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Abstract. The emergence of new techniques in plant science, including molecular and phenomic tools, presents a novel 

opportunity to re-evaluate the way we examine the phenotype. Our increasing capacity for phenotyping means that not only 

can we consider increasing numbers of species or varieties, but also that we can effectively quantify the phenotypes of these 

. different genotypes under a range of environmental conditions. The phenotypic plasticity of a given genotype, or the range of 

phenotypes, that can be expressed depende11t upon environment becomes something we can feasibly assess. Of particular 

imp01tance is phenotypic variation that increases fitness or survival - adaptive phenotypic plasticity. Here, we examine the 

case of adaptive phenotypic plasticity in plant water use traits and consider how taking an ecological and evolutionary 

perspective on plasticity in these traits might have relevance for agriculture, horticulture and the management of native and 

invasive plant species in an era of rapid climate change. 

Additional keywords: fitness, G x E interaction, phenomics, phenotyping, water use efficiency, WUE. 

Introduction 

A 'water-wise' perennial plant is not like a 'water-wise' 
dishwasher. While the appliance should conserve water at all 
times (and wash dishes well), a 'water-wise' plant should 
conserve water only when water is limiting. It will adjust 
growth to optimise fi tness or maximise probability of survival 
under stress. When water is abundant, however, a 'water-wise' 
plant should capitalise on available water, maximising growth 
and flowering, because unused water will either be used by 
competitors or lost from the system as evaporation or runoff 

• This is a teleological view but the point holds: when assessing 
whether a plant is 'water-wise' , we must consider not just 
efficient water use when water is limiting, but also the plant's 
ability to utilise water when it is available. Here, we consider 
hmv modem plant science and evolutionary ecology can work 
together to understand the adaptive and applied significance of 
environmentally induc~d variation in plant water use 1raits. 

Mutation is traditionally seen as the source of variation in 
ev9lution. But selection acts on the products of gene expression -
the phenotype - not only on the underlying genetic code. The 
phenotypel unlike the genotype, varies over the course of an 
organi sm 's life and depends on the environment in which the 
organism develops. Phenotypic plasticity describes the range of 
phenotypes a single genotype can express as a function of its 
environment (Bradshaw 1965; Schlichting_ 1986). By genotype, 
we refer not to the sequence of a single gene, but to the complete . 
genome ofa single genetic individual. In this era of 'omics' - be it 
genomics, proteomics, or phenomics - understanding the causes 
and consequences of phenotypic variation is becoming more 
relevant and, most importantly, more feasible. 

Over recent years, phenotypic plasticity has moved from being 
. seen as a troublesome source of noise to being accepted as a 

characteristic that is itself under selection and of ecological 
and evolutionary significance (Via et al. 1995; Reymond et al. 
2003 ; Schlichting 2004; de Jong 2005 ; Murren eta!. 2005 ; West­
Eberhard 2005 ; Forde 2009). It is now recognised that plasticity 
is heritable (Tucic et al. 2005; Weijschede et al. 2006) and can 
be altered in artifi cial selection experiments (Garland and Kelly 
2006; Teuschl et al. 2007). 

It is easy to see that plasticity of key functional traits may 
detem1ine an organism' s ability to establish (Schlichting and 
Levin 1986). Further, if the plasticity increases that organism' s 
fitness, it may enable the taxon to persist in highly variable 
environments or over broad niches. Through plasticity, novel 
phenotypes can be exposed to selection (Agrawal 2001 ; Pigliucci 
et al. 2006). If those phenotypes increase fi tness, as some 
researchers have proposed, they may become fixed in the 
population via genetic assimilation (Waddington 1953; West­
Eberhard 2005 ; Pigliucci .et al. 2006). Thus, it has been posited 
that differing selection pressure on novel phenotypes could lead 
to local adaptation and speciation - or phenotypic evolution 
(Schlichting 2004; de Jong 2005 ; Pigliucci et al. 2006). 

Al l organisms possess some degree of phenotypic 
plasticity , but for sessile organisms like plants, including 
food crop species, plasticity may be of particular importance. 
Traditionally, agricultural plant breeders have viewed plasticity 
as an unwanted complication (but see Johnson and Frey 1967), 
but perspectives on that are changing (Bradshaw 2006; 
l:hapman 2008; Forde 2009; Sadras et al. 2009). If we can 
understand the genetic mechanisms underlying phenotypic 
plasticity (Schlichting and Smith 2002; Reymond et al. 2003 ; 
Forde 2009), we may well be able to breed for adaptive 
phenotypic plasticity that improves performance over a broad 
range of conditions. 
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Here, we consider adaptive plasticity in plant water use traits 
from an ecological and physiological perspective. We review 
the literature on adaptive plasticity in water use traits - both 
evolutionary and agricultural. We also explore invasive and 
ag1i cultu ra l species as case studies in growing plants under 
novel environmental conditions. And lastly, we discuss how 
future research building on links between genetics, ecology 
and evolution might be directed to develop truly 'water-wise' 
plants . 

The adaptive value of water use efficiency 
in dry environments 

Water use efficiency (WUE) refers to carbon gained per unit 
water lost. This can be calculated at a stand level , at a whole-plant 
level or at the leaf level and over time scales ranging from 
instantaneous (a few minutes) to a season (Sinclair et al. 1984; 
Condon et al. 2004). Here, we focus our discussion on a 
physiological definition of WUE at the leaf level, rather than 
an agronomic definition (see Sinclair et al. (1984) and Condon 
et al. (2004) for further discussion of WUE measures and 
te1111ino logy) . Our examples are drawn from measures of 
integrated WUE using isotopic indicators, 8 13C in particular 
(Farquhar et al. 1989), or instantaneous measure using gas 
exchange. Instantaneous meas-µres are derived from A" (carbon 
gain, µmo! m- 2 s- 1) and E (transpiration, mmol m- 2 s- 1) or g s 
(stomata! conductance to water, mmol m- 2 s- 1

) or even ET 
( evapotranspiration); AfE is often described as transpiration 
effi ciency (TE; Condon et al. 2004). Measurements using 8 13C 
are often more reliable than instantaneous measures of WUE 
because the latter are sensitive to measurement conditions (see 
Seibt et al. (2008) and Cemusak et al. (2009) for a discussion of 
the utility of8 13C measures). As with any ratio, WUE is a function 
of its component traits : carbon assimilation and water loss. 
Assimifation (A) is the product of stomata! conductance to 
CO 2 and the gradient of CO2 concentration from inside to the 
outside of the leaf (Condon et al. 2004); however, recent work 
suggests that this physiological correlation is not necessarily 
accompan ied by strong genetic correlations (Caruso et al. 
2005). Further, water use patterns are determined by other 
n·aits not explicitly considered in the calculation of WUE at 
leaf level (WUEL) (but implicit in measures of WUE at the 
whole plant or stand level). Traits that.influence WUE include 
leaf 1evel traits, for example leaf architecture and cuticle 
properties, leaf anatomy and mesophyll conductance as well as 
plant level traits such as root : shoot ratio, the turnover rate of fine 
roots and presence of root symbionts (e.g. Chaves et al. 2003; 
Picotte et al. 2007; Cattivelli et al. 2008; Forde 2009). There 
are also fundamental co-variances between physiological and 
structural traits (Reich et al. 1997) and these have consequences 
for \VUE at all scales. For example, Knight et al. (2006) suggest 
that the higher LMA (leaf mass per unit area) of many drought­
affected plants contributes to higher WUE. Higher LMA in 
drought-rolerant species is oft en due to specialised biophysical 
prope11ies of the leaves to reduce heat load as well as a greater 
im·estment in leaf structure to prevent wi lting under water stress 
(Wright and Cannon 2001 ). 

It is almost implicit in the concept of efficiency that 
conservative resource use is good, and therefore adaptive, but 
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. this assumption is seldom tested and when tested, it is not 
consistently supported. Plants native to or grown in lower . 
rainfall areas do generally have greater root: shoot ratios 
(Nicotra et al. 2002), lower stomata! conductance (Warren 
2008) and higher WUE (Dudley and Schmitt 1996 anc;i 
references therein; Picotte et al. 2007), though among arid­
adapted species, there are a range of strategies for surviving 
the vagaries of life in a drought-prone environment (Jordan 
and Miller 1980; Schwinning and Ehleringer 2001 ). In 
any case, for more efficient water use in water-stressed 
environments to be adaptive, it must increase fi tness. Studies 
directly examining fi tness consequences of WUE show that in 
some cases, selection favouring individuals with high WUE 
is advantageous, while in other cases, favouring low WUE is 
advantageous. In other cases, there is no correlation at all 
between WUE and growth or survival (e.g. Condon et al. 2004). 

In the conlext of domesticated species (especially fruit and 
grain crops) subject to artifi cial selection, yield or harvest index 
(the proportion of biomass that is marketable grain) become the 
' agricultural fitness' indicators of interest. Cattivelli et al. (2008) 
provide some evidence to suggest that breeding for increased 
wheat (Triticum aestivum L.) yield in high resource conditions 
has indirectly resulted in increases in yield across all 
envir01m1ents, even low rainfall ones. Note that in some cases, 
increases in y ield are a function of phenology or changes in 
fl owering time (Sadras et al. 2009). Presumably, these increases 
must be accompanied by increased WUE at low water. In contrast, 
a strong negative relationship between WUE and yield has been 
demonstrated in other crops, for example, sunfl ower (Helianthus 
annuus (Douglas ex Lindi.); Virgona and Farquhar 1996) and 
groundnut (Arachis hypogaea (L.); Nautiyal et al. 2002). 

Likewise, studies from natural ecosystems are inconsistent 
on the adaptive value of WUE. Although some studies report 
relatively high WUE being favoured in areas of lower rainfall , 
including desert (Ehleringer 1993a; Dudley 1996a, 1996b) and 
temperate species (e.g. Heschel and Riginos 2005 ; Knight et al. 
2006), there are also several examples in the literature where 
higher WUE is not favoured in dry environments at all (e.g. Geber­
and Dawson 1990; Donovan and Ehleringer 1994; Geber and 
Dawson 1997; Pennington et al. 1999; Arntz and Delph 2001 ; 
Donovan et al. 2007). 

In large part, these confl icting results reflect differences in 
patterns of water availability. A range of strategy schemes has 
been proposed to help explain these differences. One of these 
classifies plants as avoiding, or escaping dehydration, the other 
is tolerating drought (Kramer 1980). High WUE in dry 
envi.ronments is consistent with a dehydration avoidance 
strategy. which is often associated with slower overall growth . 
rates but greater survival under low water availability. This ability 
to tol erate drought may be underpinned by a myriad of 
physiological and morphological adaptations associated with 
high WUE, some of which are likely to be plastic. In contrast, 
drought escape is common for many short-lived or annual dessert 
species for which periods of water availability are sporadic and 
high ly variable. Such species generally have low WUE, high rates 
of carbon assimilation, fast growth rates and phenologies that 
enable tllem to reproduce before water limitation becomes severe. 
Arntz and Delph (2001 ) suggested that particularly for annual 
species, a drought escape-type strategy is likely to confer higher 
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fitness when the growing season is short or disturbances are 
frequent; the opposite conditions would select for dehydration 
avoidance. Schwinning and Ehleringer (2001) explore tradeoffs 
in soil water use patterns that influence the evolution of 
architecture and allocation patterns in arid-adapted species . . 
These authors identify four different phenotypes that each 
represent optima at particular conditions of pulsed rainfall 
events - depending on the frequency , size and duration of the 
pulses (Schwinning et al. 2004). The four phenotypes broadly . 
encompass the range of arid zone growth forms found in nature. 
Each of these frameworks provides an explanation for species 
level differences in allocation strategies, but neither explicitly 

· explores the role ofphenotypic responses to environment at the 
organism level. Presumably, the strategies are characterised not 
only in mean differences in form, but also in the plasticity of these 
traits. 

How well a plant tolerates limitations in water availability is 
also mediated by tradeoffs between water conservation and gain 
or tolerance of otherresources or conditions. A classic example of 
this is the observation that resource availability may affect the 
adaptive value ofWUE at a given water availability. For example, 
WUE is often lower when nitrogen is limiting. LeafN is a major 
driver of photosynthetic capacity and is critical to determining 
high WUE when high WUE is due to high assimilation rate rather 
than low stomata! conductance (Donovan et al. 2007). For two 
desert sunflower species of hybrid origin, Donovan et al. (2007) 
demonstrated significant sele<.tion pressure for higher leaf N 
uptake. In Helianthus anomulus Blake, this selection for high 
N is accompanied by direct .selection for low WUE whereas in 
Helianthunus deserticola Heiser, selection on WUE is indirect. 
Ludwig et al. (2004) also studied hybrid sunflowers and found 
that although the hybrids occupied drier environments than their. 
parents and had lower leaf N and smaller leaves, selection was • 
currently favouring phenotypes with larger leaves and higher leaf 
N; there was no direct selection for WUE itself. In the case of 
several cultivars, selection for higher yield has indirectly selected 
for stomata! characteristics that favour high conductance at the 
expense ofWUE but that confer heat resistance (Radin et al. 1994; 
Fischer et al. 1998; Soar et al. 2009). This pattern of results may 
reflect that these species· are colonisers where fast growth in order 
to acquire more resources is favoured over more conservative 
growth strategies. Ehleringer (1993b) found that in disturbed 
situations where competition was low, Enceliafarinose Torr. & 
A.Gray, a desert shrub, adopts high carbon gain and low WUE to 
facili tate rapid establishment, whereas when competition for 
water limits growth it has a high WUE phenotype. 

There is also evidence of changing selection pressure on 
WUE depending on "developmental stage. Caruso et al. (2006) 
find that the direction of selection changes from favouring low to 
high WUE as Lobe/ia. plants mature, In the borage Cryptantha 
fiava (A. Nelson), selection pressure on WUE changes from 
significant and negative to less substantial but po~itive as the 
plants age (Fig. I ; Ca_sper et al. 2005). Early survival is improved 
by low WUE, but subsequent size, and by extension fi tness, is 
positively correlated with higher WUE (see Donovan and 
Ehleringer 1991; Cavender-Bares and Bazzaz 2000). These 
results suggest that higher WUE later in life may arise in 
part because of increased photosynthetic capacity rather 
than decreased stomata] conductance, perhaps driven by 
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Fig. 1. Water use efficiency at leaf level (WUEu A/g5) of the perennial 
sub-shrub Cryptanthrafiava (Boraginaceae) as a function of plant size and 
whether the plants survived past adulthood or not ( adapted from data in 
Casper et al. 2005). Those plants that survive to adulthood change from low 
WUE as juveniles to high WUE as adults. 

photosynthetic sink strength during flowering or fruiting. 
Alternatively, changes in root: shoot ratio or root depth with 
ontogeny may be responsible for the observed change in selection 
for WUE as root: shoot ratio often decreases with age (Gedroc 
et al. 19%). If changes in selection pressure on WUE over the 
course of an organism ' s life are common, we would likewise 
expect there to be widespread adaptive value for phenotypic 
plasticity in WUE. -

Phenotypic plasticity in water use traits 

Plant physiologists have long studied plastic responses of plants 
to different environments. All of these responses, be they 
reversible acclimatory responses of biochemical or membrane 
prope11ies, or non-reversible alterations in growth and allocation 
over the course of a lifetime, are expressions of plasticity. 
Previously, the adaptive value of plasticity in traits was taken 
almost as a null hypothesis, but phenotypic plasticity in a given 
trait need not be adaptive - some plastic responses will be neutral, 
others everi maladaptive (van Kleunen and Fischer 2005). 
Plasticity is also both trait- and environment-specific; 
e.g. patterns of plasticity in response to water limitation may 
be very distinct from response to N limitation and plasticity in 
photosynthetic rate or stomata! conductance may well underlie 
homeostasis in WUE. Vmiation in some traits arises passively 
when growth is slowed by resource limitation or as a result of 
genetic correlations with traits that are under selection 
(van Kleunen and Fischer 2005). Such variation in a trait can 
be described as·passive plasticity and is not likely to be directly 
conelated with fitness (e.g. Caruso et al. 2006). In other cases, 
a plastic response can actually reduce fitness. For example, Scots 
pine (Pinus sylvestris L.) trees tend to adopt higher transpiration 
rates at drier/warmer sites resulting in a counter productive lower 
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WUE (Poyatos et al. 2007). So, we can distinguish between 
adaptive plasticity in water use traits and neutral or maladaptive 
responses: if the phenotype that maximises fi tness differs in 
different water environments, or if some measure of plasticity 
across water environments is positively correlated with fi tness, 
then the plastic response to water availability is adaptive (Dudley 
and Schmitt 1996). 

Since plasticity is not ubiquitous across all traits or in all 
plants, it may be advantageous in some environments but costly 
(or at least limited) in others (van Tienderen 1991 ; DeWitt et al. 
1998). For example, some Mediterranean species do not express 
phenotypic plasticity to water supply even when grown in shady 
environments (Valladares et al. 2005). Conversely, Sleeman and 
Dudley (2001) suggest that costs associated with stem elongation 
responses to shade are more pronounced in water-limited 
environments. Similarly, Quezada and Gianoli (2006) looked 
at Conrnlrnlus demissus L. from the rainfall shadow of the 
Andean slopes, Chile, and found plants could not actively 
respond to drought when subj ected to herbivory. For these 
reasons, it is often suggested that plastic responses are more 
costly when resources are limited, or that plasticity should be 
limited in consistently stressful environments (Valladares et al. 
2005; but see Funk and Vitousek 2007). Finally, a further 
question is whether plasticity in fi tness determinants itself 
could be adaptive (Weiner 2004). In a recent study, and one of 
few looking at plasticity per se in agricultural crops, Sadras et al. 
(2009) demonstrate how plasticity in yield (phenology) can be a 
potentially adaptive trait, if it enables a genotype to take 
advantage of environments that support high yield, whi le not 
compromising minimum yield in lower quality sites (Fig. 2) . 

Tims far, empirical examples of adaptive plasticity are still 
relatively rare. The best examples come not from studies on 
water use traits, but rather those involving induced defences to 
herbivory (Strauss et al. 2002) and stem elongation in response 
to crowding (Schmitt et al. 1999). For both of these traits, we have 
a fairly good understanding of mechanism - from gene to 
fu nction. Water use traits and plasticity therein are of primary 
impo11ance to plant growth and survival. Although we have a 
growing understanding of the genetic and molecular drivers of 
,vateruse traits and WUE, adaptive plasticity in these has received 
re latively little attention. 

The adaptive value of plasticity in WUE 
Hundreds. maybe thousands of ecophysiological studies 
document plants ' responses to drought and then infer an 
adaptive value to plasticity in water use traits. For example, a 
trade-offbetween stomata! size and number and the production of 
smaller stomata at low water is well documented, though the 
underlying deterrninants of stomata! patterning and plasticity 
therein are poorly understood (Croxdale 2000). It has also 
been knovm for a long time that many desert species maintain 
high stomata! conductance rates and therefore lower leaf 
temperatures as a result of accessing deep water when it is 
arnilab le (Smith 1978; Berry and Bjorkman 1980). These 
leaves also often have high LMA and high photosynthetic 
rates. Many arid zone species are ephemeral or facultatively 
deciduou and thus exhibit plasticity in phenology or leaf 
lifespan. More explicitly with respect to WUE, a study 
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Fig. 2. Relationships between yield plasticity and maximum (open circles 
for wheat and sunflower) and minimum yie ld (closed symbols for wheat and 
sunflower) in wheat, sunnower and grapevine. (a) For these wheat lines, high 
) ie ld plasticity is an undesirable traits because it is associated wi th low yield in 
lo,1· yie lding environments and is unrelated to yield in the more productive 
environmems. (b) For the sunflower and (c) grapevine lines, in contrast, high 
yield plasticity was associated with increased maximum yie lds in better 
e,wironments and was largely independent of minimum yields in low 
yielding environments (reproduced from Sadras et al. 2009 with permission). 

comparing native and exotic dandelions (Tara.xicum) found 
that the native had high, but not plastic WUEL, whereas the 
exotic was plasti (Brock and Galen 2005). Or, examining 
plasticity in water use traits in Populus species, Funk el al. 
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(2007) found that stem and leaf traits varied in plasticity in. 
response to water and nutrient availability. While such studies 
demonstrate natural plasticity in WUE and related traits, 
markedly few studies have directly tested whether this 
measurable plasticity is adaptive. 

One good example of adaptive plasticity in WUE comes from 
the work ofHeschel et al. (2002). They showed that in inbred lines 
of Impatiens capensis Meerb. , an increase in WUE in response to 
drier conditions was correlated with increased fitness under these 
conditions (Fig. 3). Lines sourced from the more heterogeneous 
rainfall area (the dry area) displayed more plasticity in WUE in 
response to water availability than lines sourced from wet areas, 
largely due to changes in stomata] conductance. This response 
resulted in higher fitness irrespective oflight conditions despite 
selective pressure for higher photosynthetic rates (which may 
cause WUE to be reduced) in shade environments (Heschel and 
Riginos 2005). Heschel et al. (2004)also examined plasticity in 
WUE across multiple populations of PoZvgonum persicaria L. 
They found evidence of selection for increased mean 
photosynthetic capacity and WUE in P. persicaria plants from 
two variably dry sites and one wet site. All three populations also 
showed plasticity to water conditions although plants from the 
wet site had greatest plasticity to WUE and those from the dry sites 
showed relatively higher plasticity in root allocation. None of the 
populations showed a decline in achene number with drought 
stress, suggesting an ability to moderate fi tness under drought 
stress; the fitness homeostasis was maintained despite decreased 
plant size. 

In Convolvulus chilensis Pers., plasticity in trichome density 
in response to precipitation patterns was adaptive; other traits 
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( e.g. leaf area, leaf shape and leaf area ratio) displayed plasticity 
but not correlations with fitness (Gianoli and Gonzalez-Teuber 
2005). Picotte et al. (2007) assessed hybrid genotypes of 
Piriqueta caroliniana Walter and found that plasticity in leaf 
shape, size, trichome density and amount of anthocyanin 
produced in response to changing water availability was 
conelated with fitness ; path analysis models reveal that these 
leaf traits affect WUE in the expected direction so higher WUE 
in drier sites was adaptive. Finally, in the Australian native 
Pelargonium australe Willd. , leaf number is highly correlated 
with flower production and therefore provides a convenient proxy 
for fitness . Plasticity of stomata! conductance in response to 
water availability in P. australe was correlated with leaf area 
such that those plants most able to reduce conductance under 
water limitation had the greatest fitness (Fig. 4). This suggests that 
plasticity in stomata} response (conductance) was adaptive in this 
species (Nicotra et al. 2007). 
· Other studies that assess the adaptive value of plasticity in 

WUE showed more mixed or even maladaptive patterns. For 
Calcite edentula Bigelow grown in wet and dry environments, 
selection analyses (see below) suggested that WUE was adaptive 
in low but not in high water, indicating that plasticity should be 
under selection (Dudley 1996a, 1996b). Likewise, analyses 
showed selection gradients for intermediate leaf size at low 
water and no selection on leaf size at high water. Leaf size and 
WUE were under correlational selection, with a higher leaf size 
being selected in plants that had high WUE in arid environments. 
Oddly however, the plants grown under dry conditions had higher 
A and lower WUE than those grown at high water. So, selection 
favours higher WUE under dry conditions and adaptive plasticity 
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Fig. 3. Relative fitness (RELFIT) plotted against standardised (STD) flowering time and stomata! conductance (g5) 

values across two populations in water-limited ( drought) and well-watered conditions oflmpatiens capensis (reproduced 

from Heschel and Riginos 2005 with permission). Early flowering lines with higher stomata] conductance were fi tter in 

dry conditions, but there was not a significant effect for the interaction between flowering time and fitness in well-watered 

conditions . · 
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Fig. 4. Regress ions of total leafarea·(a proxy for fitness) of the Australian 
na tive herb Pelargoniwn austra/e against stomata] conductance. The linear 
model included tenns for growth water level (low and high) and stomata] 
conductance. In this analysis, a significant water treatment by conductance 
inte raction (d.f. = 1; P :S 0.009) incticates that the regression slopes differ 
between water treatments. Thus, incticating that plasticity in stomata! response 
is adaptive (reproduced from Nicotra et al. 2007 with pem1ission). 

is indicated. and yet the plants grown in the dry areas ex hibited 
lower WUE on average, suggesting a maladaptive plastic 
response. 

Likewise, Caruso et al. (2006) examined two species of 
Lobelia grown in both wet and dry environments and found 
unexpected results regarding selection for WUEL. In Lobelia 
siphilitica L., WUE actually showed a signifi cant negative 
genetic con-elation with plant size, a proxy for fitness, suggesting 
that high WUE may be associated with lower fecundity. This 
relationship could be driven by maximum photosynthetic rate 
(Amax), the only trait to exhibit any plasticity in the species. 
Amax increased under wet conditions and was adaptively neutral ,· 
perhaps indicative of a drought avoidance strategy, resulting in 
selection against plasticity in WUEL. In contrast, for the other 
Lobelia species, L. cardinal is L. , plasticity in stomata! conductance 
and photosynthetic rate is selectively adaptive (an increase in 
conductance and carbon gain in response to increased water 
availability); thus, plasticity in WUE confers greater fitness 
across enviromnents. However, higher maximum photosynthetic 
rate is maladaptive in L. cardinalis, with higher Amax occurring in 
the drier environments. The authors suggest that this maladaptive 
response may be due to some negative genetic con-elation between 
Amax and A or g5 conferring a cost in plastici ty of these traits. 
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The above results suggest that there is adaptive plasticity in 
particular water use traits in some species, but we have yet to 
understand what underlies the variation among species - is it 
species ecology, evolutionary history or experimental artefact? 
Fm1her, moving from natural systems to production systems, do 
our crop plants have adaptive plasticity for water use traits? Do 
their ancestors? And, could we increase these traits through 
breeding? 

Researching adaptive plasticity in water use traits 
To answer the questions above, studies must quantify the effects 
of environment, genotype and their interaction (G x E 
interaction) on the expression of a trait. The plasticity is 
reflected in a significant environment effect and variation 
between genotypes in plasticity is exhibited by a significant 
G x E interaction. To assess plasticity in response to water 
avai lability, it is therefore necessary to grow genotypes under 
a range of water supply conditions; plasticity cannot be measured 
on only a single plant (Scheiner 2002). The water supply 
conditions used should be as realistic in tenns of amount and 
timing of application, and yet must differ adequately to elicit 
plastic responses. When aiming to predict plastic responses to 
novel conditions, it may be valuable to work outside the range of 
water availability currently experienced - to Teveal the 'hidden 
reaction norms ' of plasticity (Schlichting 2008). 

There are several methods for assessing the plasticity of a 
trait. These include the significance of the environment effect 
and G x E interaction terms in a linear model, the co-efficient of 
variation (CV, s.d./mean x 100) across a set of growth 
environments, de1iving a nonnalised index for the trait acro"ss 
the environmental range, for example (max - min)/(max + min; 
for fmther discussion see Valladares et al. 2007) or the slope of 
the . trait response to the growth environments - the reaction 
norm (see Schlichting and Pigliucci 1998; for a discussion of 
the history of the reaction norm). The theoretical reac:;tion ·nonn 
of response to water would encompass all possible water 
availabilities found in a species ' range, whereas in practice 
only a few are generally considered. 

Demonstrating that an observed plastic response to water 
is adaptive requires assessing fi tness or fi tness components 
(Caruso et al. 2006). Ideally, fi tness is assessed across multiple 
generations, e.g. assessments of seed .viability (Goergen and 
Daehl er 2001) and incorporates longevity and survival of adult 
plants (Defalco et al. 2003). Where measurements on offspring 
are not possible, assessment of reproductive output can provide 
usef1.1l surrogates, e.g. seed weight or the number of fl owers 
( e.g. Sans et al. 2004). For many species, especially long-lived 
ones, proxies of fitness such as growth rate and biomass are 
considered acceptable alternatives. In the case of fruit and grain 
crops, yield or harvest index are appropriate fi tness proxies. 
Statistical techniques to ·speci fi cally assess the adaptive value 
of plasticity include linear models and multiple regression 
analysi and selection analysis (Lande and Arnold 1983 ; 
Rausher 1992; Scheiner and Callahan 1999; Weinig et al. 2006). 

Plasti city of any given trait can itself evolve in response to 
selection (Via et al. 1995 ; Scheiner 2002 and references therein). 
This response may be a direct one or an indirect outcome of a 
genetic correlation between a trait mean and its plasticity; 
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likewise, selection on a trait's plasticity may have indirect effects 
on the trait mean (Callahan and Pigliucci 2005). Further, artificial 
selection experiments have proven informative in examining 
the underlying · genetic architecture and in quantifying the 
selection potential for plasticity (Ca11ahan 2005; Kurashige 
and Callahan 2007); but to the best of our knowledge, the 
selection potential of plasticity itself has not been · explicitly 

assessed on water use traits. 
There is a growing strength in our understanding of the 

molecular and genetic mechanisms underlying phenotypic 
plasticity (Schlichting and Smith 2002; Reymond et al. 2003; 
Forde 2009). Likewise, there is a breadth of research on the 
genetics ofWUE. Modem cultivars of wheat have higher WUE 
than older ones, so clearly WUE can be improved with breeding 
(Cao et al. 2007). A wide range ofQTL ( quantitative trait loci) has 
been identified that are associated with plant response to water 
stress (Reymond et al. 2003; Cattivelli et al. 2008 and references 
therein; Collins et al. 2008 has a comprehensive list of QTLs for 
drought stress). These include QTLs that are associated with 
plasticity itself, as in the case ofleaf elongation rate in response 
to water stress in maize (Zea mays L.) (Reymond et al. 2003). 
Thus far, improvements to drought tolerance via QTLs and 
marker assisted selection (MAS) have been sma11, but 
breeding to make use of natura11y occurring variation has led 
to significant improvements of molecular genetic methods do not 
always create realistic environments or stresses (Collins et al. 
2008). New approaches that incorporate QTL x environment 
interactions hold promise in addressing this gap (Malosetti 
et al. 2006; cited in Co1lins et al. 2008). 

Candidate gene approaches are also proving prorrusmg, 
particularly in model species. For example, Knight et al. 
(2006) identify candidate genes . that respond plastically to 
water stress, and are differentially expressed in populations of 
Boechera holboellii (Hornem.) A.Love & D . Love, a close 
relative of Arabidopsis thaliana (L.), from environments with 
contrasting water supply (Hill et al. 2006). Likewise, the 
ERECT A gene has been shown to regulate TE in Arabidopsis 
(Masle et al. 2005). Other reports have concerned key genes 
and proteins involved in regulation of flowering (FT), vegetative 
growth (DELLA), leaf senescence (lPT) and desiccation 
tolerance (LEA) (Neumann 2008). Further research on 
promoters for these genes may enable breeders to produce new 
crop varieties with superior drought performance (Neumann 
2008). Cattivem et al. (2008} stress that improvement of 
drought tolerance must be sought with attention to minimising 
yield reduction; thus, drought tolerance traits must be tested in 
both stressed and non-stressed environments, or plasticity in traits 
and their effects on fi tness must be considered. 

Until recently, the most limiting factor for the progress of 
studies linking drought tolerance responses at the phenome 
and genome level to environment was a lack of capacity for 
precise and efficient phenotyping. Of course, this limitation is 
not specific to understanding drought responses. The emergence 
of plant phenomics provides the potential for high throughput 
phenotyping of morphological and physiological traits as 
well as measurements of growth rates (e.g. the Australian 
Plant Phenomics Facility; http://www.plantphenomics.org.au, 
accessed 3 June 2009). These approaches hold tremendous 
promise for a11eviating the current limitations on phenotyping. 

Functional Plant Biology 123 

As the capacity for high-throughput phenotyping grows, the 
opportunity to assess phenotypic plasticity - its importance 
and its potential - likewise, increases. 

Applied plasticity research 

Re-evaluating plasticity in water use traits from an evolutionary 
perspective has relevance in several applications - agriculture, 
horticulture and understanding invasive species in particular. In 
the following section, we consider why each of these is important, 
then discuss methodological considerations around researching 
plasticity in these areas. 

Traditiona11y in crop breeding, G x E interactions are seen as 
hampeting selection for grain yield under water-stressed 
conditions (e.g. Rebetzke et al. 2006; Cattive11i et al. 2008). 
Results from ecological studies, however, demonstrate that 
plasticity (the environment effect component of the G x E 
interaction) in WUE can be adaptive and this is supported for 
some agricultural species as well (see Sadras et al. 2009). 
However, there has been only limited assessment of the 
relationships between phenotypic plasticity in WUE and crop 
y ield. 

Sadras et al. (2009) advocate breeding for plasticity 
in phenological development to improve yield across 
environments. Other authors suggest that we shift our attention 
from WUE or transpiration efficiencies to component traits or 
other determinants of water use and performance under drought 
(Araus et al. 2002; Blum 2009). If, as climate models predict, 
frequency of unpredictable drought will increase, plasticity in 
water use may result in higher average fitness than consistently 
high WUE. Such plasticity could conceivably be determined by 
any number of traits at the leaf, root or biochemical level. We 
suggest that there are exciting opportunities for interdisciplinary 
work bringing ecological, -evolutionary, physiological and crop 
breeding perspectives together to assess the potential for using 
adaptive plasticity to improve crops. 

In many areas, plants are being grown or re-introduced to 
restore degraded landscapes for conservation or carbon 
sequestration purposes. Considerable debate has occurred on 
how these plants or seeds are sourced (Broadhurst et al. 2008). 
We suggest that in addition to current selection criteria, 
consideration should be given to the presence of adaptive 
plasticity when selecting species, particularly for water use 
traits, as this wi11 potentially affect the ability of the restored 
starids to respond to climate change (see also Murray et al. 2002). 

Fina11y, invasive species represent one of the best examples of 
rapid adaptation to novel environments. In many cases, plasticity 
appears to play a role in this adaptation although empirical data 
linking plasticity to invasiveness is still limited (Richards et al. 
2006; Hulme 2008). To assess trends in WUE plasticity, we 
conducted a meta-analysis comparing WUE in invasive plants 
with congeneric native species for eight studies comprising of 
21 species pairs (Fig. 5). The studies were selected using a 
literature search on Web of Science (http ://isiwebofk:nowledge. 
com; accessed 1 June 2009) and CAB Abstracts (http ://cabi .org. 
default.aspx?site= l 70&page= 1016&pid= 125; accessed 1 June 
2009) for the terms [invas* or nonnat* or alien* or weed or 
nonindig*] and [nat* or indig* or endemic] where stars denote 
wildcards. We limited results to the topic of plant science or 
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Fig. 5. Mera-anal •sis comparing the plasticity in water use efficiency of 
im·asi,·e species and co-occurring native species by resource treatment. 
Posi ti,·e effect size values on the x-axis indicate that invasive species are 
significantly more plastic than their co-occurring native species, anx-value of 
zero inclicates no signi ficant difference between the plasticity in WUE of 
congene1ic nati e and invasive species. The horizontal lines represent 95% 
confidence intervals around the effect sizes. Confidence intervals that do not 
owrlap the y-a,x.is are significant at P :S 0.05. umber of species pairs is 
indicated as (11). A full reference lis1 and more detailed description of method 
are a ailable from authors on request. 

weeds. respectively. The analysis demonstrated that invasive 
plants had signilicantly higher plasticity in WUE overall 
compared with native plants (P ::::; 0.00 l ; Fig. 5). Among the 
three stuili es (six pairs of species) that compared the WUE of 
inva iYe and native plants across a water grailient (as opposed to 
light or nutrients), in asi e species were again significantly more 
plastic in WUE in response to water. In some cases, high plasticity 
in WUE provided invasive sp ecies with a fi tness advantage when 
water availability increased from average conilitions (e.g. Brock 
and Galen 2005) while for other species, higher plasticity in 
\VUE enabled in asi e plants to better maintain fi tness when 

ater a ailability as reduced ( e.g. Hill et al. 2006). Though 
based on relati ely few studies, e take this a indirect evidence 
that plasticity in WUE is a shared characteristic of these exotic 
pecies that may well contribute to their in asi eness. 

Conclusions 

The phenomics/genomics era presents exciting opportunities for 
cross-disciplinary exploration of the role ofphenotypic variation 
in plant e olution and in determining performance in cul ti ation, 
management and natural conditions. e ha e argued that one 
key question that remains unanswered is hmv often is phenotypic 
pla ticiry in ater use traits adapti e? e encourage further 
cm1-ideration of whether adapti e plasticity i likely to ari e in 
integrated measures of \i (i.e. carbon isotope signatures), 
in the instantaneous determinants of · (gas exchange traits), 
or in the underlying anatomical and morphologicaJ traits. 
B determining hich traits confer a fi tness ad antage when 
responding to drought or variable water supply, and assessing 
how those traits vary among species or functional types, we will 
gain criticaJ insight into the evolution of drought responses. 

s molecular and genetic mechanisms underlying not 
ju_t the traits. but their plastic responses, become better 
understood. and as we asses the extent to which adaptive 
plasticity for water use traits is heritable, we ma be able to 
a nially breed for 'water-,vise ' plasticity. Invasive species 
pro,i de an intere ting opportunity to examine the importance 

A. 8 . N icotra and A. Davidson 

of adaptive plasticity; for example, whether adaptive plasticity is a 
key to successful invasion. Further, invasive species provide a 
case study to examine how and how rapidly adaptive plasticity 
changes following invasion. This may provide clues to the 
processes driving adaptive plasticity in other species, and may 
help predict the impacts of invasive species and shifts in plant 
community assemblages more generally under changing 
climates. 

Amid growing concern about how plants will respond to 
climate change, the question of what makes a plant 'water­
wise' has great relevance. Current advances in our capacity to 
quantify phenotypic traits, be they anatomical, morphological or 
physiological , mean that we have an unrivalled opportunity to test 
for and examine the role of adaptive phenotypic plasticity in a 
great range of traits. 
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Beware: alien invasion. Where to 
next for an understanding ·of 
weed ecology? 

In this issue of New Phytologist, Dawson et al. (pp. 859-867) take 

an important step in assessing the role of plant traits, and plastic­

ity therein, in determining invasiveness. They ask whether alien 

plant species that have larger invasion ranges also have greater 
plasticity in three fun~tionally important traits: biomass, 

root/shoot ratio (R:S) and specific leaf area (SLA). This approach 

is novel in that it effectively treats invasiveness as a continuum, 

rather than a categorical (invasive/noninvasive) state. In addition 

it examines plasticity in ecologically significant plant functional 

traits, which is of interest given the association of these traits with 

global species distributions (see Wright et al. , 2004; Nicotra 

et al., 2010). 

'This approach ts novel in that it effectively treats 

invasiveness as a continuum, . rather than a categorical 

(invasive/noninvasive) state. ' 

The ability of a species _to respond to changes to environmental 

conditions, particularly increased resource availability, is often 

proposed to facilitate invasions (Baker, 1965; Davis et al., 2000). 

'Phenotypic plasticity.' describes an organism's morphological, 

anatomical and developmental response to the environment 

(Schlitching, 1986). Analyses of the broad literatute tend to support 

the concept that invasive p)ants display higher plasticity (Daehler, 

2003; Davidson et al., 2011; but see Palacio-Lopez & Gianoli, 2011). 

When asking a question about movement and potential diver­

.sification of species, the ch~racteristics of species' lineages, and 

the shared evolutionary his.tory of the species in these lineages, is 

important. Dawson et al. _explicitly incorporate phylogeny into 

their meta-analysis and find differing degrees of phylogenetic 

structure in the traits they consider (little in biomass and SLA but 

quite a lot in R:S ratio) . . Overall· their analyses shows that wide­

spread invasive species have greater plasticity in biomass, but 

plasticity in both R:S and SLA is not correlated with number of 
regions invaded. 
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Dawson et al. conclude that focusing on the 'endpoint of trait 

plaiticity' - the performance or fitness of the plant under differ­

ent environmental conditions - may be a more fruitful approach 

than continued studies of plasticity in functional traits them­

selves. They reco~mend detailed field experiments on multiple 

co-occurring native and alien species. We agree that the endpoint 

of plasticity is critical, but as we discuss, we are reticent to 

discourage further consideration of plasticity m underlying 

functional traits. 

When is plasticity important to the invasion process? 

An invasion can be divided into two stages; (1) introduction and 

naturalization and (2) expansion of species (Williamson, 1996) . 

Phenotypic plasticity may be involved directly in either or both 

stages. Dawson et al. analysed whether plasticity in functional 

traits is associated with stage two. It is possible that plasticity is 

more important for stage one, establishment in novel environ­

ments, than for spread or competiveness (Palacio-Lopez & 

Gianoli, 2011). Such a role for plasticity is consistent with 

suggestions that pioneer species may be more plastic than non- . 

pioneer species (Bazzaz, 1979) . Although invasive plants are . 

generally pioneering species, in that they often establish in novel 

environments With very different climates from their home range 

(Gallagher et al., 2010), not all pioneer plants are invasive. As 
such, there is a need for further investigation to separate whether 

plasticity is associated with pioneering characteristics and/or 

plays a more direct role in providing a competitive advantage of 

invasive species over the native flora. . 
With regard to stage two, it is-likely that plasticity in functional 

trai~s would be related not simply to expansion of geographic 

range, but to increasing environmental range. This is a subtle but 

important difference. Dawson et al. assessed-whether the number 

of regions invaded was correlated with levels of plasticity. This 

approach could be extended to address the more complicated 

issue of whether plasticity in functional traits is associated with 

the number of biomes/habitat types an invasive covers. The ques­

tion then becomes one of how much larger an environmental 

range an invasive species can occupy and whether plasticity in 

functional traits facilitates this expansion. · 

1t has also been proposed that instead of being a characteristic 

that increases the likelihood that a species will become invasive, 

plasticity may be a by-product of selection on changes to mean 

values of traits during invasion (rapid evolution of plasticity 

post-colonization; Agrawal, 2001). However, there is only lim­

ited support for the latter hypothesis: Colautti et al. (2009) 

found no consistent evidence of evolution for changes in . mean 

trait values between native and invasive populations in a 

meta-analysis of 28 species. Likewise, glasshouse experiments 

paired with genetic analyses of invasive Senecio inaequidens plants 
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in Europe revealed the native population that was most closely 
related to the invasive populations also had the greatest pheno­
typic plasticity (Bossdorf et al., 2008). Thus, it seems that high 
trait plasticity is a pre-existing characteristic of invasive species. 

Patterns of plasticity in functional traits may differ 
under stressful vs favourable conditions 

In evaluating the relative response of invasive and noninvasive 
species it is important to consider the environmental context. As 
described in Richards et al. (2006) and further discussed in 
Davidson et al. (2011) plasticity in underlying traits would be 
adaptive in an invasive species if it enabled a genotype to maxi­
mize fitness under optimal conditions ('master-of-some' response 
to increased resources) or maintain homeostatic fitness under 
poor conditions ('jack-of-all-trades' response to decreased 
resources) · or both (jack-and-master). The master-of-some 
response provides a mechanism by which higher plasticity of 
invasive species could enable invasive species to out-compete 
native species and thus facilitate the invasion process. 

Dawson' et al. examined plasticity in response to an increase in 
resources; however, the range of conditions examined inevitably 
varied across studies within the meta-analyses. Especially in the 
context of climate change (e.g. increased frequency of drought 
events in many areas) it remains topical to differentiate between 
responses to a reduction in a resource below average conditions, 
and responses to an increase in that resource. For example, 
Davidson et al. (2011) found that, in response to a decrease in 
resources from average to deficient, native species were better able 
to maintain fitness homeostasis than co-occurring invasive 
species. 

To put this in a slightly different context, Poorrer et al. (2012) 
advocate the use of dose-response curves because measures of 
plasticity depend strongly on the conditions under which the 
plastic response (or reaction norm) is assessed. Rather than quan­
tifying plasticity at a discrete interval (noting that Dawson et al. 
did include magnitude of resource level increase as a covariate for 
the chosen interval), a dose-response curve integrates over a wide 
range of conditions and investigates changes in the response 
across the conditions (Fig. l; Poorter et al., 2012). Thus, the 
question of whether invasive or noninvasive species differ in their 
ability to respond adaptively to decreased resource · availability 
remains somewhat open. 

The importance, and the challenge, of assessing 
relative performance 

The adap tive value of a plastic response depends on whether it 
increases average net fitness (ideally taken as multigenerational 
fitness measures). Measuring fitness, however, is not a simple 
matter and relies on proxies, which must be selected with care 
(see Box 1 in Davidson et al., 2011). Measurements of adaptive 
plasticity should also consider the representation of different con­
ditions in the environment and assess the impacts of altering the 
frequencies/likelihoods of encountering these different resource 
conditions. Furthermore, one can consider adaptive plasticity ar 
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Fig. 1 Dose-response curves of the absolute response of the fraction of 
1 0 whole plant mass represented by roots (RMF, analogous to the scaled 
root/shoot ratio (R:S) in Dawson et al., this issue pp. 859-867) to (a) 
nutrient 8 availability, (b) water availability and (c) of the response of 
specific leaf area (SLA) to light availability. Data are a compilation based 
on many species. For each environmental factor, a reference condition was 
chosen (indicated by a vertical line), and data for each species in each 
experiment were subtracted from the allocation values observed or 
interpolated for that reference level. The shaded area indicates the 
interquartile range (between 25th and 75th percentile) of the observed 
ratios in that part of the response curve. The dotted lines indicate the 10th 
and 90th percentiles. The bold continuous line within the shaded area 
indicates the median value. Both traits show plasticity, but in the case of 
the response of RMF to water availability in particular, the position of 
sampling points along the response curve will dramatically affect the 
estimate of plasticity . Figures modified with permission from 
http:/ /www.metaphenomics.org; see Poorter et al. (2009, 2012) for 
further information. 

different time scales: plasticity which was adaptive under past 
conditions and may be of neutral or maladaptive importance 
now; plasticity which is currently adaptive; and plasticity which 
may now be· neutral or maladaptive bur that could represent hid­
den adaptive potential under novel environments. Each of these 
is potentially important: the fusr for understanding the history of 
diversification of lineages, the second for understanding current 
selective pressures and rhe last for determining responses to future 
environments. The latter two are therefore relevani: for under­
standing invasion biology and predicting responses to climate 
change. · 
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Fig. 2 Theoretical trait-fitness relationships across two environments (A 
and 8) for a native/ non-invasive and invasive species demonstrating three 

mechanisms (a-c) by which the invasive species may achieve greater 
average fitness than a native species. Closed symbols, mean trait values in 

each environment; open symbols, mean fitness for each species, across 

environments .. (a) The invasive species displays greater plasticity than the 

native species (seen as a greater distance between the closed points) and 

higher average fitness. (b) The invasive displays higher average mean trait 

values than the native species which translates to higher average fitness 

despite identical levels of plasticity in both species. (c) The invasive displays 

a steeper relationship between the focal trait and fitness in environment B 
and therefore exhibits higher average fitness despite having the same 

mean trait values and plasticity as the native species. 

In the context of invasions, however, the important question is 
not simply whether plasticity in a given trait is adaptive, but how 

· the performance of invasive compared to native planes differs 

under the same conditions. Superior performance may be under­
pinned by greater plasticity, higher average mean trait values, 
steeper trait-fitness relationships or a combination of these (e.g. 
van Kleunen et al., 2010; .Godoy et al., 2011; Fig. 2). For exam­
ple, van Kleunen et al. (2010) found greater mean trait values for 
several functional traits iQ. invasive compared to noninvasive 
species. 

Conclusions and future directions 

We agree with Dawson et al.'s recommendations: to understand 
the role of plasticity in the spread of species (be it now, histori­
cally or in the future) will depend on detailed field experiments 
on multiple co-occurring native and alien species chat include 
direct fitness measurements (including mucigenerational fitness 
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where possible). Such multi-species studies, when conducted 
across a broad environmental range, also provide an ideal oppor­
tunity to examine under what circumstances plasticity in 
functional traits is important to fitness. So doing will enable us to 
examine the relationship between traits and their plasticity, and 
to identify when plasticity in one trait provides for homeostasis 
in another. 

Understanding the role of plasticity and detecting patterns in 
adaptive plasticity of key functional traits and species types is 
important not only for managing invasions but also for managing 
populations under climate change (Sax et al., 2007) and for 
improving modelling of species/community responses to climate 
change (Ghalambor et al., 2007). Dawson et al. have shown chat 
plasticity in biomass in response to increases in resources may be 
important for spread of invasive species, however many more 
questions remain. For example, what effect does position on the 

dosage response curve have? Does the response vary dramatically 
among species of different ecological, as well as evolutionary 
history? What effect does varying the likelihood of encountering 
different conditions have on the adaptive value of plasticity? 

Hypothesis driven meta-analyses, such as conducted by Dawson 
et al., are useful to establish broad patterns regarding the likely 

role of plasticity in the invasion process or in responding to novel 

· environments. These analyses provide a more informed starting 
point for essential empirical enquiries. 
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