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Abstract

The extent to which global change will impact the long-term persistence of species depends on their evolutionary

potential to adapt to future conditions. While the number of studies that estimate the standing levels of adaptive

genetic variation in populations under predicted global change scenarios is growing all the time, few studies have

considered multiple environments simultaneously and even fewer have considered evolutionary potential in multi-

variate context. Because conditions will not be constant, adaptation to climate change is fundamentally a multivariate

process so viewing genetic variances and covariances over multivariate space will always be more informative than

relying on bivariate genetic correlations between traits. A multivariate approach to understanding the evolutionary

capacity to cope with global change is necessary to avoid misestimating adaptive genetic variation in the dimensions

in which selection will act. We assessed the evolutionary capacity of the larval stage of the marine polychaete Galeo-

laria caespitosa to adapt to warmer water temperatures. Galeolaria is an important habitat-forming species in Australia,

and its earlier life-history stages tend to be more susceptible to stress. We used a powerful quantitative genetics

design that assessed the impacts of three temperatures on subsequent survival across over 30 000 embryos across 204

unique families. We found adaptive genetic variation in the two cooler temperatures in our study, but none in the

warmest temperature. Based on these results, we would have concluded that this species has very little capacity to

evolve to the warmest temperature. However, when we explored genetic variation in multivariate space, we found

evidence that larval survival has the potential to evolve even in the warmest temperatures via correlated responses to

selection across thermal environments. Future studies should take a multivariate approach to estimating evolutionary

capacity to cope with global change lest they misestimate a species’ true adaptive potential.
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Introduction

Global change will impose new, and alter existing,

selection pressures on natural populations (Holt, 1990;

Hughes, 2000; Davis et al., 2005). The extent to which

global change will impact the long-term persistence of

populations depends on a population’s ability to

respond using one or a combination of three mecha-

nisms: migration to favorable habitats, phenotypic plas-

ticity, and adaptive evolution (Holt, 1990; Davis et al.,

2005; Williams et al., 2008; Dam, 2013). Although all

three mechanisms will be important in the initial stages

of change (Williams et al., 2008), the relative importance

of each of the three mechanisms will vary among spe-

cies and is likely to change over time (Gienapp et al.,

2008). For instance, only organisms with both sufficient

dispersal capability and suitable alternative habitat will

be able to successfully respond to global change

through migration (Hughes, 2000). In the short term,

phenotypic plasticity will play a major role in determin-

ing the tolerance of species that are unable to disperse

from habitats that degrade in their suitability. While

there has been a large focus on the likely role of migra-

tion (Walther et al., 2002; Thomas et al., 2004; Guisan &

Thuiller, 2005), and a growing body of studies consider-

ing the role and limitations of phenotypic plasticity

(Przybylo et al., 2000; R�eale et al., 2003; Charmantier

et al., 2008), an understanding of the evolutionary

potential of most species to global change remains elu-

sive (Hoffmann & Sgro, 2011). The uncertainty around

evolutionary potential is concerning as most species

will have to undergo adaptive evolution to some extent

to avoid extinction from the pressures of long-term

global change (Gienapp et al., 2008).

Adaptive evolution in response to global change can

occur quickly, particularly for species with short lifecy-

cles (Huey et al., 2000; Franks et al., 2007; Lohbeck et al.,

2012). However, a population’s ability to undergo

adaptive evolution depends on the presence of herita-

ble genetic variation (Lynch & Walsh, 1998; Conner &

Hartl, 2004; Bell, 2013). As such, a population that pos-

sesses little heritable variation in a trait(s) under selec-

tion will have a limited capacity to respond via
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evolutionary change (Lynch & Walsh, 1998; Hoffmann

et al., 2003a; Kellermann et al., 2006). Even when adap-

tive genetic variance is present in the traits under selec-

tion, evolutionary adaptation to global change may be

constrained by genetic covariances among traits (Dam,

2013). This is important because the ability of a popula-

tion to respond to selection will be determined by the

patterns of genetic variation and covariation in the

traits under selection (Blows & Hoffmann, 2005). Thus,

adaptation is likely to occur via evolutionary changes

in several traits at any one time, a multivariate process

(Lande, 1979; Phillips & Arnold, 1989; Blows, 2007b).

Surprisingly, we still lack an understanding of how

multivariate genetic constraints will influence the evo-

lutionary trajectory of species in response to global

change (Hellmann & Pineda-Krch, 2007; Hoffmann &

Sgro, 2011). Indeed, a recent review of adaptation to

global change emphasized the need for more studies

exploring multiple traits simultaneously (Dam, 2013).

Genetic covariances have the capacity to constrain or

facilitate evolution depending on the type of covariance

between traits and how selection is operating on each

trait (Lande, 1979; Lande & Arnold, 1983; Blows &

Hoffmann, 2005). Multivariate constraints have tradi-

tionally been inferred through interpretation of pair-

wise genetic correlations, particularly in a life-history

context (Houle, 1991; Roff & Fairbairn, 2007; Poissant

et al., 2010). However, pairwise correlations cannot

account for the influence of the broader context of the

multivariate phenotype (Pease & Bull, 1988; Fry, 1993).

The effect of genetic correlations on evolution will

always depend on trait variances and covariances

because correlations can only be considered in truly

multivariate space through genetic covariances (i.e.,

r12 = G12/√G11G22 where r12 = genetic correlation

between traits 1 and 2, G12 = genetic covariance

between traits 1 and 2, G11 and G22 are the additive

genetic variance in traits 1 and 2, respectively).

Although covariances are unlikely to prevent evolu-

tion completely (Schluter, 1996; Blows & Hoffmann,

2005), they may slow the rate of adaptation (Arnold,

1992; Walsh & Blows, 2009), which is of particular con-

cern given the relatively rapid rates of evolution that

may be necessary for species to cope with anthropo-

genic global change. For instance, despite substantial

additive genetic variance in two individual leaf traits in

the plant Chamaecrista fasciculata, negative covariances

between the two traits imply limited capacity to evolve

in the direction of selection predicted due to global

change (Etterson & Shaw, 2001). Alternatively, genetic

covariances among traits may facilitate and increase the

rate of adaptive evolution if two or more traits are posi-

tively correlated with fitness (Lande & Arnold, 1983;

Marshall & Morgan, 2011). If the evolution of one trait

causes an indirect evolutionary change in the correlated

trait, then both traits will achieve a higher fitness simul-

taneously (Agrawal & Stinchcombe, 2009). To illustrate,

consider the multivariate breeders equation:

Dz1 ¼ ðG1;1 � b1Þ þ ðG1;2 � b2Þ
where z1 represents the change in the value of trait 1

from one generation to the next, G1,1 is the additive

genetic variance in trait one, b1 is selection on trait 1,

G1,2 is the genetic covariance between traits one and

two, and b2 is selection on trait 2.

If we consider only genetic variation in the trait of

interest and ignore genetic covariation with other traits,

then for a given condition where G1,1 = 0.5 and

b1 = 0.5:

Dz1 ¼ ð0:5� 0:5Þ ¼ 0:25

We would predict an evolutionary change of 0.25 in

the population mean after one generation. If, however,

we include a positive genetic covariance between the

traits and selection on trait 2, then for a given condition

where G1,2 = 0.2 and b2 = 0.5:

Dz1 ¼ ð0:5� 0:5Þ þ ð0:2� 0:5Þ ¼ 0:35

The predicted evolutionary response would be 0.35.

Consequently, if genetic covariances are ignored, we

may either over- or underestimate the evolutionary

capacity of a given trait (Lynch & Walsh, 1998; Marshall

& Morgan, 2011).

Importantly, multivariate evolutionary constraints

may not only arise from genetic covariances between

different traits within the same environments, they may

also arise from genetic covariances between the same

traits in different environments (Falconer, 1952). Fal-

coner’s insight is of key importance given that abiotic

factors such as temperature are expected to become

more extreme and are also expected to become more

variable with ongoing global change (Schar et al., 2004;

IPCC, 2013). Thus, organisms must adapt to survive

under different, but also more variable, conditions.

Accordingly, if traits such as thermal tolerance are

genetically correlated across multiple thermal environ-

ments (which seems likely), then fitness in one thermal

environment may influence the fitness across all other

thermal environments (Lynch & Walsh, 1998; Sgro &

Hoffmann, 2004; Galletly et al., 2007). To illustrate, con-

sider the example using the multivariate breeders equa-

tion presented earlier: If one exchanges ‘trait’ for

‘environment’, then the same misestimation of evolu-

tionary responses will occur if one considers only a

single environment and ignores natural variability in

time. Consequently, even if a species can adapt to the
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long-term directional selection imposed by increased

temperature, it may still become extinct if adaptation to

higher temperatures results in a correlated reduction in

fitness at other temperatures that are still encountered

by the species.

An important next step for evolutionary studies of

global change is to move beyond bivariate genetic co-

variances and correlations to a truly multivariate char-

acterization of evolutionary potential over multiple

environments. While some studies have estimated the

evolutionary potential of species to cope with global

change using a G-matrix approach across multiple

environments (Etterson, 2004; Foo et al., 2012; Ketola

et al., 2012b), these studies considered only bivariate

genetic covariances and correlations, such that both

positive (Foo et al., 2012; Ketola et al., 2012b; Clark

et al., 2013) and negative (Etterson, 2004) genetic corre-

lations have been detected across environments. To the

best of our knowledge, none have used an analysis of

the G-matrix to visualize how multivariate genetic vari-

ances and covariances might influence evolution in

response to global change. Where more than two traits

are either genetically correlated or expected to come

under selection, viewing genetic variances and covari-

ances over multivariate space will always be more

informative than relying on bivariate genetic correla-

tions between traits (Blows, 2007a). A reliance on bivar-

iate correlations may be misleading, as multivariate

evolutionary constraints can be present even in the

absence of negative bivariate genetic correlation (Blows

& Hoffmann, 2005; Walsh & Blows, 2009).

In an attempt to address the concerns discussed

above, we assessed the evolutionary capacity of the lar-

val stage of the marine polychaete, G. caespitosa, to

adapt to warmer and more variable water tempera-

tures. Galeolaria has a typical marine invertebrate lifecy-

cle with a free swimming larval stage and a sessile

adult stage (Jackson & Strathmann, 1981). The adult

stage plays an important ecological role as a habitat-

forming species in intertidal areas across South Eastern

Australia, forming high-density colonies that support

unique endemic communities (Edgar, 2000; Bulleri

et al., 2005). Here, we focus on the thermal tolerances of

the larval stage because this larval stage is typically

more sensitive and vulnerable to environmental stres-

sors than the adult stage in marine organisms (Jackson

& Strathmann, 1981; Marshall & Morgan, 2011; Byrne,

2012). As such, the early larval stage is likely to be an

important bottleneck in the persistence of future popu-

lations. Using a quantitative genetic breeding design

that allowed the estimation of additive genetic vari-

ances and covariances, the survival of larvae was mea-

sured across three thermal environments. These

temperatures, which ranged from the mean tempera-

ture currently experienced by the population in nature

to the maximum sea surface temperature experienced

by the study population over the previous year, are

likely to reflect higher temperatures becoming more

common with continuing global change. Treating larval

survival in each thermal environment as a separate

trait, this study estimated the additive genetic variance

within, and additive genetic covariance between, the

three traits (environments) to predict how additive

genetic variance and covariances will affect Galeolaria’s

evolutionary response to global change. Finally, we

applied an eigenanalysis to assess the multivariate nat-

ure of adaptive genetic variation in thermal tolerance

among temperature environments. Importantly, our

study does not estimate adaptation, but like all quanti-

tative genetics breeding designs, it provides estimates

of the potential for evolutionary adaptation given spe-

cific selection regimes that are likely to vary in space

and time.

Materials and methods

Field and laboratory procedures

Study site and study species. Galeolaria caespitosa (henceforth

described by its genus name) is an intertidal tubeworm com-

mon to South Eastern Australia. Typical of marine inverte-

brates, Galeolaria has a free swimming larval stage and sessile

adult stage (Marshall & Evans, 2005a). The lifecycle of Galeo-

laria includes a developmental phase (~2 days), from a fertil-

ized egg to a feeding larval stage. The feeding larval phase

lasts ~4 days, before larvae settle and metamorphose into

juveniles.

A population of Galeolaria was sampled regularly across

two main periods (winter of 2013 and summer of 2014) by

detaching adults from pier pylons in the intertidal zone at

Brighton marina, Victoria (37°540S 144°590E). Galeolaria spawns

year-round, and our study population experiences tempera-

tures as low as 8 °C and as high as 25 °C. Typically, maximum

temperatures are around 22 °C – in the past 15 years, temper-

atures have exceeded 24.5 °C for only 6 days, 3 days each in

January 2013 and 2014. The mean water temperature at our

site is 17 °C. As an intertidal species, this organism and its lar-

vae may also experience even higher temperatures when

retained in smaller rockpools at low tide.

Collected Galeolaria were transported in insulated aquaria

to a controlled temperature room at Monash University, Clay-

ton. Galeolaria were then housed in separate tanks according

to date collected. To reduce the effect of variation in the paren-

tal environment among field collections, all adults were accli-

matized for 2–3 weeks at ~16 °C before gametes were

extracted.

Gamete collection and fertilization. Each sexually mature

individual was removed from their calcareous external tube

with forceps and placed into a petri dish of fresh seawater. All
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seawater used during gamete collection and fertilization was

filtered to 0.22 lm and pasteurized. Individuals began spawn-

ing eggs or sperm within 10 s of being removed from their

tube, at which point gametes were collected.

Once sperm and eggs had been collected, we diluted sperm

to a concentration of ~4 9 106 sperm mL�1 solution with sea-

water (a concentration shown to achieve highest fertilization

success during pilot studies). Egg concentration has a very

minor influence on fertilization success (Levitan et al., 1991),

so we simply extracted the maximum number of eggs possible

from each female and then diluted the eggs into a 1.2-mL solu-

tion using seawater. We went on to add 0.1 mL of the diluted

sperm solution to 0.1 mL of the egg solution three times at

10 min intervals. The gradual addition of sperm reduced the

likelihood of multiple sperm fertilizing the same egg (poly-

spermy), increasing total fertilization success of each male–
female cross (Styan, 1998). Following sperm addition to the

egg solution, the resulting gamete solution was left for 1 h

before being rinsed through a 0.25 lm Nitex mesh twice to

remove excess sperm.

Experimental design. Male and female gametes of Galeolaria

larvae were crossed in accordance with the North Carolina II

breeding design (NCII). NCII is a factorial breeding design,

where within each block, each father (sire) is crossed with

each mother (dam) (Lynch & Walsh, 1998). NCII was selected

for two reasons: First it allowed us to estimate how much phe-

notypic variance in the traits examined among larval offspring

was due to the sire, the dam, the interaction between sire and

dam inheritance, and nongenetic environmental variation

(Lynch & Walsh, 1998). As the sire is assumed to contribute

essentially only genes to the offspring (Conner & Hartl, 2004;

see below for important caveats to this assumption), variation

across offspring due to the sire allowed us to estimate herita-

ble additive genetic variance within and between traits. Sec-

ond, due to the free spawning nature of Galeolaria, this species

is well suited to the NCII design as sperm and eggs from indi-

vidual adults can be split such that the sperm of one sire can

fertilize multiple females at the same time (and vice versa for

dams; Munday et al., 2013).

We did 51 experimental blocks, and in each block, we

crossed gametes from two sires and two dams to yield four

parent combinations for each block (Fig. 1). We replicated

each sire–dam combination six times within a block, with

each of the six replicates individually fertilized using the

fertilization methods described above (creating 24 fertiliza-

tions per block) (Fig. 1). Approximately 2 h after fertiliza-

tion, a subsample of fertilized eggs (n ~ 25) was collected

from each of the 24 fertilization replicates and placed in

individual 1.5-mL capped test tubes with sterilized filtered

seawater. Eggs were classified as fertilized if they displayed

regular symmetrical cleavage, which is a standard approach

for assessing fertilization success in this species (Marshall &

Evans, 2005b). The replicate test tubes containing ~25 fertil-

ized eggs were each randomly assigned to one of three

thermal treatments (17, 21, and 25 °C), such that each

parental combination was replicated twice for each tempera-

ture (Fig. 1). Overall, our study yielded and scored over

30 000 fertilized embryos from 204 families. Importantly,

statistical power in such designs stems from the number of

sires included in the sire as this is where the variance of

interest is estimated (Munday et al., 2013),and the replicate

vials represent subsamples that provide better precision

only.

Thermal temperatures were chosen as they represented the

approximate yearly average sea surface temperature at our

field site (17 °C), a low-moderate rise from the yearly average

sea surface temperature (21 °C), and the highest recorded sea

surface temperature within the preceding 12-month period

(25 °C) at the site of collection (CSIRO, 2014). More specifi-

cally, our scenarios represent typical temperatures for summer

or extremely warm temperatures for winter (21 °C), and a

temperature that is currently exceedingly rare, but is likely to

be much more common in the future (25 °C). As such, our

thermal treatments are likely to be a good reflection of near

future stressors for our study population. For the two treat-

ments above 17 °C, we gradually warmed seawater within the

test tubes to the desired temperature over ~20 min from when

the fertilized eggs were inserted in their test tubes using a

major science md-mini dry bath heater and maintained within

0.2 °C throughout the 48 h incubation period. A 48-h incuba-

tion period was used as it was sufficient time to allow the

visual determination of whether larvae had survived and suc-

cessfully developed into the trochophore stage, and ecotoxico-

logical studies indicate that this is the most sensitive and
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Fig. 1 Schematic depicting the North Carolina II block design

used in the present study. For each experimental block, eggs

from two individual dams were crossed with sperm from two

individual sires. Each cross was replicated by six separate fertil-

izations. Fertilized eggs were then assigned to one of three dif-

ferent temperature treatments (17, 21, or 25 °C) so that each

sire–dam combination was replicated twice per thermal envi-

ronment.
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reliable stage for examining larval tolerance to stress (Ross &

Bidwell, 2001). Following the 48-h incubation period, larval

survival was quantified by determining the number of larvae

that were present and showed normal larval development.

Statistical analyses

Estimating the additive genetic (co)variance matrix, G.
The additive genetic variance covariance (G) matrix was esti-

mated in a multivariate linear mixed model, fitted with

restricted estimation maximum likelihood (REML) in the

MIXED procedure of SAS 9.3 (SAS version 8; SAS Institute,

Cary, NC, USA, 1998). This model estimated the additive

genetic variance for, and additive genetic covariance between,

survival in each of the three thermal environments. Sire, dam,

and the sire x dam interaction were nested within block and

treated as random factors, while environment (thermal treat-

ments) and block (to account for differences between blocks)

were treated as fixed factors. While this analysis allows for the

exploration of dam and dam 9 sire effects, conventional

quantitative genetics analyses focus on sire effects because

these effects best estimate additive genetic variance – this vari-

ance responds most straightforwardly to selection (Lynch &

Walsh, 1998).

To account for any effects of main sampling period (winter

vs. summer), the model also included this term as an addi-

tional fixed factor crossed with thermal treatment, as well as a

separate residual variance for each period (in essence, block

was nested in sampling period). Preliminary analyses detected

no significant effects of sampling period on the expression of

additive genetic variance or covariance within or across ther-

mal treatments, so such effects were not considered further at

this level – excluding these effects had no qualitative effect on

our results.

To determine whether levels of additive genetic variance

for each trait (survival in each thermal environment) were sig-

nificantly different from zero, log-likelihood ratio tests were

performed, where the final model for each trait was compared

to a model specifying the sire-level variance for that trait to be

zero (Littell et al., 2006). The same approach was used to test

the significance of dam and dam x sire effects. The additive

genetic covariances across the thermal treatments were also

individually tested for significance from zero by performing

log-likelihood ratio tests where the final models for each trait

were compared to models specifying the sire-level covariances

(COVS) to be zero (Littell et al., 1996; McGuigan et al., 2011; Si-

monsen & Stinchcombe, 2010). All P-values were adjusted for

multiple testing by holding the false discovery rate to 5%

(Benjamini & Hochberg, 1995).

Note that this approach assumes that all of the variance

attributable to sires can be considered additive genetic vari-

ance. While this assumption reflects convention in quantita-

tive genetics studies, there is increasing evidence that some

sire-level variance in offspring performance may indeed be

environmentally induced (i.e., paternal effects; Crean &

Bonduriansky, 2014; Marshall, 2015). We cannot rule this pos-

sibility out, but in our study, males were sourced in identical

conditions and temporal environmental variation was parti-

tioned via blocking effects so we suspect the contribution of

paternal effects to our results is minimal. As such, our esti-

mates are likely to represent the upper range of genetic varia-

tion and remain the most common approach for assessing

evolutionary potential.

Eigenanalysis of G. While the G-matrix estimated above pro-

vides an estimate of how bivariate covariances between traits

might influence evolutionary responses to changes in temper-

ature, a multivariate approach was necessary to determine

how all three traits (thermal environments) contributed simul-

taneously to the G-matrix to obtain a more accurate picture of

the evolutionary relationships among the three traits (Phillips

& Arnold, 1989; Blows & Hoffmann, 2005; Walsh & Blows,

2009). An eigenanalysis of G was performed to determine

how many genetically independent traits (eigenvectors – lin-

ear combinations of all of the traits reflecting patterns of

covariance between traits) were represented by the original

three traits measured, and how much additive genetic vari-

ance (eigenvalues) was associated with each independent set

of eigenvectors (traits). The eigenvector with the largest eigen-

value (gmax, Schluter, 1996) is the vector explaining most of

the additive genetic variance in the G-matrix. The contribution

of each trait to each eigenvector is demonstrated by the indi-

vidual trait loadings from trait eigenvalues onto the eigenvec-

tor (Blows, 2007b; Galletly et al., 2007).

The first two eigenvectors that accounted for the greatest

amount of additive genetic variance in G (gmax & g2) were

then displayed in a biplot to visualize the multivariate

genetic relationships between the three traits (Cooper &

Delacy, 1994). In a biplot, the cosine of the angle between

vectors represents the genetic correlation between them in

the two-dimensional space (Smith et al., 2001). Therefore,

vectors orientated in the same direction have a high correla-

tion. As the angle between vectors increases, the genetic cor-

relation decreases; the closer the angle of two vectors is to

90° the lower the genetic correlation, the closer the angle is

to 0° the greater the positive genetic correlation, and the clo-

ser the angle is to 180° the greater the negative genetic corre-

lation (Yan & Tinker, 2005).

Results

Effect of thermal treatments on survival and variance
partitioning

Thermal environment had a significant effect on larval

survival (F2,1129 = 349.4, P < 0.001). Post hoc tests con-

firmed that survival at each temperature was signifi-

cantly different (Fig. 2). While survival varied among

families, survival in the highest temperature was

around 66% of that in the lowest temperature. Most of

the variance in survival was attributable to dams

although this varied among temperatures. Dams

explained the most variance at the highest tempera-

tures while sires explained the least variance at the

highest temperatures (Table 1).
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Estimating the additive genetic (co)variance matrix, G

We detected significant levels of additive genetic vari-

ance for larval survival at 17 and 21 °C (Table 2), with

the highest amount of additive genetic variance being

detected for survival in the 21 °C environment

(Table 2). However, additive genetic variance for larval

survival at 25 °C was not significantly different from

zero (Table 2). The additive genetic covariances

between survival at 17 and 21 °C and between survival

at 17 and 25 °C were positive and significantly different

from zero (Table 2). The covariance between survival at

21 and 25 °C was not significantly different from zero

(Table 3).

Eigenanalysis of G

The genetic relationship between larval survival across

the three temperatures was investigated by examining

the additive genetic (co)variance matrix G. An eigen-

analysis of G was performed to determine how many

genetically independent traits (eigenvectors) were rep-

resented by the original three traits, and how much

genetic variance (eigenvalues) was associated with each

eigenvector. The eigenanalysis of G revealed that the

genetic variance in G was distributed across two

dimensions, with the third eigenvector (g3) explaining

0% of the total additive genetic variance; subsequently,

g3 loadings are not shown (Table 3). This means that

the G-matrix was of reduced rank. Considering the two

eigenvectors that explained all of the additive genetic

variance across the three traits, gmax and g2 accounted

for 78.3% and 21.8% of total additive genetic variance

in G, respectively. Survival at all three temperatures

loaded positively on gmax with relatively equal contri-

butions (Table 3). Survival at 21°C made a large and

positive contribution to the second eigenvector, g2, with

small and moderate negative contributions from sur-

vival at 17 and 25 °C, respectively.
The first two dimensions of G, gmax, and g2, were dis-

played in a biplot (Fig. 3) to visualize the genetic rela-

tionships across the three temperatures. As outlined

earlier, the squared length of a vector in the biplot is

the variance explained by the two dimensions, while

the cosine angle between vectors is the genetic correla-

tion between them in this two-dimensional space

(Smith et al., 2001). Therefore, vectors orientated in the

same direction have a high correlation. As the angle

between vectors increases, the genetic correlation

decreases. Therefore, larval survival at 17 and 25 °C

Table 1 Variance in developmental success explained by

sire, dam, and sire 9 dam interactions across three different

temperatures in the tubeworm Galeolaria caespitosa. Significant

variance components, based on log-likelihood ratio tests, are

shown in bold

Temperature Component Variance (%) v2 P

All Sire 5 21 <0.001
Dam 15 55 <0.001
Interaction 5 2 0.157

Error 75

17° Sire 25 54 <0.001
Dam 12.5 34 <0.001
Interaction 25 15 <0.001
Error 37.5

21° Sire 18 32 <0.001
Dam 27 52 <0.001
Interaction 9 1 0.317

Error 45

25° Sire <0.01 <0.01 1

Dam 41 93 <0.001
Interaction 27 24 <0.001
Error 52
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Fig. 2 Additive genetic variation (represented by variation

among sires) in the proportions of larval survival after 48 h of

exposure to different thermal environments (17, 21, and 25 °C).

Each gray line connects a single sire’s breeding values (obtained

from linear mixed model output; see details in main text), while

the black line shows the mean survival across all sires.

Table 2 Additive genetic (co)variance matrix (G) estimated

from the model with the unconstrained sire-level variances

and covariances and additive genetic correlations. Additive

genetic variances on the diagonal in bold, additive genetic co-

variances below the diagonal in italics, additive genetic corre-

lations above the diagonal. 17 °C = larval survival at 17 °C;
21 °C = larval survival at 21 °C; 25 °C = larval survival at

25 °C. *P < 0.05 for log likelihood ratio test of significant dif-

ference from zero

17 °C 21 °C 25 °C

17 °C 0.00138* 0.802 1.000

21 °C 0.00125* 0.00176* 0.551

25 °C 0.00202* 0.00056 0.00058
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and survival at 17 and 21 °C have vectors of similar

direction and magnitude, reflecting the high pairwise

genetic correlations between them (Table 2). In con-

trast, the angle between the vectors for survival at 21

and 25 °C reflects the weaker genetic correlation

between the two traits (Fig. 3, Table 2).

Discussion

Anthropogenic global change is predicted to create

warmer and more variable water temperatures, but the

adaptive evolutionary capacity of populations to

respond to these changes is poorly understood (Hoff-

mann & Sgro, 2011; IPCC, 2013). In particular, the

extent to which adaptation to a warmer world will be

constrained or facilitated by levels of additive genetic

variance for, and covariances between, the traits under

selection remains largely unknown. Indeed, most stud-

ies that have looked at the potential for evolutionary

responses to global change have taken a largely univar-

iate or bivariate approach (but see Williams et al., 2012;

van Heerwaarden & Sgro, 2013; Blackburn et al., 2014

who looked at multiple traits in a single environment)

and have not considered additive genetic variances and

covariances across multiple (more than 2) environ-

ments in a multivariate framework. Our findings sug-

gest that our study population will have some

evolutionary capacity to adapt to increases in the fre-

quency of temperatures of 25 °C. However, this capac-

ity was only revealed by a multivariate analysis of

genetic variances and covariances across multiple tem-

peratures (importantly, we can say nothing about the

evolutionary capacity of this population for tempera-

tures beyond 25 °C). Yet, a broad understanding of

how multivariate genetic interactions among traits and

environments will affect the adaptive evolution of glo-

bal population to global change is presently lacking.

Attempts to understand the capacity of populations to

adaptively evolve in response to global change must

approach the issue as a multivariate problem.

The motivation of our study was to take a multivari-

ate approach to determine the extent to which adapta-

tion to a warmer world might be constrained by

additive genetic variances within, and covariances

between, different thermal environments. Our focal

species was an important habitat-forming species of

marine tubeworm, G. caespitosa. We first showed signif-

icant additive genetic variance for survival in two of

the three thermal environments considered; additive

genetic variance for larval survival at 17° and 21 °C
was significantly different from zero, while it was not

different from zero at the warmest temperature of

25 °C. We then showed that the additive genetic (co)

variance matrix was of reduced rank; two eigenvectors

explained all of the additive genetic variance in G, with

gmax accounting for 78% and g2 accounting for 22% of

the total genetic variance. Importantly, all three traits

made equally large contributions to the leading eigen-

vector of G (gmax), suggesting that selection for

increased larval survival across different thermal envi-

Table 3 Eigen analysis of genetic variation for all traits examined. Trait loadings on eigenvectors of the unconstrained sire-level

additive genetic variance covariance matrix (G), the additive genetic variance, VA, (eigenvalue) associated with each eigenvector,

and the percentage of the total additive genetic (%VA) variance explained by each eigenvector

Eigenvector Eigenvalue (VA)

Percentage

of total additive

genetic variance (%VA) 17 °C 21 °C 25 °C

gmax 0.004197 78.2 0.5986 0.4935 0.6309

g2 0.001171 21.8 �0.0427 0.8062 �0.5901
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Fig. 3 Biplot visualizing the two statistically supported dimen-

sions (gmax and g2) of additive genetic variation in larval sur-

vival across thermal environments (17, 21, and 25 °C). Vectors

are based on the loadings of each of the three environments on

each multivariate dimension in Table 2, scaled so that the angles

between them represent crossenvironment genetic correlations

(i.e., angles of 0°, 90°, and 180° between vectors would indicate

crossenvironment correlations of 1, 0, and -1, respectively).

© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 3356–3366

3362 E. CHIRGWIN et al.



ronments (in the direction of gmax) should result in an

evolutionary increase in survival across all three ther-

mal environments.

We found that larval survival has the potential to

evolve via correlated responses to selection across

thermal environments, as revealed by significant and

positive additive genetic covariances between survival

at 17° and 21 °C and between survival at 17° and

25 °C. These genetic covariances across thermal envi-

ronments are therefore likely to promote, rather than

constrain, adaptive evolution in response to warming

temperatures. Given that our study population will

likely have to endure selection under each of the

three thermal environments considered here in the

future, we would expect adaptive evolution for sur-

vival at any of the three temperatures to occur at a

faster rate than in the absence of genetic covariances

across thermal environments. Importantly, the rate of

adaptive evolution for survival at 25 °C appears likely

to be accelerated by selection on survival at the two

cooler temperatures. In essence, evolutionary adapta-

tion in response to exposure to 17° and 21 °C will

‘warm up’ Galeolaria’s genome for adaptive responses

to even higher temperatures. Importantly, we only

measured one life-history trait (albeit in multiple tem-

peratures). Recent studies suggest that genetic correla-

tions across the life history (Aguirre et al., 2014) will

further alter the evolutionary trajectories of popula-

tions and exploring this possibility is an important

next step (Dam, 2013).

Our findings highlight the importance of a multivari-

ate approach to studies of the evolutionary capacity to

cope with global change. While the reduced larval sur-

vival at 25 °C makes future environmental warming

concerning, the presence of significant additive genetic

covariance between larval survival at 17° and 25 °C
and the contribution of survival at 25 °C to gmax indi-

cate that our study population has the evolutionary

potential to adapt to future, warmer, conditions. That

is, even in the absence of univariate additive genetic

variance for survival at 25oC, adaptation in response to

increasing temperatures will still be possible because of

the presence of additive genetic variance in multivari-

ate space (survival at 25 °C contributes to gmax), and

because of the significant genetic covariance across

thermal environments. Adaptive evolution in the face

of future warming will be important, because even

small changes in larval survival can drive large fluctua-

tions in marine population dynamics (Houde, 1987;

Johnson, 2007). Were we to have tested the evolution-

ary potential of this species to cope with 25 °C alone,

we would have erroneously concluded that this species

lacked all capacity to cope with future temperature

increases.

There is increasing recognition of the fact that addi-

tive genetic variance (and thus adaptive capacity) may

change with environmental conditions (e.g., Sgro &

Hoffmann, 1998; Hoffmann & Meril€a, 1999; McGuigan

& Sgr�o, 2009; Husby et al., 2011). We detected higher

levels of additive genetic variance under the moder-

ately warm (21 °C) and most benign (17 °C) thermal

environments, while no additive genetic variance was

detected in the most stressful thermal environment

(25 °C), despite a relatively powerful experimental

design (204 families). It has been suggested that addi-

tive genetic variance could increase in novel, stressful

environments because selection will act to increase the

frequency of rare alleles unselected in the ancestral

environment, thereby causing an increase in the stand-

ing genetic variance (Holloway et al., 1990; Falconer &

Mackay, 1996; Guntrip et al., 1997; Holloway et al.,

1997). Some studies have indeed shown that additive

genetic variance increases with environmental stress

(Sgro & Hoffmann, 1998; Imasheva et al., 1999; Sisodia

& Singh, 2009). However, other studies have observed

no increase in additive genetic variance under war-

mer temperatures (e.g., Scheiner & Lyman, 1989;

Bubliy et al., 2000; Garant et al., 2007), and in some

instances, decreases in additive genetic variance or

heritability have been found (e.g., Ketola et al.,

2012a,b, Bennington & Mcgraw, 1996; Merila, 1997;

Rumbaugh et al., 1984).

An alternative hypothesis often used to explain the

differences in additive genetic variance across environ-

ments is that the amount of additive genetic variance

present under a specific level of environmental stress

reflects the result of historical selection (Hoffmann &

Parsons, 1991). Given that selection should remove

alleles of low fitness, depleting additive genetic vari-

ance, the lowest levels of additive genetic variance

should occur in environments that match historical

regimes (Hoffmann & Meril€a, 1999). However, neither

explanation can account for the higher additive genetic

variance we observed at both 17 and 21 °C. Our study

population has experienced temperatures of both 17

and 21 °C over the previous 14 years, while 25 °C has

been experienced only twice (2013 and 2014) in the past

14 years (CSIRO, 2014). A third possibility is that the

occasional strong selection imposed by temperatures

>21 °C has purged certain alleles, reducing genetic var-

iance at the highest temperatures.

Our study has a number of important limitations.

First, we exposed zygotes to higher temperatures

whereas in nature, both parents and gametes will first

be exposed to these temperatures and so our design

was somewhat artificial. Previous studies show that the

experience of both parents and gametes will affect their

subsequent performance as offspring (Ritchie &
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Marshall, 2013; Jensen et al., 2014). We chose to exclude

parental and gamete experience from out study here as

a necessary first step so that no systematic differences

in the phenotype of gametes occurred, thereby obscur-

ing the genetic effects of interest. Further studies that

combine parental exposure and quantitative genetics,

while logistically challenging, represent an exciting

next step. Second, we considered only one environmen-

tal stressor (albeit at multiple levels) – temperature.

Global change will bring not only changes to tempera-

ture but also ocean chemistry (Byrne, 2012), and multis-

tressor studies are an important next step in using this

approach. Third, recent studies show that genetic varia-

tion in one life-history stage may not reflect variation in

others (Aguirre et al., 2014). As such, the genetic corre-

lations we observed during early development may not

continue throughout the life history. Nevertheless,

given that earlier life-history stages tend to be the most

sensitive to climate stressors (Byrne, 2012), we suspect

that the genetic variation observed during this phase of

key importance for the adaptive capacity of this spe-

cies.

It should be noted that the capacity to undergo

adaptive evolutionary shifts via direct and correlated

responses to selection imposed by increasing tempera-

tures alone is insufficient to avoid extinction in

response to global change. Populations are likely to

be better adapted to previously encountered condi-

tions, so any changes in selection will cause the dif-

ference between the mean population phenotype and

the optimum phenotype, commonly referred to as the

lag load, to increase (Hellmann & Pineda-Krch, 2007;

Kopp & Matuszewski, 2014). In simple terms, the

ability of a population to overcome the lag load will

depend on both the genetics and demography of the

population. First, a population must have the evolu-

tionary potential to change; some individuals must

carry an allele that conveys high fitness under the

changed selection pressures – this is what our quanti-

tative genetic analysis has provided. Second, the allele

conferring high fitness under the altered conditions

must be able to increase in frequency in the popula-

tion (Bell, 2013). While the genetic requirement is

dependent on the presence of additive genetic vari-

ance in the direction of selection, the demographic

requirement is dependent on the cost of selection.

Thus, even if a population contains the required

alleles to survive under future selection pressures, it

may still go extinct if the cost of selection causes

extinction before the allele can spread throughout the

population (Bell, 2013). Our results suggest that larval

survival may decline during warmer summer temper-

atures during the initial stages of evolutionary adap-

tation. The extent to which this decline will be

reversed in subsequent generations remains

unknown.
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