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Phenotypic integration can be defined as the network of multivariate rela-
tionships among behavioural, physiological and morphological traits that
describe the organism. Phenotypic integration plasticity refers to the change
in patterns of phenotypic integration across environments or ontogeny.
Because studies of phenotypic plasticity have predominantly focussed on
single traits, a G x E interaction is typically perceived as differences in the
magnitude of trait expression across two or more environments. However,
many plastic responses involve coordinated responses in multiple traits, rais-
ing the possibility that relative differences in trait expression in different
environments are an important, but often overlooked, source of G x E
interaction. Here, we use phenotypic change vectors to statistically compare
the multivariate life-history plasticity of six Daphnia magna clones collected
from four disparate European populations. Differences in the magnitude of
plastic responses were statistically distinguishable for two of the six clones
studied. However, differences in phenotypic integration plasticity were sta-
tistically distinguishable for all six of the clones studied, suggesting that phe-
notypic integration plasticity is an important component of G x E
interactions that may be missed unless appropriate multivariate analyses are
used.
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Introduction

The concept of phenotypic plasticity has been framed in
terms of properties specific to individual characters
rather than the whole organism (Bradshaw, 1965).
This, combined with the fact that single-trait studies
and models are often much simpler and easier to obtain
than multivariate ones, has led to an understanding of
phenotypic plasticity predominantly focussed on single
traits (Schlichting, 1989a; Pigliucci, 2004; Relyea,
2004). However, organisms are integrated entities char-
acterized by numerous correlated traits that are linked
by genetic, developmental, physiological or functional
associations (Schlichting, 1989a; Roff, 2002; Pigliucci &
Preston, 2004). Hence, there are potentially a number
of problems with univariate studies. First, if phenotypic
plasticity in different traits is not correlated, then the
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relative plasticity of different genotypes may depend
entirely upon which trait is being studied (Schlichting,
1989a). Second, it seems unlikely that the processes
proposed to explain the limitations of a plastic response
operate at the level of individual traits (Steiner & Van
Buskirk, 2008). Finally, univariate measures of plastic-
ity do not capture differences in plastic responses that
involve coordinated change in multiple traits (Schlich-
ting, 1989a,b; Schlichting & Piglucci, 1998).

The evolution of multivariate phenotypic character
correlations (phenotypic integration) has been of inter-
est to plant ecologists and evolutionary biologists for
many years (Clausen & Hiesey, 1958; Olson & Miller,
1958; Berg, 1960; Cheverud, 1982; Zelditch, 1988), but
much less work has examined plasticity in patterns of
phenotypic integration across environments or ontog-
eny (Schlichting, 1989a,b; Schlichting & Piglucdi,
1998). If the genetic, developmental, physiological or
even functional correlations responsible for an organ-
ism’s phenotypic integration vary in different environ-
ments (Antonovics, 1976; Schlichting, 1989a,b;
Pigliucci & Preston, 2004; Rice, 2004), phenotypic
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plasticity may often involve changes in a multitude of
different traits at the same time (Lively, 1986; Boersma
et al., 1998; Schmitt et al., 1999; Donohue et al.,, 2000;
Weinig, 2000; Van Buskirk, 2002; Sultan, 2003; Bad-
yaev, 2004; Pigliucci, 2004). Consequently, a compari-
son of phenotypic plasticity between genotypes should
aim to gauge how the phenotype as a whole varies
between environments rather than just the expression
of a single trait (Pigliucci & Preston, 2004; Steiner &
Van Buskirk, 2008 and references therein, Dennis et al.,
2011). In order to do this, a multivariate measure of
phenotypic plasticity is required.

A significant G x E interaction in a multivariate
analysis of variance (manova) can be used to test for sig-
nificant genetic difference in multivariate phenotypic
plasticity in much the same way as it is currently used
in univariate analyses (Langerhans & DeWitt, 2002).
However, identifying the most plastic genotype is com-
plicated by the fact that when we are dealing with mul-
tivariate phenotypes, a significant G x E interaction
can arise in two ways (Collyer & Adams, 2007; Adams
& Collyer, 2009). Genotypes might differ in the magni-
tude of phenotypic change, with different genotypes
showing the same response to an environmental
change but to a greater or lesser degree. Alternatively,
genotypes might differ in the nature of their phenotypic
change, with different genotypes varying in their
response to the same environmental change through
differences in their phenotypic integration plasticity
(Schlichting, 1989a,b). Examples of adaptive pheno-
typic integration plasticity include shade avoidance in
plants (Schmitt et al., 1999; Weinig, 2000; Sultan, 2003;
Pigliucci, 2004) or predator avoidance in animals
(Lively, 1986; Boersma et al., 1998; Donohue et al,
2000; Van Buskirk, 2002; Relyea, 2004; Dennis et al.,
2011) which both involve coordinated shifts in the
expression of many different traits. However, pheno-
typic integration plasticity may also be nonadaptive
(Schlichting, 1989a,b; Schlichting & Piglucci, 1998; Pig-
liucci & Preston, 2004).

Because studies of phenotypic plasticity are typically
univariate (Schlichting, 1989a; Relyea, 2004), it is cur-
rently not clear to what extent multivariate G x E
interactions are a product of differences in the magni-
tude of phenotypic change, differences in phenotypic
integration plasticity or both. For example, Collyer and
Adams (2007) found that phenotypic integration plas-
ticity explained character displacement in the head
shape of sympatric and allopatric populations of two
Plethodon salamander species, whereas ditferences in the
degree of sexual size dimorphism in White Sands pup-
fish in different populations were explained by differ-
ences in the magnitude of phenotypic response. In
contrast, Chun et al. (2007) found that differences in
the multivariate plasticity of native and invasive popu-
lations of the plant purple loosestrife, Lythrum salicaria
varied according to the stressor.

Understanding what causes multivariate G x E’s is
important for a number of reasons. First, if phenotypic
integration plasticity is a major component of a multi-
variate G x E interaction, univariate studies that are
not able to detect it are clearly not suitable for compar-
ing plastic responses between ditferent genotypes. Sec-
ond, acknowledging that a G x E interaction may be
the product of differences in the magnitude of pheno-
typic change and/or differences in phenotypic integra-
tion plasticity may facilitate a better understanding of
the mechanisms underpinning plastic responses and the
selection pressures operating on them (Chun et al,
2007). Finally, quantifying the extent that phenotypic
integration plasticity underpins G x E interactions may
help to explain how the environment can often induce
changes in the strength or direction of genetic correla-
tions between traits (Pigliucci & Preston, 2004; Townley
& Ezard, 2013).

The ‘two-state multivariate approach’ (Collyer &
Adams, 2007; Adams & Collyer, 2009) is a general sta-
tistical framework for comparing multivariate reaction
norms, summarizing differences in the magnitude of
phenotypic change as differences in the length of phe-
notypic change vectors, and differences in phenotypic
integration plasticity as differences in the angle
between phenotypic change vectors in multivariate trait
space. In this study, we use traditional univariate and
multivariate analyses (manova, PCA) and the two-state
multivariate approach to compare the multivariate life-
history plasticity in response to resource availability for
six Daphnia magna clones collected from four different
European populations. We test whether Daphnia magna
demonstrate multivariate G x E interactions, and if so,
whether these derive from differences in the magnitude
of phenotypic change, differences in phenotypic inte-
gration plasticity or both.

Materials and methods

Origin and maintenance of clones

The clones used in this study were collected from vari-
ous disparate European populations. Clones B5 and B7
originated from Weston Park, Sheffield (53°3820"N
1°49'07"W). Clones DKN 1-3 and DKN 1-6 came
from Kniphagen, Ostholstein, Germany (54°10'36’86"N
10°48'24'06"E), and clone HO1 came from Bogarzo-to,
Kikungsagi-nemzeti park, Hungary (46°48"N 19°08"E).
Finally, clone Grosse originated from Kreis Plon, Schle-
swig-Holstein, Germany (54°19'29”"N 10°37/39"E). All
clones were maintained as laboratory stock cultures in
a temperature-controlled incubator at 21 °C £+ 1° on a
14 : 10 L/D cycle. Prior to experimentation, all clones
were conditioned for at least 3 generations in order to
control for maternal effects. Three individuals from
each clone line were put into separate 175 mL jars
containing 150 mL of hard water ASTM enriched with
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an organic extract (Marinure) (see Baird et al., 1989
for details). All individuals were fed 200 000 cells of
batch-cultured Chlorella vulgaris algae each day (High
food), and the media in each jar was changed every
other day. On producing the 3rd clutch, a single off-
spring was collected and used to set up the subsequent
generation.

Measuring life histories

For each clone, thirty-third clutch offspring were ran-
domly allocated into either high (200 000 cells mL™")
or low (40 000 cells mL™") food treatments. All individ-
uals were photographed as neonates using a Canon
EOS 350D digital camera connected to a Leica MZ6 dis-
secting microscope at x 2.5 magnification. All individu-
als were fed once a day and their developmental stage
was recorded. Individuals that had moulted were pho-
tographed as described above. Body size was measured
from the ventral base of the tail spine to the anterior
edge of the carapace using the ImageJ 1.28u image
analysis package (Rasband, 1997-2008). Individuals
were recorded as being mature once eggs were
observed in the brood pouch. For each clutch that
females produced, the number of offspring was counted
and five neonates photographed in order to determine
the mean body size of the clutch. This procedure was
continued until all individuals had produced their 3rd
clutch. The seven life-history traits measured for each
individual therefore included neonate size (mm), size at
maturity (mm), age at maturity (days), size upon drop-
ping the 3rd clutch (mm), age upon dropping the 3rd
clutch (days), mean fecundity per clutch (numbers)
and mean neonate size (mm).

Statistical analyses

Univariate G x E (clone x food) interactions were
tested for using anova. Subsequently, a difference in the
multivariate plasticity exhibited by different clones in
response to food availability (G x E) was tested for
using a multivariate analysis of variance (manova). Dif-
ferences between different clones responses were visu-
alized by projecting multivariate clone x food means
onto the first two principal component axes of the mul-
tivariate set of trait values and clone x food effects
(Chun et al.,, 2007). For pairwise comparisons between
clones, a two-state multivariate analysis was used to
describe the multivariate reaction norms as phenotypic
change vectors, following the methodology proposed by
Collyer and Adams (2007). These phenotypic change
vectors are simply the difference in multivariate mean
vectors: AY = Vj; — Yy, for treatment group 7 in environ-
ments j and k. The magnitude of the vector is calculated
as the Euclidean distance of a phenotypic change vector:
Dp = ||AYi]| = (AI?,-AI??)‘”, where T represents a vector
transpose. To determine whether the phenotypic change
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vector of one clone is greater than another, the test
statistic |IDg; — Dgsl is calculated (see Adams & Rohlf,
2000). To test whether the clones differ in the angle
of their phenotypic change vectors, their vector correla-
tion is calculated as the inner product of the two
vectors scaled to unit length:

AY, AY,T
ve= (=L
Dz, Dg,

(Cheverud & Leamy, 1985; Schluter, 1996). The arcco-
sine of this value is the angle, 0, between vectors,
which describes the similarity of their direction (i.e. 0°
is equivalent to parallel vectors). The significance of the
two test statistics can then be evaluated by comparing
them to distributions created from random pairs of vec-
tors created using a permutation procedure (see Collyer
& Adams, 2007 for details and a graphical explanation
of what phenotypic change vectors are). All of the
analyses were conducted in R (R Core Team, 2013) and
used the following libraries and packages: Hmisc (Har-
rell, 2014), Design (Harrell, 2014), MASS (Venables &
Ripley, 2002), Ime4 (Bates et al., 2014) and nlme (Pin-
heiro et al., 2013), and the R code provided in Collyer
and Adams (2007).

Results

ANOVA/MANOVA

Univariate analyses using anova revealed significant
clone x food interactions for all traits (P < 0.05 in all
tests, see Fig. 1, Table S1). The multivariate analysis
of variance (manova) revealed a significant effect of
clone (Fsss =49.24, P < 0.0001), food (F,, = 242.77,
P <0.0001) and clone x food (Fs35=28.88, P<
0.0001), indicating that clones differed in their multi-
variate plasticity.

Principal component analysis (PCA)

PC1 and PC2 together explained 77% of the total varia-
tion in the data set (Table 1; Fig. 2a). PC1 explained
more than 45% of the total variation and included clo-
nal differences in PC1 scores irrespective of environ-
ment and the plastic response of clones with respect to
food availability (see Fig. 2b). Individuals reared in a
high food environment had positive PC1 scores that
were associated with more offspring and larger body
size after dropping the third clutch of offspring (see
Table 1, Fig. 2). Individuals reared in a low food envi-
ronment had negative PC1 scores that were associated
with delayed age at maturity, delayed age after drop-
ping the third clutch of offspring and a larger mean off-
spring size (see Table 1, Fig. 2). In contrast, PC2
explained 32% of the total variation and varied
between clones irrespective of which food environment
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Fig. 1 (a—f) Mean trait values (£ SE)
for each of the 6 clones when reared on
either high food (solid dots) or low food
(open dots).

Table 1 Factor loadings for the PCA of life-history trait variation in 6 clones reared on either high food (approximately 200 000 C. vulgaris
cells mL™") or low food (approximately 40 000 C. vulgaris cells mL™").

Variables PCA1 pC2 PC3 PC4 PC5 PC6 PC7
Neonate length (mm) -0.176 0.522 —0.463 0.305 0.599 -0.103 0.142
Age at maturation (days) 0.446 0.266 0.399 0.244 0.002 —0.696 —0.164
Size at maturation (mm) —0.285 0.411 0.461 —0.683 0.223 —0.033 0.141
Size at clutch 3 (mm) —0.482 0.256 0.221 0.301 —0.146 0.189 —0.711
Age at clutch 3 0.437 0.289 0.384 0.291 0.091 0.664 0.208
Mean offspring size (mm) 0.109 0.580 —0.358 —0.144 —0.701 0.008 0.108
Number of offspring —0.503 —0.048 0.299 0.430 —-0.267 -0.164 0.610
Proportion of variance 0.458 0.314 0.130 0.050 0.030 0.011 0.008
Cumulative proportion of variance 0.458 0.778 0.908 0.953 0.981 0.992 1.00

they were in. Thus, clones showed considerable varia-
tion in the mean size of offspring produced, neonate
length and size at maturity that was unrelated to a

plastic response to food environment, although four of
the six clones showed a tendency to produce larger off-
spring in low food environments (see Fig. 1).
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Fig. 2 (a) Vector plots of the loadings for the first two principal
components for individuals reared on high food (approximately
200 000 C. vulgaris cells mL™") or low food (approximately 40 000
C. vulgaris cells mL™"). Vectors that point in opposite directions are
negatively correlated, and vectors that are perpendicular are
uncorrelated. The length of the vector indicates the amount of
variation associated with it. (b) A projection of multivariate

clone x food means onto the first two principal components of the
multivariate set of trait values. Solid lines represent phenotypic
change vectors based upon 77% of the total life-history trait
variation that includes trait mean effects and trait plasticity effects.

A comparison of phenotypic change vectors

A comparison of phenotypic change vectors for each
clone revealed that the magnitude of phenotypic
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Table 2 Pairwise differences in the magnitude and direction of
phenotypic change vectors for 6 Daphnia magna clones reared on
either high food (approximately 200 000 C. vulgaris cells mL™') or
low food (approximately 40 000 C. vulgaris cells mL™"). Significant
differences shown in bold.

Phenotypic Euclidean distance

change vector

Comparisons DH,L DF’-va\ue ()H,L OP-va\ue
B5-B7 0.09809347 0.7692 30.67543 0.004
B5-DKN13 0.2053160 0.4506 20.54261 0.0319
B5-DKN16 0.5787774 0.0381 26.14986 0.0049
B5-Grosse 0.3058017 0.2817 32.27164 2e-04
B5-HO1 0.009994688 0.9732 24.55350 0.0064
B7-DKN13 0.1072225 0.7427 28.42013 0.0072
B7-DKN16 0.480684 0.1451 45.24784 1e-04
B7-Grosse 0.4038952 0.7479 34.1702 1e-04
B7-HO1 0.1080882 0.2323 43.09581 0.0012
DKN13-DKN16 0.3734615 0.1565 20.72274 0.0238
DKN13-Grosse 0.5111177 0.0604 40.04105 1e-04
DKN13-HO1 0.2153107 7.692e-05 28.59473 3e-04
DKN16-Grosse 0.8845791 0.0013 54.36748 1e-04
DKN16-HO1 0.5887721 0.0225 29.84434 6e-04
Grosse-H01 0.295807 0.0225 36.21406 6e-04

change (i.e. the length of the phenotypic change vec-
tor) was indistinguishable for clones DKN16, DKN13,
B5 and B7, but significantly longer for clone ‘HO1” and
even longer for clone ‘Grosse’ (Table 2). However, the
direction of the phenotypic change vectors was signifi-
cantly different for all clone comparisons (Table 2),
demonstrating that differences in phenotypic integra-
tion plasticity underpin the multivariate G x E interac-
tion observed in this study.

Discussion

G x E interactions have traditionally been viewed as
differences in the magnitude of the plastic responses
of different genotypes (Bradshaw, 1965; Schlichting &
Piglucci, 1998; Nussey et al., 2007). However, we show
here that when a multivariate approach to phenotypic
plasticity is adopted, phenotypic integration plasticity is
an important component of a G x E interaction that, in
this case at least, may even overshadow differences in
the magnitude of phenotypic change. This is an impor-
tant finding given that phenotypic integration plasticity
would probably not have even been detectable in a
univariate study and may have been underestimated by
previous techniques used such as PCA, which sometime
fails to distinguish differences in plasticity from differ-
ences in trait means. PCA also provides no statistical
inferences with respect to differences between clone
responses. The two-state multivariate approach avoids
this problem by accounting for fixed effects prior to
analysing G x E interaction effects (Collyer & Adams,
2007). For these reasons, it is a useful tool for compar-
ing multivariate plasticity phenotypes.
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Incorporating phenotypic integration plasticity into
studies of phenotypic plasticity is important for a num-
ber of reasons. First, being able to reliably quantify phe-
notypic plasticity is an essential precursor to any study
attempting to measure a cost of plasticity (Relyea,
2002; Callahan et al., 2008). As most studies to date
have been univariate and have therefore not incorpo-
rated phenotypic integration plasticity (but see Steiner
& Van Buskirk, 2008), it may not be surprising that evi-
dence for the existence of costs or limits of plasticity is
currently at best equivocal (DeWitt, 1998; Scheiner &
Berrigan, 1998; Donohue et al, 2000; Steiner & Van
Buskirk, 2008; Callahan et al., 2008). Second, acknowl-
edging phenotypic integration plasticity is imperative in
shaping our understanding of how phenotypic plasticity
evolves (Schlichting, 1989a,b; Schlichting & Piglucdi,
1998; Ernande et al.,, 2004; Pigliucci & Preston, 2004;
Tonsor & Scheiner, 2007; Gianoli & Palacio-Lopez,
2009). In any environment, selection should favour a
suite of traits that result in a functional phenotype
(Arnold, 1983; Schlichting, 1986, 1989a,b; Schlichting
& Piglucci, 1998; Pigliucci & Preston, 2004; Draghi &
Whitlock, 2012). Because the selection pressures oper-
ating on individuals vary in different environments,
adaptive phenotypic plasticity may often involve
changes in the relative plasticity of several traits rather
than the absolute plasticity of a single trait (Lively,
1986; Boersma ef al., 1998; Schmitt et al.,, 1999; Don-
ohue et al, 2000; Weinig, 2000; Van Buskirk, 2002;
Sultan, 2003; Badyaev, 2004; Pigliucci, 2004; Relyea,
2004; Draghi & Whitlock, 2012). Variation in the
responses generated by individual genotypes in a popu-
lation, and their adaptive significance, can only be
quantified and understood using a methodology capable
of capturing and testing for differences in the magni-
tude and the nature of the response. In this study, a ma-
Nova confirmed the existence of a multivariate G x E
interaction. However, the two-state multivariate
approach was essential for quantifying and interpreting
the differences in the multivariate plastic responses of
the six different clones. Understanding how the clones
generate such differences will require much more work
examining how genetic and nongenetic variations (such
as maternal effects or epigenetic factors) translate into
differences in the developmental processes responsible
for generating integrated, functional phenotypes in
different environments.

Our results support previous studies of D. magna that
demonstrate that a reduction in food availability gener-
ally results in delayed maturation and a reduced fecun-
dity (reviewed in Pietrzak et al, 2010; Nogueira et al.,
2004). However, we were also able to statistically com-
pare the clonal variation in multivariate plastic
responses. Clones Grosse and HO1 were the most plastic
with respect to the magnitude of the response, which
was statistically indistinguishable in the other four
clones we studied. But, all the clones were statistically

distinguishable with respect to the nature of their plas-
tic responses. Clones DKN13, DKN16, B5 and HO1 had
phenotypic change trajectories that differed in angle by
less than 30. These clones matured at similar sizes in
high and low food environments, but produced fewer
larger offspring in low food environments and higher
numbers of smaller offspring in high food environ-
ments. In contrast, clones Grosse and B7 demonstrated
high plasticity in size at maturity but no plasticity in
offspring size and typically smaller clutches. Conse-
quently, their phenotypic change trajectories differed
from the other 4 clones by more than 30”. Understand-
ing and quantifying different plastic responses in this
way may be useful for understanding the mechanisms
underpinning plastic responses and the selection pres-
sures operating on them (Chun et al, 2007), but also
for understanding the consequences of plastic
responses. For example, the fact that some clones trans-
mitted food perturbation to their offspring more than
others may have implications for understanding the rel-
ative importance of genetic and nongenetic inheritance
in different populations (Hallsson et al., 2012).

The reduction in fecundity in Grosse could be inter-
preted as a cost of plasticity, because Grosse also pro-
duced the largest plastic response. But this would not
explain why clone B7 also showed a reduced fecundity,
whereas clone HO1 did not. Instead, we suggest that
clone Grosse probably has smaller clutch sizes because
it matures at much smaller body sizes, whereas clone
B7 has smaller clutch sizes because it always invests in
very large offspring. These differences were indepen-
dent of plastic responses to a large extent and were
instead explained by clonal differences in neonate size
that are already known to be an important driver of
phenotypic variation in Daphnia magna (reviewed in
Barata & Baird, 1998).

Incorporating phenotypic integration plasticity into
studies of phenotypic plasticity also has implications for
understanding phenotypic evolution at a more general
level. An increasing number of studies have now demon-
strated that P-matrices and G-matrices can be altered by
the external environment (reviewed in Schlichting &
Piglucci, 1998; Murren, 2002; Sgro & Hoffmann, 2004;
Pigliucci, 2006; Kruuk et al., 2008; Townley & Ezard,
2013). As a result, the trait covariances and the con-
straints that they impose on evolutionary trajectories
may change on short timescales potentially altering pat-
terns of adaptation and community dynamics (Tonsor &
Scheiner, 2007). In environments that are frequently
encountered, selection is expected to optimize multivari-
ate plastic responses resulting in the evolution of adap-
tive phenotypic integration plasticity as previously
demonstrated by plastic responses to different predators
(Relyea, 2004), shade avoidance (Schmitt et al., 2003;
Bradshaw, 2006), and thigmotropic (Pigliucci, 2004)-,
hydrophilic (Bradshaw, 1965)- and competition-medi-
ated (Dudley, 2004) responses in plants. However, the
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generation of novel patterns of trait integration in
response to new or rare environments might also play an
important role in allowing populations to adapt to novel
environments (Badyaev, 2009; Chevin et al., 2010; Che-
vin & Lande, 2011; Moczek ef al., 2011). The emerging
field of eco-devo (Dusheck, 2002; Sultan, 2007; Gilbert &
Epel, 2009) proposes that genetic variation in reaction
norms (i.e. G x E interactions) represents the raw mate-
rial for microevolutionary responses to environmental
change, irrespective of whether the variation is random
or adaptive (Sultan, 2007). The results of this study sug-
gest that phenotypic integration plasticity is an important
component of any G x E interaction that may be missed
unless appropriate multivariate analyses are used.
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