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Abstract Organisms that live in a heterogeneous environment face a number of
important challenges. On one hand, they require the flexibility to respond to environmental
conditions and change their phenotype accordingly. On the other, they are required to be
robust in their overall body plan to ensure an integrated, functional organism. Here, we
examine the relationship between phenotypic plasticity and integration in the common
peppergrass, Lepidium bonariense, by examining the multivariate response of a series of
functional traits to a combination of light and water treatments. Lepidium bonariense
displayed considerable variation in phenotype in response to water and light availability
with the extraction of the first two principal components retaining 85% of the total vari-
ation in our data set. Principal component 1 (PC1) largely reflects the negative genetic
correlation between specific leaf area and overall plant size, whereas PC2 was typical of a
shade-avoidance syndrome displayed by many species of vascular plants. Both PC1 and
PC2 exhibited considerable variation among genotypes in phenotypic plasticity in response
to the combined effect of light and water availability. Despite complex plasticity in this
species, we demonstrate that variation in light and water availability did not significantly
influence patterns of functional trait integration, with the genetic variance—covariance
matrix remaining stable across environments.
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Introduction

Understanding how complex phenotypes evolve in heterogeneous environments is a central
question in evolutionary ecology (Raff 1996; Wagner 2001; Pigliucci and Preston 2004;
Schlosser and Wagner 2004). Complex phenotypes consist of numerous traits that can be
viewed as either integrated or non-integrated (Wagner 2001; Pigliucci and Preston 2004).
Integrated traits are highly dependent on each other because of shared genetic or devel-
opmental pathways, competition for limited resources during development and/or due to a
common functional role (Cheverud 1982; Pigliucci 2003). In contrast, non-integrated traits
are functionally and developmentally independent of each other (Cheverud 1996; Wagner
2001).

The degree to which traits form an integrated unit has two major implications for our
understanding of the adaptation and evolution of complex phenotypes. Firstly, quantitative
genetic theory predicts that a history of persistent stabilising selection will facilitate inte-
grated traits to evolve genetic correlations that are consistent with their functional and/or
developmental relationships (Lande 1979, 1980; Cheverud 1982, 1984, 1996). Conse-
quently, patterns of phenotypic integration may provide information on the nature of
selection that has shaped the current phenotype of the organism (Armbruser and Schwae-
gerle 1996). Secondly, an understanding of integration enables predictions of the capacity
for complex phenotypes to adapt to new environments (Lande and Arnold 1983; Wagner
2001; Pigliucci and Preston 2004). On one hand, phenotypic integration can drive adaptive
evolution by reducing the environmental variance in each of the integrated traits. Variance
that is orthogonal to the adaptive direction of evolutionary change for the entire structure is
therefore reduced (Lande 1980, 1984; Wagner 1988). On the other hand, if integration
reflects a history of invariant developmental processes, the high degree of genetic canal-
ization can reduce the available levels of genetic variation. This constrains the response of a
complex structure to present selection (Lande 1979; Arnold 1992; Wagner et al. 1997).

Despite much recent progress on this topic (Pigliucci and Preston 2004; Schlosser and
Wagner 2004), most empirical studies have only studied patterns of phenotypic integration
in a single environment (Pigliucci and Preston 2004; but see Pigliucci et al. 1995; Liu et al.
2007). However, phenotypic plasticity (the ability of a genotype to modify phenotypic
expression depending on the environment (Bradshaw 1965), can be an adaptive strategy to
cope with a heterogeneous environment (Bradshaw 1965; Moran 1992; Scheiner 1993;
Pigliucci 2001; DeWitt and Scheiner 2004). Whenever an organism is exposed to a variety
of environmental conditions, the optimal reaction is to express the phenotype best suited to
each particular set of conditions (Schlichting 1989). Individual traits that comprise an
integrated unit in one environment may, due to differential expression, be loosely integrated
in alternate environments. It may then be necessary to alter the correlations amongst traits to
approach the optimum phenotype (Schlichting 1989). Alternatively, traits may respond in a
coordinated fashion to environmental conditions (i.e. high levels of integration). The cor-
relation structure amongst traits may then be conserved even though the expression of the
traits may change per se. Despite the importance that changes in the correlation structure
can have for evolutionary change (Lande and Arnold 1983), we still know surprisingly little
about how the environment influences levels of phenotypic integration.

Due to their sessile existence, plants unavoidably experience fluctuations in their
external environment and this may facilitate the evolution of phenotypic plasticity (Pig-
liucci 2001). Variation in the expression of plant functional traits (such as stems, leaves
and roots) significantly influence plant fitness by altering their ability to acquire and
allocate resources (Reich et al. 2003). Water and light are two environmental resources that
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are known to be particularly important to the functional responses of plants (Pigliucci
2001; DeWitt and Scheiner 2004). Reduced light quality is correlated with the presence
and proximity of neighbours and has been shown to initiate stem elongation to improve
light inception (Schmitt and Wulff 1993). Likewise, reduced water availability has been
shown to induce changes in plant phenotype, generally limiting total biomass (Rajakaruna
et al. 2003). Therefore, it is not surprising that numerous studies have quantified the
independent effects of light (e.g. Callahan and Waller 2000; Pigliucci and Kolodynska
2002a) and water availability (e.g. Pigliucci and Kolodynska 2002b; Kolodynska and
Pigliucci 2003; Mommer and Visser 2005) on levels of phenotypic plasticity and inte-
gration in plants. Fewer studies have, however, examined the combined effects of light and
water availability on levels of phenotypic plasticity (e.g. Noda et al. 2004; Monaco et al.
2005; Valladares et al. 2005) and none have, to our knowledge, examined the combined
effects of these environments on levels of phenotypic integration. This is important
because natural organisms often experience a myriad of environmental factors and recent
studies suggest that multiple environmental factors can often have a very different effect on
the phenotype compared to either environment in isolation (Sih et al. 2004).

Here, we examine the relationship between phenotypic plasticity and integration in the
common peppergrass, Lepidium bonariense, by examining the multivariate response of a
series of functional traits to a combination of light and water treatments. We discuss our
findings in relation to the importance of phenotypic plasticity and integration to the evo-
lution of complex phenotypes in heterogeneous environments.

Materials and methods
Study species and seed collection

The common peppergrass, Lepidium bonariense L. (Brassicaceae), is an annual or
perennial herbaceous weed found throughout New South Wales, Australia (Harden 2000).
The rapid growth, local abundance and a fully inbred self-fertilising life-history (providing
discrete genotypes) make it an ideal species for laboratory studies. Lepidium bonariense
develops as a basal rosette of leaves, and flowers develop from terminal stalks up to 50 cm
in height (Harden 2000).

We collected a single individual of L. bonariense from each of thirteen sites around the
eastern suburbs of Sydney, Australia. There was a minimum distance of 1 km between
collections sites. Thus, each plant is likely to represent a discrete genotype. We obtained
genotypes from roadside footpaths and all locations were characterised by disturbed and
exposed environmental conditions. Maternal effects may induce plastic responses in off-
spring that are adaptive in the maternal environment. This may confound the expression of
plasticity by offspring when exposed to a novel environment. To standardize maternal
effects in our study, we derived the largest seed at each site by sampling the largest plant
(see Roach and Wulff 1987). Even so, we must acknowledge the potential for maternal
effects to confound our genetic estimates.

Experimental design
We placed seeds from each of the thirteen genotypes on wet filter paper in sealed petri

dishes. We refrigerated these at 10°C for 36 h, and then placed them into a greenhouse to
germinate. We transplanted several seedlings to pots (10 cm high, 7.5 cm diameter) at the
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emergence of the cotyledons. Pots contained soil consisting of approximately 30% coconut
peat, 50% river sand, 15% composted organics and 5% dynamic lifter (Yates®, Australia)
and a slow release fertiliser. We arranged the pots on open benches in a glasshouse, and
assigned pots randomly to one of four environmental treatments in a complete factorial
design: (a) High Water and High Light (HW:HL), (b) High Water and Low Light
(HW:LL), (c) Low Water and High Light (LW:HL) and (d) Low Water and Low Light
(LW:LL). To maximise the establishment success, we grew all plants in ambient green-
house light and watered them daily for 2 weeks after germination. Once the seedlings were
established, we removed extra plants so that there was only a single plant in each pot. We
assigned a single replicate of each of the 13 genotypes to each treatment to create a block
(13 genotypes x 4 treatments = 52 pots per block). We replicated blocks 10 times (52
pots x 10 blocks = 520 plants).

We watered the plants in the high water treatments with 50 ml every day. We watered
the plants in the low water treatment with 50 ml every second day until 12 weeks of age
and then every third day until harvest. This watering regime provided a relatively low
amount of water to the treated plants, while minimising water stress induced mortality. We
provided each plant in the high light treatment with ambient greenhouse light. We sur-
rounded each plant in the low light treatment with a cylinder of translucent green plastic
film, 30 cm high and 8.5 cm in diameter (Lee Filters, Andover UK, no. 121 Lee Green).
This filter simulated the effect of light filtered through a canopy of competing plants,
reducing photosynthetic photon flux density by 36% and the red to far-red ratio (R: FR)
from 1.0 to 0.2. We harvested plants at 21 weeks of age. Unfortunately, no plants reached
reproductive maturity by this stage.

Trait measurements

At harvest, we measured a total of 12 morphological traits on each plant. For every leaf per
plant, we measured petiole length (PL), petiole diameter (PD), leaf length (excluding the
petiole) (LL) and leaf width (LW) to the nearest 0.01 mm using digital callipers, and leaf
area (including the petiole) (LA) using a Li-Cor leaf area meter (Li-3000A, LiCor Bio-
sciences, Lincoln, Nebraska). We calculated plant means for each leaf measurement and
used these values in all subsequent analyses. For each plant, we also measured shoot
diameter (SD) at the surface of the soil, plant height measured from the surface of the soil
to the highest point on the plant (Height), root mass (RM), leaf mass (including petiole)
(TM) and leaf number (LN). Individual plants were dried to a constant weight in a drying
oven at 60°C for 36 h prior to mass measurements.

Using the above measurements, we also calculated specific leaf area (SLA) (calculated
as leaf area divided by leaf mass for each individual leaf per plant) and total plant mass (the
total above and below ground biomass). We did not observe stem elongation during the
time frame of our study, with the petioles of each leaf arising in a rosette directly from the
soil horizon. Consequently, stem length or mass measurements were not possible.

Statistical analysis

Traditionally, G x E studies including multiple phenotypic traits has been analysed using
multivariate analysis of variance (MANOVA). Univariate ANOVA’s are then used to
determine how each variable contributes to the overall MANOVA model (e.g. Pigliucci
and Hayden 2001). One of the major assumptions of MANOVA is that the phenotypic
traits being examined are statistically independent (Field 2000). Our data, however,
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exhibited strong multi-collinearity, as illustrated by the average variance inflation factor
(VIF) statistic being substantially greater than 1 (mean VIF across all traits = 98.32;
Bowerman and O’Connell, 1990) and more than 75% of the tolerance values falling below
0.2 (Menard 1995). This fact alone suggests a high degree of integration in the plant traits
we examined. There are two approaches that can be taken to account for multi-collinearity
in a multivariate data set (Field 2000). Firstly, one possible solution is to omit the
offending variable(s) from the data set. This approach is only useful, however, when a
small number of variables are responsible for the observed multi-collinearity (Field 2000).
This was not the case in our data set as the sequential deletion of variables did not
significantly reduce the VIF scores.

A second approach, and the one adopted here, is to use principal component analysis
(PCA) to compress the original data into a set of linear variables and then use the resulting
principal component scores in subsequent statistical analyses (Dunteman 1989; Field
2000). As our experiment was run in a series of blocks, we standardized all phenotypic trait
measures by block mean prior to principal component analysis to remove any variation due
to block effects and also to conserve degrees of freedom in our final model (see below).
Only principal components yielding an eigenvalue greater than 1 were retained for analysis
(in our case the first two principal components) and we interpreted factor loadings with an
absolute value greater than 0.4 as biologically relevant (Stevens 1992). We then used a
generalized linear mixed-model (GLMM) to examine the effects of genotype (random
effect), water environment (fixed effect), light environment (fixed effect) and all interac-
tion terms (i.e. Genotype x Light (random effect), Genotype x Water (random effect),
Light x Water (fixed effect), Genotype x Light x Water (random effect)) on the factor
loadings derived from the principal component analysis. All statistical analyses were
performed in JMP (version 7).

We used Pearson product-moment correlation coefficients to calculate the genetic
correlations between phenotypic traits in each of our four light and water treatment
combinations. We based correlations on the average value of each phenotypic trait for each
genotype in each of the environments and calculated Jacknifed standard errors using
Poptools (version 2.6.9; freely available at http://www.cse.csiro.au/poptools). We calcu-
lated variance-covariance matrices (G) for each treatment using the VC(matrix) function in
Poptools. Various methods are currently available to assess differences in G in multidi-
mensional space (Krzanowski 1979; Cohn 1999; Phillips and Arnold 1999). Most recently,
the common principal component (CPC) model has become a popular and effective sta-
tistical tool in evolutionary studies (Phillips and Arnold 1999). CPC is a hierarchical series
of tests that evaluates whether two or more matrices share one, two or more principal
components in common or whether they are directly proportional or equal (Phillips and
Arnold 1999). Each hypothesis is evaluated using a standard y* analysis using a critical o
value of 0.05 (Phillips and Arnold 1999). To examine differences in trait integration across
environments we compared G matrices in a pair-wise manner using the jump-up approach
outlined in Phillips and Arnold (1999) (freely available at http://darkwing.uoregon.
edu/ ~ pphil/software.html). A potential criticism of this approach is that it includes all
eigenvectors of the two matrices being compared, so that any similarity between matrices
may be driven by a similarity between principal components that are characterised by small
eigenvalues in one matrix and large eigenvalues in the other (Blows et al. 2004). Conse-
quently, it has been argued that CPC may provide an overly conservative approach when
comparing G matrices (e.g. Pigliucci and Kolodynska 2002b; Kolodynska and Pigliucci
2003). Therefore, in addition to CPC we also compared G in each of the environments
using the geometric approach of Krzanowski (1979).
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Krzanowski’s (1979) method compares two k-dimensional subspaces by calculating the
angles between the best-matched pairs of orthogonal axes. Let the subsets of matrices 1
and 2 be represented by A and B, respectively. To compare the similarity of matrices, we
first normalised the eigenvalues of A and B by dividing the coefficients of each eigenvector
by the square root of the sums of squares of the coefficients of the respective eigenvector.
The two sets of principal components were then be compared by constructing a matrix S
according to the following:

S=ATBBTA

The matrix S finds the minimum angles between an arbitrary set of orthogonal vectors in
the subspace of A and a set of orthogonal vectors closest to the same directions in the
subspace of B. These arbitrary vectors are termed the principal vectors in the subspace of A
and B. The eigenvalues of S can then be used to determine the similarity between the two
subspaces. The smallest angle between any pair of orthogonal axes of A and B is then
defined as cos™' \/4;, where /; is the largest eigenvalue of S.

A key property of the matrix S is that the sum of the eigenvalues of S equals the sum of
squares of the cosines of the angles between the two sets of orthogonal axes. This sum must
lie in the range of O to k, as all eigenvalues will have values between 0 and 1. This equates
to an angle between 0° and 90°, respectively. If the sum is close to 0, the two subspaces are
dissimilar and are orthogonal, while a sum equal to £ would suggest that the two original
matrices share a common orientation. It is important to note, however, that k must not
equal » in this analysis, because including more than half of the n principal components
will constrain the analysis to recover common dimensions (i.e. angles of 0°). In our matrix
comparisons, we include only the first half of the principal components (n = 6), which
explain over 99% of the variation contained in each of our four G matrices (range from
99.979 to 99.989%).

Results

Of the original 520 plants included in our design, 373 (72%) survived to 21 weeks of age.
Although there was strong environment-specific mortality, with significantly more plants
dying in the LW:LL treatment compared to the other three treatments (% mortality:
HW:HL = 15.38%, HW:LL = 21.54%, LW:HL = 18.46%, LW:LL = 57.69%; ;> =
276.81, df = 3, P = 0.0001), mortality in each of the environmental treatments did not
significantly differ across genotypes (x* = 7.92, df = 36, P = 0.99).

Plasticity in response to light and water availability

Lepidium bonariense displayed considerable variation in phenotype in response to light
and water availability. The phenotype of plants grown in the different light and water
environments differed in two-dimensional space (Fig. 1). Extraction of the first two
principal components retained 85.33% of the total variation in our data set (Table 1). The
first principal component (PC1) was positively correlated with all phenotypic traits, with
the exception of SLA, that had a significant negative factor loading (Table 1). Positive PC1
scores represents larger plants with reduced SLA while negative PC1 scores represent
smaller plants with increased SLA. Generalised linear mixed-model (GLMM) indicated a
large effect of both environments on the magnitude of this negative genetic correlation
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Fig. 1 Principal component Treatment
analysis of Lepidium bonariense 4.00 ® HWHL A LWHL
grown under our four different ' '
light and water treatment © O HWLL 4 LWLL
combinations: high water, high 3.00 — o
light (HW, HL = closed circles), o
high water, low light (HW, AAO o o
LL = open circles), low water, 2.00 —
high light (LW, HL = closed Cogo ©
triangle) and low water, low light % 8
(LW, LL = open triangle). The
. 1.00 —
first and second principal o~ A
component scores are derived (&) o
o
from the measurement of twelve
functional traits on each plant 0.00 R °
(see “Methods”) at 21 weeks of °
age < A: b
-1.00 .0
[ ] 0. °
® o0 ,0 o
-2.00 — °
L]
-3.00
I I I I I I I
-2.00 -1.00 0.00 1.00 2.00 3.00 4.00
PC1
Tgble 1 Rotated ‘fac‘tor loadings PC 1 PC 2
of the first two principal compo-
nents of phenotypic trais in Eigen-values 9.06 118
Lepidium bonariense reared i )
under different light and water % of variance explained 75.50 9.83
availability Factor loadings
Petiole length (mm) 0.81 0.53
Petiole diameter (mm) 0.81 0.06
Leaf length (mm) 0.88 0.45
Leaf width (mm) 0.92 0.27
Stem diameter (mm) 0.92 —-0.23
Leaf area (cm?) 0.96 0.04
Height (mm) 0.85 0.23
Leaf number 0.74 —0.46
Leaf mass (g) 0.98 —0.08
Factor loadings greater than 0.4 Root mass (g) 0.91 —0.27
are interpreted as biologically Total plant mass (g) 0.95 —0.21
significant (Stevens 1992) and SLA (cm?¥g) —0.63 0.43

are presented in bold

(Table 2). On average, plants grown in the high light environments were relatively larger
in size and had a reduced SLA relative to those grown in the low light environments
(mean £+ SE PCI1 score: HL = 0.15 + 0.07; LL = —0.20 &+ 0.08) (Fig. 2; Table 2).
Similarly, plants grown in the high water environments were relatively larger in size and
had a reduced SLA relative to those grown in the low water environments (mean + SE PC1
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Table 2 Generalised linear mixed-model (GLMM) of phenotypic variation (summarised as principal
component 1) in Lepidium bonariense genotypes in response to variation in water and light availability

Source Principal component 1 Principal component 2
df F ratio P value df F ratio P value

Genotype (G) 12,0.27 8.27 0.61 12,0.79 8.78 0.32
Water (W) 1,12.76 5.19 0.04 1,13.89 7.68 0.02
Light (L) 1,12.54 45.51 0.0001 1,12.45 125.23 0.0001
W x L 1,12.56 0.77 0.40 1,12.84 3.78 0.07

G x W 12,12.00 0.67 0.75 12,12.01 0.41 0.93

G x L 12,12.01 0.53 0.86 12,12.01 0.96 0.52
GxWxL 12,322 2.40 0.006 12,322 1.87 0.04

score: HW = 0.15 £ 0.07; LW = —0.19 £ 0.07) (Fig. 2; Table 2). Interestingly, the
interaction between water and light availability on the negative genetic correlation between
SLA and plant size was not significant (Table 2). Although there was no effect of genotype
per se on plant phenotype or the way that specific genotypes responded to either light or
water availability in isolation, there was a significant genotype by environment response
when both environmental factors were examined together (Fig. 2; Table 2).

The second principal component (PC2) was positively correlated with petiole length,
leaf length and SLA and negatively correlated with leaf number (Table 1). GLMM

A 2.00 B 2.00
1.00 1.00-
™ o
O (8]
o o
0.00 0.00
-1.00 -1.00
T T T T T T T T
HW,HL HW,LL LW,HL LW,LL HW,HL HW,LL LW,HL LW,LL
Environment Environment
Genotype Genotype
—— 300 —— 6.00 8.00 10.00 — 300 —— 6.00 8.00 10.00
—— 500 —— 7.00 9.00 11.00 — 500 — 7.00 9.00 11.00
12.00 — 15.00 16.00 17.00 12.00 —— 15.00 16.00 17.00
—— 18.00 — 18.00

Fig. 2 Multivariate reaction norms plotting a principal component 1 scores and b principal component 2
scores for each of thirteen Lepidium bonariense genotypes in each environment. The multivariate reaction
norm for each genotype is represented by a unique colour
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revealed a large and significant effect of both environments on PC2 (Table 2). On average,
plants grown in the low light environments had longer leaves and petioles, an increased
SLA and a reduced number of leaves relative to those grown in the high light environment
(LL = 0.77 £ 0.07; HL = —0.56 £ 0.05) (Fig. 2; Table 2). Similarly, on average, plants
grown in the high water environments had longer leaves and petioles, an increased SLA
and a reduced number of leaves compared to those grown in the low water environments
LW = —0.11 £ 0.07; HW = 0.08 £ 0.07) (Fig. 2; Table 2). Again, there was no overall
effect of genotype per se on plant phenotype nor did specific genotypes differ in their
response to either light or water availability in isolation. However, there were significant
genotype-specific responses when both environmental factors were examined in combi-
nation (Fig. 2; Table 2).

The plasticity of phenotypic integration in response to light and water availability

Genetic correlations for the two high water (HW,HL and HW,LL) and low water (LW ,HL
and LW,LL) treatments, along with jacknifed standard errors, are provided in Tables 3 and
4, respectively. With the exception of SLA which is negatively genetically correlated with
all other traits, all four correlation matrices are characterised by strong positive genetic
correlations between phenotypic traits (Tables 3 and 4). Although the mean size of phe-
notypic traits varied across our four environmental treatments, common principal com-
ponent (CPC) analysis demonstrated that the structure of the genetic variance-covariance
matrix (G) did not change across our environmental treatments (i.e. the eigenvectors of G
are equal and proportional across environmental treatments) (Table 5). Qualitatively
similar findings were attained using the less conservative methodology of Krzanowski
(1979), with consistently high sums of eigenvalues and small angles between the dominant
eigenvectors in each pair-wise matrix comparison (Table 5).

Discussion

Organisms living in a heterogeneous environment encounter a number of challenges. On
one hand, they require the flexibility to respond to environmental conditions and change
their phenotype accordingly (Pigliucci 2001; DeWitt and Scheiner 2004). On the other,
they are required to be robust in their overall body plan to ensure an integrated, functional
organism (Pigliucci and Preston 2004). Here, we show in the peppergrass, Lepidium
bonariense, that these two processes (i.e. phenotypic plasticity and integration) do not have
to be mutually exclusive. Although L. bonariense genotypes exhibit considerable plasticity
in response to water and light availability, we show that the pattern of covariation amongst
functional traits did not differ across environments. Thus, the complex phenotype of L.
bonariense responds to environmental change in a tightly integrated manner.

The plasticity of complex phenotypes in a heterogeneous environment

Plant functional traits in L. bonariense responded to water and light availability in a
manner that is largely predictable based on physiological processes. We showed that PC1
largely reflects the negative genetic correlation between overall plant size and specific-leaf
area (SLA). PC1 scores were more negative (i.e. relatively smaller plants but larger SLA)
in the low water and light environments. Generally, in low water environments plants show
responses that include a reduction in all above ground and below ground biomass
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Table 3 Genetic correlation matrices for the two high water treatments

PL PD LL LW SD LA Height LN LM RM T™M SLA

PL 084 099 096 089 095 092 060 093 087 089 —0.62
(0.50) (0.41) (0.39) (0.42) (0.30) (0.31) (0.42) (0.26) (0.23) (0.24) (0.29)

PD 0.62 08 087 084 080 074 051 071 0.67 068 —0.55
(0.22) (0.59) (0.43) (0.38) (0.40) (0.42) (0.40) (0.75) (0.54) (0.65) (0.38)

LL 0.99  0.65 098 093 097 093 066 095 090 092 —0.67
(0.43) (0.22) (0.34) (0.40) (0.27) (0.40) (0.43) (0.36) (0.27) (0.30) (0.30)

LW 0.8 0.66 0.89 095 097 092 0069 094 089 092 —0.69
0.37) (0.30) (0.32) (0.37) (0.35) (0.48) (0.41) (0.61) (0.34) (0.45) (0.31)

SD 080 065 080 0.64 095 093 081 094 093 095 —-0.84
0.37) (0.26) (0.37) (0.37) (0.41) (0.34) (0.43) (0.54) (0.41) (0.58) (0.26)

LA 08 074 090 088 0.87 093 080 098 091 095 —0.69
(0.30) (0.24) (0.26) (0.42) (0.38) (0.30) (0.45) (0.42) (0.32) (0.37) (0.31)

Height 0.73 0.73 076 0.63 090 0.86 074 095 096 096 —0.75
0.24) (0.22) (0.21) (0.27) (0.28) (0.39) (0.42) (0.24) (0.27) (0.23) (0.28)

LN 075 058 078 0.65 085 0.88 0.84 080 0.78 081 —-0.73
(0.25) (0.31) (0.23) (0.36) (0.45) (0.52) (0.46) (0.53) (0.46) (0.51) (0.37)

LM 089 073 091 085 0.89 099 090 0.89 096 099 —0.77
0.37) (0.22) (0.36) (0.38) (0.38) (0.43) (0.43) (0.46) 0.22) (0.29) (0.29)

RM 076 071 079 069 095 090 097 087 092 099 —0.83
0.25) (0.24) (0.22) (0.25) (0.24) (0.41) (0.39) (0.69) (0.47) (0.16) (0.30)

™ 081 072 084 075 094 094 096 090 096 0.99 —0.81
0.27) (0.22) (0.24) (0.27) (0.27) (0.37) (0.46) (0.51) (0.44) (0.56) 0.29)

SLA —-0.87 -039 -0.86 —0.71 —-0.77 —0.78 —0.75 -0.78 —0.82 —0.75 —0.79
(0.37) (0.26) (0.38) (0.31) (0.44) (0.35) (0.30) (0.40) (0.33) (0.31) (0.29)

The high light treatment (HW, HL) is presented below the diagonal and the low light treatment (HW, LL) is
presented above the diagonal. Jacknifed standard errors are provided in parenthesis. Values provided in bold
are significant at o = 0.05

PL petiole length, PD petiole diameter, LL leaf length, LW leaf width, SD shoot diameter, LA leaf area,
Height plant height, LN leaf number, LM leaf mass, RM root mass, TM total mass, SLA specific leaf area

components, leaf dimensions, the number of leaves produced, stem diameter and absolute
height (Preston and Ackerly 2003). Moreover, arid conditions typically increase the risk of
cavitation (i.e. breakage in the hydraulic pathway) and plants frequently adapt by reducing
SLA and stem diameter to minimise water loss (Reich et al. 1997). Contrary to this,
however, we found that plants in a low water environment showed an increase in SLA. The
benefits of relatively high SLA (and high leaf productivity) declines with increasing plant
size (Bonser 2006). The observed SLA differences in high and low water treatments could
simply be due to differences in plant size across treatments (larger plants in high water
treatments). Considerably more research, however, is required to understand exactly how
water availability influences the physiological basis of this negative genetic correlation in
plants.

In contrast to PC1, PC2 reveals finer detail about how L. bonariense adjusts its phe-
notype in response to varying light availability. The ability to detect reduced light
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Table 4 Genetic correlation matrices for the two low water treatments

PL PD LL LW SD LA Height LN LM RM T™M SLA

PL 061 099 096 087 095 086 039 093 076 087 —0.55
(0.39) (0.30) (0.28) (0.38) (0.35) (0.44) (0.33) (0.60) (0.39) (0.44) (0.38)

PD 0.55 060 059 079 055 068 072 061 070 066 —0.68
(0.39) 0.38) (0.34) (0.31) (0.38) (0.38) (0.28) (0.37) (0.39) (0.41) (0.39)

LL 0.99  0.59 097 086 096 085 039 093 075 086 —053
0.11) (0.41) (0.26) (0.43) (0.39) (0.42) (0.33) (0.43) (0.40) (0.45) (0.39)

LW 087 0.68 0.92 076 094 078 028 087 065 079 —042
0.33) (0.32) (0.37) (0.39) (0.40) (0.40) (0.33) (0.50) (0.41) (0.42) (0.41)

SD 081 050 086 0.87 084 091 047 091 092 094 —0.78
0.56) (0.43) (0.54) (0.30) (0.38) (0.38) (0.30) (0.31) (0.26) (0.34) (0.27)

LA 080 053 086 094 087 086 056 097 079 091 —0.49
(0.55) (0.42) (0.61) (0.36) (0.41) 0.30) (0.32) (0.35) (0.39) (0.40) (0.40)
Height 0.83 059 086 083 0.87 078 048 090 093 094 —0.70
0.25) (0.33) (0.29) (0.53) (0.20) (0.47) 0.33) (0.46) (0.33) (0.47) (0.36)

LN 055 073 059 058 075 074 0.60 063 061 065 —031
(0.53) (0.33) (0.46) (0.21) (0.27) (0.20) (0.24) (0.31) (0.30) (0.33) (0.31)

LM 085 052 090 093 092 099 085 075 0.89 097 —065
0.41) (0.47) (0.47) (0.44) (0.47) (0.29) (0.43) (0.23) 0.34) (0.35) (0.39)

RM 084 049 089 091 096 092 093 078 095 097 —0.80
0.37) (0.39) (0.38) (0.33) (0.45) (0.41) (0.22) (0.23) (0.36) 0.32) (0.41)

T™ 085 050 090 092 095 095 091 078 097 0.99 —-0.74
0.42) (0.42) (0.47) (0.31) (0.45) (0.43) (0.29) (0.24) (0.34) (0.40) (0.45)

SLA  -0.78 -038 —-0.79 —-0.65 —0.80 —0.61 —0.84 —-0.63 —-0.72 —0.83 —0.80
(0.32) (0.42) (0.35) (0.36) (0.35) (0.31) (0.25) (0.37) (0.37) (0.24) (0.27)

The high light treatment (LW, HL) is presented below the diagonal and the low light treatment (LW,LL) is
presented above the diagonal. Jacknifed standard errors are provided in parenthesis. Values provided in bold
are significant at o = 0.05. Trait abbreviations as outlined in Table 3

availability, particularly in response to shading by neighbours, appears common in many
species of terrestrial plants (Casal et al. 1994; Ballaré et al. 1995, 1997; Smith 1982; Smith
and Whitelam 1997). Shaded plants experience a reduced red to far-red light ratio com-
pared with individuals exposed to full sun (Smith 1982; van Hinsberg and van Tienderen
1997). This cue for light competition triggers a cascade of phenotypic responses including
an increase in functional traits such as petiole length, leaf length and width, SLA and
height and a decrease in traits such as stem diameter, root mass and the number of leaves
produced (Casal et al. 1994; Ballaré et al. 1995, 1997; Smith 1982; Smith and Whitelam
1997). The contribution of each plant trait to PC2 (see Table 1) suggests that the response
shown by L. bonariense to a low light environment is largely consistent with this typical
shade avoidance syndrome. This syndrome is defined by an elongate phenotype that
enables individuals to counter the effects of shading before it seriously reduces photo-
synthesis (Ballaré et al. 1997; Smith and Whitelam 1997; Dorn et al. 2000). The shade
avoidance phenotype exhibited by L. bonariense is also consistent with the much broader
guerrilla strategy adopted by plants foraging under resource limitation, facilitating the
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Table 5 Statistical comparison of the genetic variance—covariance matrices (G) in each of the four envi-
ronmental treatments

Comparison CPC Krzanowski (1979)

Accepted hypothesis > df  P-value  Sum of eigenvalues  Angle
HW.HL vs. HW,LL Equality 48.09 78 1.0 5.30 0.51°
HW.HL vs. LW, HL Equality 25.53 78 1.0 5.17 0.32°
HW.,HL vs. LW,LL Equality 59.87 78 1.0 5.19 1.05°
HW.LL vs. LW, HL Equality 3398 78 1.0 5.12 0.02°
HW.LL vs. LW,LL Equality 30.35 78 1.0 4.95 0.11°
LW, HL vs. LW,LL Equality 4297 78 1.0 5.70 0.04°

Common principle component (CPC) analysis is based on Flury’s hierarchy (jump-up approach) (Phillips
and Arnold 1999). The highest statistically acceptable hypothesis in the hierarchy is specified, along with the
chi-square value, degrees of freedom and P-values associated with the rejection of the next hypothesis in the
hierarchy. For each comparison, the matrices were tested against an unrelated structure (Phillips and Arnold
1999). In all cases, the highest level in the hierarchy (i.e. a test for equality) was rejected meaning that all
matrices were equal and proportional. Krzanowski’s (1979) methodology is geometric approach that
compares two k-dimensional subspaces by calculating the angles between the best-matched pairs of
orthogonal axes. The closer the sum of the eigenvalues is to k (i.e. in our case 6), the more similar are the
matrices (Krzanowski 1979). The angle between the dominant orthogonal axes in the two matrices being
compared was calculated as cos~'\/Z;, where 1, is the largest eigenvalue of the matrix S

rapid and directional expansion of individuals from a poor to a better quality habitat (de
Kroon and Hutchings 1995; Fischer and van Kleunen 2002).

Our finding that the multivariate phenotypic response (PC1 and PC2) of specific
genotypes was plastic across water and light environments is not, in itself, a particularly
surprising outcome. This is because most traits in the majority of species are likely to show
some degree of plasticity (Pigliucci 2004). Indeed, phenotypic plasticity in response to a
wide variety of abiotic (e.g. light: Pigliucci and Kolodynska 2002a; water: Pigliucci and
Kolodynska 2002b; nutrients: Pigliucci and Schlichting 1998; temperature: Collins et al.
2002) and biotic environmental factors (e.g. herbivory: Agrawal 2004; competition: Cahill
et al. 2005; fouch: Pigliucci 2002) appears particularly common in plants. What is of
particular interest, however, is the fact that L. bonariense genotypes differed in their
plasticity to the combined effect of light and water availability (i.e. Geno-
type x Light x Water). Several recent studies on plants (e.g. Agrawal and Van Zandt
2003; Agrawal 2004; Huber et al. 2004; Cahill et al. 2005; McGuire and Agrawal 2005)
and animals (e.g. Kristan and Hammond 2000; Alvarex and Nicieza 2002; Relyea and
Mills 2001; Boone and Semlitsch 2001, 2002) suggest that this phenotypic response to
multiple environmental factors may, in fact, be more commonplace than is currently
appreciated. For example, in a recent manipulative experiment examining the interplay
between competition with grass and beetle herbivory in the milkweed (Asclepias syriaca),
Agrawal (2004) demonstrated that while neither factor had an individual impact, they
jointly reduced the growth of milkweed plants. While our laboratory greenhouse study only
addresses a small part of the environmental complexity that exists in nature (Sih et al.
2004), it illustrates the need to consider any interactions that may exist between multiple
environmental factors and the way that different genotypes respond to them. Such inter-
actions should be incorporated when trying to understand the evolution of phenotypic
plasticity in organisms that occupy a heterogeneous environment.
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The plasticity of phenotypic integration

It is generally accepted that environmental conditions can influence the patterns of genetic
covariance between traits, as well as levels of genetic variance in the individual traits
themselves (Pigliucci 2004; Sgro and Hoffmann 2004). Here, we show that despite
exhibiting considerable phenotypic plasticity, the patterns of covariation between func-
tional traits in L. bonariense did not differ across environments. The published literature on
plants is very much equivocal with regard to how trait means and covariances should
respond to different environmental conditions. Some species show a change in mean trait
size and covariances across environments (Lechowicz and Blais 1988; Schlichting 1989;
Pigliucci et al. 1997; Pigliucci and Schlichting 1998; Callahan and Waller 2000; Pigliucci
and Hayden 2001; Pigliucci 2002; Tonsor and Scheiner 2007; Nicotra et al. 2007; Brock
and Weinig 2007), while others only exhibit a change in mean trait size with the covariance
structure remaining constant (Waitt and Levin 1993; Herrera et al. 2002; Pigliucci and
Kolodynska 2002a, b; Kolodynska and Pigliucci 2003; Bidart-Bouzat et al. 2004; Bossdorf
and Pigliucci 2009). It is likely that the relationship between plasticity and trait integration
will be species-specific making generalizations on this relationship difficult, if not
impossible.

The predictive value of the genetic variance-covariance matrix (G), however, largely
depends on whether it remains constant over evolutionary time and space and/or if it
evolves, does it do so in a predictable manner (Steppan et al. 2002). Traditionally, high
levels of trait integration within and between environments, such as demonstrated here for
L. bonariense, have been viewed as major constraints to the rate of adaptive evolution
(Arnold 1992; Wagner et al. 1997; Merild and Bjorklund 2004). However, the structure of
G alone does not provide definitive evidence that integration will constrain or facilitate
evolution in alternate environments (Sgro and Hoffmann 2004). The response of a suite of
genetically correlated traits to selection is the product of G combined with the vector of
linear selection gradients (f3) and the matrix of nonlinear selection gradients (y) (Lande and
Arnold 1983). Schluter (1996) illustrated the effect of G on the multivariate response to
selection using the concept of a genetic line of least resistance (gmax). This vector,
quantified as the first principal component through G, describes the direction in multi-
variate space in which the most additive genetic (co)variance exists (Schluter 1996). A
given amount of selection will result in the greatest evolutionary response when gnax is
aligned with the dominant vector of selection (Schluter 1996). The closer this angle is to
90°, however, the greater the response to selection will be constrained in magnitude and
potentially biased in its direction (Schluter 1996). Thus, knowledge of both multivariate
selection and G is central to our understanding of the adaptive significance of phenotypic
integration (Lande and Arnold 1983).

Although a number of studies have addressed the fitness consequences of phenotypic
plasticity in alternate environments (Kingsolver 1995; Pigliucci and Schichting 1996; Dorn
et al. 2000; Agrawal et al. 2002; Relyea and Auld 2005; Wolf and Mazer 2005; Kraft et al.
2005), quantifying the selection that operates on phenotypic integration is an inherently
more difficult task. This is because natural selection is expected to remove unfavourable
trait combinations over evolutionary time (Lande and Arnold 1983). This inevitably
reduces trait variances and lowers the power of formal selection analyses (Lande and
Arnold 1983). A powerful, yet under-utilised, approach to addressing this question is the
phenotypic manipulation of trait covariances (Dudley and Schmitt 1996; Sinervo and
Basolo 1996; Schmitt et al. 1999; Brooks et al. 2005). While such an approach may not be
conducive to all species being studied, its application to an appropriate range of
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ecologically relevant environments may provide insight into the selective pressure shaping
patterns of integration in complex phenotypes (Sinervo and Basolo 1996).

Conclusion

In conclusion, our work shows that the common peppergrass, Lepidium bonariense,
exhibits considerable plasticity in its multivariate phenotypic response to light and water
availability. Importantly though, genotypes differed in plasticity to the combined effect of
light and water availability. This finding suggests that laboratory studies that only
manipulate a single environmental factor are likely to underestimate the degree of plas-
ticity. Moreover, it suggests that plasticity is likely to be far greater in field where envi-
ronmental factors are more complex and typically vary in multiple dimensions. Despite
finding considerable plasticity in this species, light and water availability did not alter the
degree of phenotypic integration. Thus, although these environmental factors influenced
the mean size of phenotypic traits, the covariance structure remained the same. This
suggests that the relationship between traits remains stable across environments to main-
tain their functional integrity but further knowledge on how selection operates on these
traits in different environments is needed before we can ascertain whether this will drive or
constrain phenotypic evolution.
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