (2013). Since there 
was no effect of biogeographic zone on traits means (see 
below), matrices were compared pairwisely following the 
latitudinal gradient of localities, from northern to southern 
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Chile (i.e., Iquique vs. Antofagasta, Antofagasta vs. Gua-
naqueros, Guanaqueros vs Metri, etc.).

Results

Mean comparison

Latitude was the main factor explaining variation in most 
of the traits (Fig. 2): With the exception of EV, there was 
significant variation between localities within biogeographic 
zones, which suggests they are not impacting these fitness-
related traits (Effect of locality CL χ2

[1] = 56.18, P < 0.001, 
EN χ2

[1] = 5.62, P = 0.018, EV χ2
[1] = 0.735, P = 0.391, RO 

χ
2
[1] = 25.57, P < 0.001). RO was positively associated with 

latitude (b = 0.017 ± 0.003 SE; HPD 0.015, 0.019), EN was 
negatively associated with latitude (b = −0.013 ± 0.002 
SE; HPD −0.016, −0.008), while CL was not associ-
ated with latitude (b = 0.002 ± 0.001 SE; HPD −0.0003, 
0.003). EV was also positively associated with latitude 
(b = 0.013 ± 0.002 SE; HPD 0.009, 0.016) but was also 
affected by biogeographic breaks (χ2

[1] = 10.11, P = 0.001).

Matrix comparisons

Figure 3 shows the shifts in mean phenotype, variance and 
the rotation of the phenotypic covariance matrix along the 

north–south gradient. The Iquique-Beagle (furthest north 
and furthest south, respectively) comparison indicates that 
there are major structural changes in phenotypic covari-
ance between these two endpoints of the gradient. Every 
statistic characterizing changes in variance and covariance 
is significantly different between these locations (Table 1). 
Evolution in these two populations would proceed very dif-
ferently simply based on variance–covariance relationships 
in the phenotype.

Furthermore, the data, as we show below, suggest that the 
Guanqueros–Metri transition is quite important. First, we 
note that there are no significant differences between Iquique 
and Antofagasta, the two northern most, equatorial popula-
tions. Second, the most substantial change in the covariance 
structure (i.e., the rotation of the covariance hulls and traits 
associated with Pmax) appears to occur between Guanaqueros 
and Metri. It is here we see the largest rotation (82°) and the 
largest discrepancy in how traits in Guanaqueros explain 
phenotypic variance in Metri (a reduction in 26 % variance) 
(Table 1). This occurs because the major axis of variation 
in Guanaqueros and more northern sites is aligned with EN 
and CL, while the major axis in Metri and further south is 
“suddenly” also aligned with EV (see Table 1). Finally, the 
increase in phenotypic variance visible between Iquique and 
Beagle is a gradual increase, beginning between Antofagasta 
and Guanaqueros, reversing between Guanaqueros and Metri 
and then arising again and deepening between Metri and 
Beagle. Table 1 provides detailed statistics for all pairwise 
comparisons and the loadings associated with the major axis 
of each comparison which allows interpretation.

Discussion

Environmental gradients are commonplace in nature and are 
recognized to exert a major effect on patterns of phenotypic 
variation within species (Mizera and Meszéna 2003). This is 
characteristic along latitudinal clines, which are considered 
to be the result of natural selection associated with temper-
ature-related factors and usually depict gradual changes in 
phenotypic traits (Sanford and Kelly 2011). On the other 
hand, species distributed among biogeographic breaks often 
show a stepped cline in phenotypic variation (Sanford et al. 
2003; Ragionieri et al. 2009; Sanchez et al. 2011). However, 
in species with widespread latitudinal distribution that also 
encompass important biogeographical breaks, it is not clear 
which of those factors prevails on shaping the phenotypic 
variation or if some traits are particularly more sensitive to 
one or the other. Overall, our results (1) indicate that lati-
tude is more important than breaks in shaping the pheno-
typic variation of most of these fitness-related traits and (2) 
show that the differences in the variance–covariance rela-
tionship among traits between the extremes of the gradient 

Fig. 2  Mean and SD for studied traits as a function of latitude. The 
dashed line depicts the regression line between latitude and mean trait 
values and was significant in all cases with the exception of CL. Iquique 
(20°12′), Antofagasta (23°31′), Guanaqueros (30°07′), Metri (41°35′), 
Putemún (42°25′) and Beagle Channel (55°01′). Egg number is per unit 
of weight of each female and RO = total mass of egg batch/mass of 
female. Note that analyses were based on log10-transformed data
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arises from gradual increases in variance and rather sharp 
changes in covariance at mid-latitudes.

Recent studies have suggested that the influence of bio-
geographic breaks on phenotypic variation depends on the 

dispersal abilities of a species. Thus, species with shorter 
larval stages and thus restricted dispersal are highly influ-
enced by breaks (Tellier et al. 2009; Zakas et al. 2009; 
Sanchez et al. 2011), while species with prolonged larval 

Fig. 3  Subspace representation 
of the phenotypic variance–
covariance in pairwise com-
parisons along the latitudinal 
gradient. The hulls are an 
ordinated (PCA) representation 
of the P-matrix. The size of the 
hull is related to estimates of 
total genetic variance (Table 1) 
while the rotation of the hulls is 
related to the angles separat-
ing the major axes of pheno-
typic variance (Table 1 Pmax). 
Within and Across indicate if 
the comparison was within or 
across biogeographic provinces. 
In each comparison, the black 
hull captures the phenotypic 
variance–covariance of the 
locality named first. It is also 
included the north–south com-
parison as reference

Table 1  Results of comparing the variance–covariance matrices along the latitudinal gradient

(a) Ovaskainen D is an estimate of differences in the underlying probability distribution for two given P-matrices. Pmax corresponds to the major 
axis of phenotypic variation in each P. The Angle Between Pmax follows Krzanowski (1979). Sum Volume is a method for estimating total phe-
notypic variance. TCI is the proportion in variation in the second locality that is explained by the major axis of variation of the first locality. With 
the exception of Ovaskainen D all derived metrics are presented as the difference in each metric between the two localities being compared. 
Bold rows are significant. For details on estimating the metrics, determining significance and further definitions, see Robinson and Beckerman 
2013. (b) Trait loadings onto the first axis, PC1, in each location

North–south Iquique Antofagasta Antofagasta Guanaqueros Guanaqueros Metri Metri Putemún Putemún Beagle

(a)

 Ovaskainen D 0.89 0.07 0.84 0.12 0.37 0.11

 Δ Variance Pmax 0.12 −0.03 0.16 0.19 0.13 −0.24

 Angle 50.53 3.88 12.16 82.06 75.04 30.71

 Δ sum volume −2.13 −0.06 −0.58 0.58 −0.39 2.23

 TCI 19.03 1.00 4.03 26.04 4.01 6.98

PC1 Iquique PC1 Antofagasta PC1 Guanaqueros PC1 Metri PC1 Putemún

(b)

 Egg number 0.84 0.86 0.90 0.09 −0.57

 Carapace length 0.54 0.51 0.41 −0.01 −0.68

 RO 0.01 0.04 −0.06 0.01 0.06

 Egg volume −0.03 −0.02 0.11 −0.99 −0.45
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stages and thus wide dispersal are less influenced by bio-
geographic breaks (Cardenas et al. 2009; Macaya and Zuc-
carello 2010). Our results offer mixed support to this idea. 
B. truncatus has a reported larval development of approxi-
mately 3 months in Central Chile (Albornoz and Wehrt-
mann 1997), and thus, a primordial influence of biogeo-
graphic breaks should not be expected. Accordingly, most 
traits means and the pattern of variances were affected by 
latitude. However, EV was also affected by biogeographic 
breaks while the main shift in axis orientation occurred in 
the Guanaqueros–Metri transition, with both localities next 
to the boundaries of the biogeographic breaks.

The well-known trade-off for invertebrates between EV 
and number (Bernardo 1996) also holds in B. truncatus. 
However, there is no clear consensus onto which latitudi-
nal pattern RO should follow. There is evidence that RO 
decreases toward higher latitudes, particularly in polar spe-
cies (e.g., Clarke 1987; Lardies and Wehrtmann 2001), and 
also that it increases toward the poles (e.g., Lardies and 
Castilla 2001; Lardies et al. 2008, 2010). As RO is sim-
ply the ratio between egg mass to female mass and since 
here egg mass is positively affected by latitude, therefore 
RO followed the pattern. Thus, our results indicate that 
females from higher latitudes invest more energy on growth 
and also on egg production per brood, although it remains 
unclear whether this pattern holds annually.

What are the potential reasons for the patterns in means? 
Usually, components of life-history are viewed as a collec-
tion of co-adapted traits molded by natural selection (e.g., 
Stearns 1992; Fox and Czesak 2000; Lardies and Castilla 
2001; Ricklefs and Wikelski 2002). Thus, the gradual vari-
ation in life-history (and other) traits among populations 
in a latitudinal gradient is thought to be genetically based 
and therefore to reflect differences among environments. 
However, geographic variation is in itself no proof of the 
action of natural selection: Drift, gene flow and phenotypic 
plasticity may also be responsible for clinal variation. In 
addition, the pattern shown by CL (i.e., variation due to 
localities but not overall latitudinal pattern) suggests that 
countergradient variation might be the cause for it (Cono-
ver et al. 2009). In any case, it is difficult to unambiguously 
determine whether natural selection or plasticity is respon-
sible for the observed pattern in means as females were 
sampled from the field and not grown under common gar-
den conditions.

What we can assert though, is that: (1) although this 
species has a long period as larvae in the ocean gene flow 
among the populations, if any, is not strong enough to over-
ride the latitudinal effect and (2) that latitudinal effect is 
mainly associated with sea surface temperature. Although 
in crustaceans subjected to marked seasonal differences in 
temperature, growth and reproduction are restricted to the 
warmer months when conditions are the most favorable 

(Bauer 1992), we minimize this by sampling all popula-
tion during the same season and month (May, autumn). 
Seasonal variation in water temperature, a pattern which 
is strongly tied to latitude, has always been considered an 
important proximate factor triggering or maintaining game-
togenesis and other reproductive characteristics of marine 
invertebrates. In accordance with several authors (Thorson 
1950; Pearse et al. 1991; Bauer 1992; Lardies and Castilla 
2001), we believe that the ultimate factor acting on repro-
ductive traits in marine invertebrates with planktotrophic 
larvae might be the temporal variation of larval food sup-
ply, that is, the seasonal pattern of primary and secondary 
productivity (Clarke 1992; Lardies et al. 2008). Hence, 
temperature (proximate factor) may well be correlated with 
hydrographic conditions, leading to the variations in food 
supply that account for the clinal variation in life-history 
traits of B. truncatus.

Our results also suggest a similar conclusion regarding 
the elements of P. Matrices differed in both structure and/or 
in the amount of available phenotypic variation (see section 
“Results”). Nevertheless, there was a rather clear pattern in 
how matrices diverged: The big change in both phenotypic 
variances and orientation of their axes occurred between 
Guanaqueros and Metri. These localities are, respectively, 
located at the southern and northern limits of the Peruvian 
and Magellan Provinces, and thus, they might indicate the 
phenotypic transition between both highly different biogeo-
graphic provinces. It seems clear that evolution along the 
latitudinal gradient would proceed very differently depend-
ing on which biogeographic province we are focusing on. 
In particular, it seems that evolution from Guanaqueros and 
northern localities would mainly proceed along the EN–CL 
axis, while from Metri to the south, it will also include EV.

Overall, our work strongly highlights the importance of 
estimating P and not only mean values to understand the 
evolution of life-history traits along a latitudinal gradient. 
Finally, at present, it is difficult to unambiguously determine 
whether natural selection or plasticity is responsible for the 
observed pattern in means, variances and covariances and 
only further work might disentangle these possibilities.
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