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1  |  INTRODUC TION

One of the main consequences of a change in organism size is the 
modification of the proportional ratio between surface and volume. 
Indeed, the surface- to- volume ratio decreases with body size, which 
has profound implications for organismal resource use, growth, 
development, reproduction and survival (Lindmark et al., 2019; 

Malerba et al., 2017; Malerba & Marshall, 2019; Ohlberger, 2013). 
In plants, individual size varies tremendously over the course of on-
togeny, between genotypes and species, as well as in response to 
environmental variation. However, understanding the adaptive sig-
nificance of plant size variation continues to be puzzling because it 
remains difficult to tease apart the different sources of phenotypic 
variance (ontogenic, genetic and environmental) in natural settings, 
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Abstract
1. The metabolic scaling theory (MST) predicts quasi- universal trait– size relation-

ships in plants, characterised by a unique allometric exponent within and across 
large taxonomic scales. However, recent studies have identified variability in allo-
metric relationships, without a clear understanding of the modulating role played 
by genetic variation and environment.

2. Here, we investigated (1) the allometric relationships for two central traits of MST, 
namely total leaf area and plant growth rate, in the model species Arabidopsis 
thaliana, (2) the variability of plant allometries between genotypes and (3) the 
plastic responses of plant allometries under water deficit, high temperature and 
their interaction.

3. Using a population of 120 genotypes, we found that intraspecific allometries ad-
hered on average with MST predictions. However, a broad variability but a mod-
erate plasticity in the allometric exponents was observed across genotypes and 
environments. Allometric exponents were impacted significantly, yet weakly, by 
water deficit, but not by high temperature. Moreover, genotypes that deviated 
from MST predictions exhibited more plasticity in trait– size relationships than 
genotypes that followed MST predictions.

4. Our study suggests that plant allometry is genetically variable and might be re-
lated to different adaptive strategies to cope with stressing conditions. Thus, our 
results highlights the need of assessing trait– size relationships within species to 
understand the mechanisms of plant adaptation to contrasted environments.

K E Y W O R D S
Arabidopsis thaliana, growth rate, intraspecific trait variability, high temperature, plasticity, 
metabolic scaling theory, water stress
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and because the links between plant size and the environment re-
main unclear. For instance, large individuals are supposed to lose 
more water by transpiration, which might be beneficial for thermo-
regulation under high temperature, but at the same time detrimental 
under water deficit (Chaves et al., 2003; Vile et al., 2012). Yet, both 
stresses often co- occur along geographic gradients. Taking advan-
tage of intraspecific trait variability to determine how trait– size rela-
tionships vary depending on genotypes and environments is critical 
to assess the adaptive value of size variation. Accordingly, we tested 
here the variability of trait– size relationships in 120 plant genotypes 
grown under highly controlled conditions of water deficit and high 
temperature.

Allometric relationships are defined, in a broad sense, as the 
covariation between the biomass of an organism and its morpho- 
physiological properties (Niklas, 1994). For both plants and an-
imals, allometric models take the form of a power law function 
Y = αMβ, where Y is a morphological or physiological trait that can 
be predicted by the individual mass M, a constant α and the allo-
metric exponent β (Huxley, 1924; Niklas, 1994). Since the integra-
tion of phenotypic traits with biomass is intrinsically multiplicative 
(Kerkhoff & Enquist, 2009), allometric relations are generally studied 
on logarithmic scales where the exponent becomes the slope of the 
function log10(Y) = log10(α) + β × log10(M). The slope of trait– size rela-
tionships, β (called allometric exponent), estimates the relative trait 
value when scaled to individual size, such as relative growth rate and 
relative surface- to- biomass ratio (Huxley & Teissier, 1936). In 1932, 
Kleiber first elaborated that energy consumption, or metabolic rate, 
varies with body mass with an allometric exponent β of ¾ in all ani-
mal species (Kleiber, 1932). In plants, metabolic scaling relationships 
are also characterised by power laws where the metabolic rate is 
expected to scale isometrically (i.e. with exponent β = 1) with total 
leaf area and total leaf biomass, and allometrically (i.e. with exponent 
β < 1) with the biomass of the plant.

Scaling equations form the mathematical foundation of the 
metabolic scaling theory (MST), which invokes the geometry of 
branching vascular networks as the main determinant of a series of 
allometric relationships between organismal morphology, physiol-
ogy and biomass (Enquist, Kerkhoff, et al., 2007; Price et al., 2010; 
Price & Enquist, 2006, 2007; West et al., 1997). Consistent with 
Kleiber's principle, MST predicts that the allometric exponent β is ¾ 
for many plant and animal traits such as metabolic rate, growth rate 
and total leaf area (Brown et al., 2004; Enquist, Allen, et al., 2007; 
Savage et al., 2004). The theoretical expectation of MST assumes 
that natural selection has universally tended to optimise vascular 
networks to maximally supply resources to the body but yet, at 
the same time, minimise the energy required for resource distri-
bution (West et al., 1997, 1999b). However, tests of MST focused 
primarily on the interspecific scale, comparing a wide range of 
highly contrasting species sizes. While this body of work has re-
vealed the global patterns of covariation that generally confirm the 
predictions of MST (Enquist, Allen, et al., 2007; Enquist, Kerkhoff, 
et al., 2007; Niklas & Enquist, 2001), large interspecific datasets are 
often limited to examine subtle variation in allometric relationships 

(Coomes, 2006; Enquist & Bentley, 2012; Killen et al., 2010; Price 
et al., 2010; Russo et al., 2007). Moreover, there could be slope dif-
ferences and nonlinearity within species that cannot be detectable 
across species.

An example of the limitations of interspecific patterns is that 
they remain unconnected from the primary assumption that there is 
stabilising selection for a constant allometric exponent of ¾ (West 
et al., 1997, 1999b), and selection acts within populations, not be-
tween species. Allometric studies traditionally use a trait average 
per species, despite natural selection requiring genetic variability 
within species to operate (Careau & Glazier, 2022). Recent intra-
specific studies in plants show that growth rate scales on average 
with a slope of ¾ among natural ecotypes of Arabidopsis thaliana 
(Vasseur et al., 2012, 2018, 2019) as well as in wild tomatoes (Muir 
& Thomas- Huebner, 2015). This suggests that the allometry of 
metabolism and growth rate results from strong biophysical con-
straints operating independently of taxonomic scale and, as a result, 
broadly supports the predictions of MST. However, these studies 
also reveal that the allometric exponent varied significantly around 
¾ due to adaptation of the genotypes to different environments. 
Previous work indicates that variation in allometric exponents is 
genetically associated with different carbon and water use strat-
egies (Vasseur et al., 2012, 2014), as well as reproductive output 
and resistance to stress (Muir & Thomas- Huebner, 2015; Vasseur 
et al., 2018). Therefore, and by contrast with MST predictions, 
these studies suggest that selective pressures in contrasting envi-
ronments maintain diversity in trait:size ratio, which translates into 
allometric variation within species. Thus, a key question in allome-
try research is whether adaptation to contrasting environments is 
the result of, or is dependent on, substantial variation in trait– size 
relationships. To address this question, we assessed here the role 
of genetic variability— that is, phenotypic differences among geno-
types in a single environment— as well as phenotypic plasticity— that 
is, phenotypic differences of a single genotype between environ-
ments— on the variation of plant allometry.

Water deficit (WD) and high temperature (HT) are the main 
abiotic stresses impairing plant growth and productivity. Plant size 
plays a prominent role in the regulation of water and carbon fluxes 
to adapt to these stresses (Vasseur et al., 2014). For instance, 
total leaf area is a major determinant of plant photosynthesis and 
transpiration that control water use efficiency. Moreover, plant 
size is strongly impacted by WD and HT, and sometimes in op-
posite direction: HT can promote larger leaves to improve leaf 
cooling through transpiration while WD can induce a decrease 
in leaf size to avoid water loss. Yet, the combined effects of WD 
and HT on trait:size relationships remain unclear. Here, we used 
a high- throughput phenotyping platform, PHENOPSIS (Granier 
et al., 2006), to examine intraspecific variation in allometric re-
lationships in the model species A. thaliana. We focused on de-
tailing the allometry of two central traits of MST: total leaf area 
and plant growth rate, measured in 120 contrasted genotypes 
grown under four combinations of water availability and tempera-
ture. Comparing the growth rate– plant biomass and the total leaf 
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area– plant biomass allometric relationships across genotypes en-
abled us to: (i) test if intraspecific trait– size relationships follow 
the 3/4 allometric slope observed across species, (ii) evaluate the 
genetic variability of allometric coefficients between genotypes 
and (iii) determine whether allometric relationships are plastic to 
water deficit and/or high temperature.

2  |  MATERIAL S AND METHODS

2.1  |  Plant material

We used a population of 120 recombinant inbred (RI) lines previ-
ously generated from a reciprocal cross between two parental A. 
thaliana accessions: Landsberg erecta (Ler) and Cape Verde Islands 
(Cvi) (Alonso- Blanco et al., 1998). This population was chosen 
because Ler and Cvi carry different alleles at strong pleiotropic 
QTLs (Fu et al., 2009) and because these two accessions exhibit 
contrasted responses to high temperature and water deficit (Vile 
et al., 2012).

2.2  |  Experimental design

We performed four consecutive experiments (experiment1, ex-
periment2, experiment3, experiment4) in the PHENOPSIS plat-
form (Granier et al., 2006; Vasseur et al., 2014) to examine the 
effects of water deficit (WD), high temperature (HT) and their 
interaction on plant metabolism, physiology and performance. 
Genetic analyses of the phenotypic traits measured have been 
previously published (Vasseur et al., 2012, 2014). Experiment 
1 was performed under control temperature x well- watered 
(CT × WW) conditions, experiment 2 was performed under con-
trol temperature × water deficit (CT × WD), experiment 3 was 
performed under high temperature × well- watered (HT × WW) 
and experiment 4 was performed under high temperature × water 
deficit (HT × WD).

The PHENOPSIS platform allows automated rosette area mea-
surements of 504 potted plants under highly controlled environ-
mental conditions (Granier et al., 2006). In each experiment, we 
phenotyped the parental accessions (Ler and Cvi; n = 8 replicates) 
and the 120 RI lines (n = 4). Seeds of all lines were stored at 4°C. 
Five seeds from each genotype were directly sown at the soil sur-
face in 225 mL culture pots filled with a mixture (1:1, v:v) of loamy 
soil and organic compost (Neuhaus N2), and stratified at 10°C for 
3 days. Soil water content was controlled before sowing to estimate 
the amount of dry soil and water in each pot. Pots were damped 
with sprayed deionised water three times a day in darkness (20°C, 
85% air relative humidity) until germination. Between germination 
and the emergence of the first two true leaves, plants were culti-
vated at 20°C with a daily cycle of 12 h light supplied from a bank of 
HQi lamps which provided 190 μmol m−2 s−1 photosynthetic photon 

flux density (PPFD) at plant height. Air water vapour pressure deficit 
(VPDair) was maintained constant at 0.5– 0.6 kPa and soil moisture 
at 0.35 g H20 g−1 dry soil. WD and HT treatments were applied after 
the emergence of the first two true leaves, avoiding early- growth 
effects. CT was set to 20/17°C day/night, while HT was set to 
30/25°C. HT has been identified to be the basal thermotolerance, 
that is, the highest temperature tolerated by A. thaliana when plants 
have never encountered previous HT (Ludwig- Muller et al., 2000). 
Soil water content was maintained at 0.35 and 0.20 g H20 g−1 dry soil 
with a modified one- tenth strength Hoagland solution in the WW 
and WD treatments respectively. This WD level has been shown to 
significantly decrease leaf water potential and impair plant growth 
(Aguirrezábal et al., 2006). Each pot was automatically adjusted to 
reach the target soil water content by weighing and watering once a 
day. PPFD was maintained at 190 μmol m−2 s−1 and VPDair was main-
tained at 0.7– 0.8 kPa. All detailed meteorological data, including 
daily soil water content, air temperature and VPDair, are available in 
the PHENOPSIS database (Fabre et al., 2011) (http://bioweb.supag 
ro.inra.fr/pheno psis/).

2.3  |  Trait measurements

At flowering (first flower open), each rosette was cut, separated 
from roots and flowering stem and wrapped in moist paper and kept 
at 4°C overnight in darkness. After complete rehydration, leaf blades 
were weighed (saturated fresh weight, mg), then separated from the 
petioles and scanned for area measurements. Total leaf area (TLA, 
mm2) was determined with ImageJ (Rasband, 2011). Leaf blades and 
petioles were then oven- dried at 65°C for 96 h. Total leaf blade dry 
weight and petiole dry weight were measured separately, and plant 
vegetative dry mass at reproduction (mg) was calculated as the sum 
of dry mass of leaf petioles and leaf blades. Leaf dry mass per area 
(LMA, g m−2) was calculated as the ratio of total leaf blade dry weight 
and TLA.

PHENOPSIS allows the daily acquisition of zenithal images of 
the plants (Sony SSC- DC393P camera). The projected leaf area of 
the rosette (RA, mm2) was determined every 2– 3 days with ImageJ. 
A sigmoid curve was fitted for each plant using the four- parameter 
logistic model:

where d is the number of days after the emergence of the first two true 
leaves, a is the maximum vegetative rosette area, d0 is the time when 
a/2 leaf area has expanded and b is related to the maximum rate of leaf 
production. The maximum rate of rosette expansion (Rmax, mm2 day−1) 
was calculated from the first derivative of the logistic model at d0 as 
Rmax = a/(4b). We then calculated maximum absolute growth rate (g dry 
mass daya−1) as the product of Rmax and LMA (Vasseur et al., 2012, 
2014). Phenotypic data, including rosette pictures, are stored in the 
PHENOPSIS database (http://bioweb.supag ro.inra.fr/pheno psis/). 

(1)RA = a∕ (1 + exp
([

d − d0

]

∕b
)

,
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Trait values are available as supplementary information attached to 
the paper (Table S1), as well as in DOI Digital Repository: https://doi.
org/10.57745/ FRJELS (Vile et al., 2023).

2.4  |  Statistical analyses.

In each environmental condition, we estimated βtot: the allometric 
slopes for total leaf area and plant growth rate measured by fitting 
linear regressions across all genotypes, following the equation log1

0(Y) = log10(α) + βtot × log10(M), where M is the vegetative dry mass. 
Linear regressions were fitted with a standard major axis (SMA) 
method. Differences of βtot between treatments were tested by pair-
wise SMA comparisons. In addition, we tested for nonlinear allomet-
ric relationships following previous methodologies (Kolokotrones 
et al., 2010). We fitted nonlinear quadratic models using two- order 
polynomial functions such as log10(Y) = log10(b0) + b1log10(M) + b2

(log10(M))2. The ‘local’ allometric slope, βloc, can be calculated for 
any individual plant of biomass M, as the derivative of the quadratic 
function, such as βloc = b1 + 2b2log10(M).

All analyses were performed in R 3.6.3 (R Core Team, 2014). We 
used Akaike information criterion (AIC) to compare the goodness of 
fit between SMA regressions, linear models and quadratic models. 
95% confidence intervals (CIs) of the regression coefficients were 
obtained with the sma function (Warton et al., 2012) and confint 
function in R. The effects of water stress and high temperature, 
and their interaction, on the coefficients of the allometric equations 
were estimated with two- way ANOVAs. We used a significance 
threshold of 0.01. We used the lsmeans() function to calculate mean 
genotypic values.

3  |  RESULTS

3.1  |  Allometric relationships across A. thaliana 
genotypes support MST predictions.

Vegetative dry mass, total leaf area and growth rate were highly 
variable across genotypes and environments (Tables S1 and S2). For 
instance, vegetative dry mass spanned three orders of magnitude in 
each condition (Table S1). As expected, the three traits significantly 
decreased under HT and WD, as well as under their combination 

(p < 0.01; Table S2). Population- level allometric exponents (βtot) 
of total leaf area and growth rate were estimated with SMA re-
gressions, using vegetative dry mass as the explanatory variable. 
Consistent with MST predictions, results indicated that under con-
trol conditions (CT × WW), the population- level allometric exponent, 
βtot, was 0.78 (95% CI = [0.76– 0.79]) for total leaf area and 0.75 (95% 
CI = [0.73– 0.78]) for growth rate (Table 1). For total leaf area, βtot in-
creased to 0.85 in response to high temperature (p < 0.01; Table S1), 
but it was not significantly impacted by WD (Table 1 and Table S1). 
For growth rate, βtot did not differ significantly among any conditions 
(P > 0.01 for all pairwise comparisons; Table 3).

3.2  |  Plant allometry is strongly variable 
between genotypes

We noticed variable degrees of curvilinearity in the allometric re-
lationships in the log– log scale (Figure 1), which indicated that 
genotypes exhibited variable slopes β. Accordingly, quadratic mod-
els often fitted better than SMA regressions and linear models 
(Table S3). Based on AICs, quadratic models improved model fitting 
for six out of eight relationships (Table S3), that is, all except total 
leaf area under HT × WD and growth rate under CT × WD. From the 

TA B L E  1  Linear regressions between vegetative dry mass 
and traits Y. Traits Y are total leaf area (mm2) and plant growth 
rate (mg day−1). Data were log10- transformed. αtot and βtot are 
the intercept and slope, respectively, of the standard major axis 
(SMA) regressions (log10(Y) = log10(α) + βtot × log10(M)), performed 
across all genotypes in each condition (CT, control temperature; 
HT, high temperature; WW, well- watered; WD, water deficit). 95% 
confidence intervals are in brackets.

Trait Y Condition αtot βtot

Total leaf 
area

CT × WW 1.89 [1.86; 1.91] 0.78 [0.76; 0.79]

CT × WD 1.68 [1.65; 1.71] 0.80 [0.78; 0.82]

HT × WW 1.83 [1.81; 1.84] 0.85 [0.84; 0.87]

HT × WD 1.69 [1.68; 1.71] 0.85 [0.83; 0.86]

Growth 
rate

CT × WW −0.80 [−0.83; −0.76] 0.75 [0.73; 0.78]

CT × WD −1.03 [−1.06; −0.99] 0.78 [0.75; 0.8]

HT × WW −0.91 [−0.95; −0.88] 0.74 [0.71; 0.77]

HT × WD −1.13 [−1.16; −1.09] 0.74 [0.70; 0.78]

F I G U R E  1  Allometric relationships for total leaf area and plant growth rate in each environmental condition. Upper panels: log– log 
relationships between vegetative dry mass and total leaf area (mm2; (a, c, e and g), and plant growth rate (mg day−1; (b, d, f and h). The 120 
dots per condition represent the means of the 120 genotypes (n = 4 per genotype), coloured lines are the nonlinear curves estimated by 
quadratic regressions (CTxWW in light blue, CT × WD in dark blue, HT × WW in orange and HT × WD in red). Black lines represent linear 
regressions with a slope of 0.75. Lower panels: boxplots representing the scaling exponent of the 120 genotypes for the trait considered, 
with genotypes ordered by increasing vegetative dry mass in the corresponding condition. Black lines represent a scaling exponent of 0.75. 
(a) Allometry of total leaf area in control temperature and well- watered condition (CT × WW). (b) Allometry of plant growth rate in CT × WW. 
(c) Allometry of total leaf area in control temperature and water deficit condition (CT × WD). (d) Allometry of plant growth rate in CT × WD. 
(e) Allometry of total leaf area in high temperature and well- watered condition (HT × WW). (f) Allometry of plant growth rate in HT × WW. (g) 
Allometry of total leaf area in high temperature and water deficit condition (HT × WD). (h) Allometry of plant growth rate in HT × WD.
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coefficients of the quadratic models (Table 2), we estimated the 
individual- level allometric exponents, (βloc) as the first derivative of 
the trait– size allometric relationships. Plotting the distribution of βloc 
within each condition (Figure 2) revealed that genotypic values of 
allometric exponents were centred around ¾ for both total leaf area 
and growth rate. However, there was a high variability in allometric 
exponents between genotypes within each condition (βloc ranging 
from 0.10 to 1.75 for total leaf area, and between 0.05 and 1.55 
for growth rate; with a significant genotype effect, p < 0.01 for both 
traits).

3.3  |  Plant allometry is plastic to water deficit 
but not to high temperature

The distribution of allometric exponents βloc measured among 
genotypes and conditions (Figure 2) revealed a strong overlap of 
exponent values between control and stressing conditions, which 
suggests that allometry was much more variable between geno-
types in a single environment than between environments. To 
assess quantitatively whether plants modified their allometry in 

response to isolated or combined water deficit and high tempera-
ture, we examined the effects of environmental stresses on the 
scaling parameters (Tables 3 and 4). Despite small differences, high 
temperature had significant effects (p < 0.01) on the linear allomet-
ric slopes (βtot) of total leaf area in both WW and WD conditions 
(Table 3), while there was no significant difference on the allomet-
ric slopes of plant growth rate (Table 3). However, the analysis of 
the scaling parameters derived from nonlinear regressions revealed 
that water deficit and high temperature had no significant effect 
on the intercept of the relationships when applied separately, but 
the combined stress had a significant negative effect on the inter-
cept of the growth rate– biomass relationship (Table 4). In general, 
slope- related coefficients, b1 and b2, that is, the first-  and second- 
order terms that jointly determine βloc, were significantly impacted 
by water stress but not by high temperature. Water deficit signifi-
cantly impacted the allometric coefficient of both total leaf area 
and growth rate (p < 0.01 for b1 and b2; Table 4). By contrast, high 
temperature did not impact the allometric coefficient of either 
total leaf area and growth rate (p > 0.01 for b1 and b2; Table 4). In 
addition, the interaction of high temperature and water deficit was 
not significant for either traits (p > 0.01; Table 4), suggesting that 

TA B L E  2  Quadratic regressions between vegetative dry mass and traits Y. Traits Y are total leaf area (mm2) and plant 
growth rate (mg day−1). b0, b1 and b2 are the intercept, first-  and second- order terms, respectively, of the quadratic regressions 
(log10(Y) = log10(b0) + b1 × log10(M) + b2 × (log10(M))2) performed in each condition (CT, control temperature; HT, high temperature; WW, well- 
watered; WD, water deficit). 95% confidence intervals are in brackets.

Condition b0 b1 b2

Total leaf area CT × WW 1.82 [1.76; 1.87] 0.90 [0.81; 0.98] −0.04 [−0.07; −0.01]

CT × WD 1.81 [1.75; 1.86] 0.59 [0.50; 0.68] 0.07 [0.04; 0.11]

HT × WW 1.78 [1.77; 1.80] 1.01 [0.96; 1.05] −0.07 [−0.09; −0.05]

HT × WD 1.70 [1.68; 1.72] 0.81 [0.76; 0.86] 0.02 [−0.01; 0.04]

Growth rate CT × WW −1.07 [−1.13; −1.00] 1.20 [1.10; 1.29] −0.15 [−0.18; −0.12]

CT × WD −1.02 [−1.09; −0.95] 0.77 [0.66; 0.88] 0.00 [−0.04; 0.04]

HT × WW −1.00 [−1.04; −0.96] 1.07 [0.99; 1.16] −0.16 [−0.20; −0.12]

HT × WD −1.14 [−1.18; −1.11] 0.94 [0.84; 1.04] −0.12 [−0.17; −0.07]

F I G U R E  2  Distribution of allometric exponents in the four environmental conditions. Distributions of genotypic values (n = 4 per 
genotype) of the individual- based allometric exponent βloc, measured from the derivative of the quadratic regressions. (a) Allometric 
exponent for total leaf area (mm2). (b) Allometric exponent for plant growth rate (mg day−1). CT, control temperature; HT, high temperature; 
WW, well- watered; WD, water deficit.

 13652435, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2435.14281 by Inrae - D

ipso, W
iley O

nline L
ibrary on [17/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  7Functional EcologyVASSEUR et al.

only water deficit had a significant effect on trait– size relationships 
in A. thaliana.

We plotted the relationships between plant size in controlled 
conditions (CT × WW) and the plasticity (measured by the standard 
deviation) of traits and allometric exponents across environments 
(Figure 3). We found that intermediate- sized plants were more plas-
tic for traits (Figure 3a) but less plastic for allometric exponents 
(Figure 3b) than extreme- sized plants (both very small and very large 
plants). Thus, the genotypes that minimised trait plasticity (essen-
tially the smallest and biggest plants with allometric exponent that 
deviated from 0.75) were those that maximised allometric plasticity.

4  |  DISCUSSION

In plants, the metabolic scaling theory (MST) predicts that the 
metabolic rate is expected to scale isometrically with total leaf 
area, total leaf biomass and plant growth rate. In addition, total 
leaf area and plant growth rate are expected to scale allometrically 
(with β = 3/4) with the mass of the plant. Those scaling expecta-
tions represent the master equation of the MST (Enquist et al., 1999; 
West et al., 1997, 1999a, 1999b). In this study, we investigated the 
allometric relationships of two central traits of the metabolic scal-
ing theory, namely total leaf area and plant growth rate. We specifi-
cally examined whether there was substantial variation in allometric 
relationships across highly diverse genotypes grown in a common 
environment and measured at the same developmental stage to 
avoid confounding effect of plant ontogeny. Consistent with previ-
ous findings (Kolokotrones et al., 2010; Mori et al., 2010; Muir & 
Thomas- Huebner, 2015; Vasseur et al., 2012, 2018), we showed that 
allometric relationships were highly variable among genotypes of 
A. thaliana because of the nonlinearity of trait– size relationships (in 
log– log scale). By contrast, we showed that allometric relationships 
were moderately plastic, and they varied more in response to water 
deficit than to high temperature. Moreover, we showed that allo-
metric plasticity was associated with trait stability, and reciprocally. 
Below, we discuss the physiological and evolutionary implications of 
these findings.

The universality of allometric relationships, specifically the allo-
metric exponent, has been hypothesised from modelling approaches 

TA B L E  3  Pairwise comparisons of allometric slopes between 
environmental conditions. p- values reported for testing differences 
in the slope of SMA regressions across genotypes (βtot) between 
conditions (CT, control temperature; HT, high temperature; WW, 
well- watered, WD, water deficit).

CT × WW CT × WD HT × WW

Total leaf area CT × WD 0.049

HT × WW <0.001 <0.001

HT × WD <0.001 0.001 0.606

Growth rate CT × WD 0.175

HT × WW 0.429 0.049

HT × WD 0.464 0.076 0.977
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and large- scale comparisons made across very contrasted plant and 
animal species (Niklas, 1994; West et al., 1999b). For instance, the 
mechanistic assumptions behind MST suggest that most organ-
isms must fall along a linear relationship with a slope of ¾ for many 
morpho- physiological traits (Enquist, Kerkhoff, et al., 2007; Niklas & 
Enquist, 2001; West et al., 1997, 1999a, 1999b). Inter-  and intraspe-
cific comparisons have revealed the global patterns of covariation 
that generally confirm the predictions of MST in plants and animals 
(Enquist, Kerkhoff, et al., 2007; Niklas & Enquist, 2001; Vasseur 
et al., 2012, 2018; West et al., 1997). Also consistent with MST 
predictions, our results indicated that the allometric exponent mea-
sured by linear fitting across all genotypes (βtot) was close to 0.75 in 
all environmental conditions tested, for both plant growth rate and 
total leaf area. Other trait– size relationships are also expected to 
exhibit similar exponent values across species (Savage et al., 2010). 
Although it is challenging technically, it would be highly informative 
to explore the intraspecific scaling of physiological traits predicted 
by MST, such as photosynthesis, transpiration and respiration rates 
in future experiments.

If many empirical evidences were consistent with MST, the uni-
versality of allometric exponent value of ¾ has been strongly de-
bated over the last two decades (Coomes, 2006; Dodds et al., 2001; 
Glazier, 2005; Kozłowski & Konarzewski, 2004; Russo et al., 2007). 
For instance, the rate of respiratory metabolism has been found to 
scale isometrically (i.e. with exponent β ≈ 1) in herbaceous plants and 
tree seedlings (Reich et al., 2006). Other studies in plants Enquist, 
Allen, et al. (2007) and mammals (Kolokotrones et al., 2010) showed 
that respiration rate scaled differently between organisms with small 
body mass (β ≈ 1) and large body mass (β ≈ ¾). In plants, competi-
tion for light resulted in significant variation in allometric relation-
ships in trees (Coomes, 2006; Lines et al., 2012; Russo et al., 2007). 

Accordingly, we found that genotypes exhibited highly variable al-
lometric exponent values, which was explained by the nonlinearity 
in trait– size log- relationships. Moreover, allometric variability in A. 
thaliana has also been shown to be related to genetic differentiation 
and adaptation along large latitudinal gradients (Vasseur et al., 2018). 
More specifically, these recent findings suggest that extreme scal-
ing exponents are genetically selected in harsher climatic condi-
tions, such as at the margins of the distribution range of the species 
(Vasseur et al., 2018). Thus, if the optimisation of the scaling relation-
ships, for instance through the vascular network, might be associated 
with the optimisation of some fitness components, such as seed pro-
duction, in non- stressing conditions, scaling deviations could be se-
lected in other, more stressing, conditions, because such deviations 
could optimise other fitness components such as hydraulic resis-
tance and survival to water deficit. Overall, our findings suggest that 
MST predictions are valid as traits scaled on average to ¾. However, 
there were significant deviations towards lower or higher exponents 
for both traits among genotypes, which mirrored variation in relative 
growth rate and surface- to- biomass ratio, and might reflect differ-
ence in plant's strategies to cope with environmental variability.

Our results indicated that allometric relationships were mod-
erately altered by abiotic stresses. Interestingly, the intermediate- 
sized genotypes (typically those with an allometric exponent close 
to 0.75) had contrasted responses to environmental changes com-
pared to very small and very large genotypes (typically those that 
significantly deviated from 0.75). Indeed, both the small and large 
plants exhibited low trait plasticity but high allometric plasticity, 
while intermediate- sized plants exhibited high trait plasticity but 
low allometric plasticity. Again, this suggests that plants exhibited 
contrasted strategies to cope with environmental variability de-
pending on their allometric coefficients. Plants that followed MST 

F I G U R E  3  Relationships between plant size and plasticity. (a) Relationships between plant vegetative dry mass (mg) in controlled 
conditions (CTxWW) and the plasticity of traits (total leaf area (mm2) in green and plant growth rate (mg day−1) in red). (b) Relationships 
between plant vegetative dry mass (mg) in controlled conditions (CT × WW) and the plasticity of allometric exponents for the two studied 
traits (total leaf area in green and plant growth rate in red). Plasticity was measured as the standard deviation (SD) of all individuals per 
genotype across the four environments. Loess curves were fitted for each trait and exponent (solid lines).
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predictions (i.e. intermediate- sized plants here) had strongly plas-
tic traits but they did not modify their allometric coefficients. In 
other words, our findings suggest that intermediate- sized plants re-
sponded strongly to stress by modifying their vegetative dry mass 
and trait value with respect to allometric rules. By contrast, small 
and large plants that deviated from MST predictions tended to main-
tain a certain trait homeostasis by strongly modifying their allome-
tric exponent values across environments. A possible explanation is 
that extreme- sized plants modified their dry mass but not (or less) 
their traits. In doing so, they modified their trait:size allometric ratio, 
presumably to maintain trait values under stress close to the values 
expressed in non- stressing conditions.

Overall, our study highlights the role of allometric models to un-
derstand the physiological responses involved in plant adaptation to 
contrasted environments. In particular, we showed that allometry 
is more variable between genotypes than between environments. 
This suggests that natural selection can lead to the genetic differ-
entiation of plant allometries in different environments, but that 
environmental changes have limited effect on a genetically deter-
mined type of allometry. Moreover, plants that significantly deviated 
from MST predictions were associated with different responses to 
abiotic stresses: They modified their allometries to minimise trait 
plasticity. Although this might indicate that deviations from MST are 
associated with contrasted adaptive strategies, other experiments 
are needed, in diverse species, to test the generality of this finding. 
In addition, future studies will also be necessary to investigate the 
effect of plant allometry for the response to other environmental 
factors such as nutrient and light limitation.

AUTHOR CONTRIBUTIONS
François Vasseur, Cyrille Violle and Denis Vile conceived the ideas 
and designed methodology. François Vasseur and Denis Vile col-
lected the data. François Vasseur, Cyrille Violle and Denis Vile ana-
lysed the data. François Vasseur led the writing of the manuscript. 
All authors contributed critically to the drafts and gave final ap-
proval for publication.

ACKNO WLE DG E MENTS
We thank Myriam Dauzat for her technical assistance during trait meas-
urement and environmental control of the PHENOPSIS platform. This 
work was supported by INRAE, CNRS, the French Agency for Research 
(ANR grant ANR- 17- CE02- 0018- 01, ‘AraBreed’ to FV, DV and CV), 
Région Occitanie (FEDER FSE IEJ 2014– 2020; Project PHENOPSIS 
2.0) and the European Research Council (ERC) (‘CONSTRAINTS’: grant 
ERC- StG- 2014- 639706- CONSTRAINTS to CV), ‘PHENOVIGOUR’: 
grant (ERC- StG- 2020- 949,843 to FV). FV was initially funded by a PhD 
CIFRE grant (ANRT, French Ministry of Research) supported by BAYER 
Crop Science (contract 0398/2009– 09 42 008).

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflict of interest. Cyrille Violle is an 
Associate Editor of Functional Ecology, but took no part in the peer 
review and decision- making processes for this paper.

DATA AVAIL ABILIT Y S TATEMENT
Trait values are available as supplementary information attached 
to the paper, as well as in the DOI Digital Repository (https://doi.
org/10.57745/ FRJELS). In addition, raw data such as plant pictures 
are stored in the PHENOPSIS database (http://bioweb.supag ro.inra.
fr/pheno psis/).

ORCID
François Vasseur  https://orcid.org/0000-0002-0575-6216 
Cyrille Violle  https://orcid.org/0000-0002-2471-9226 
Brian J. Enquist  https://orcid.org/0000-0002-6124-7096 
Denis Vile  https://orcid.org/0000-0002-7948-1462 

R E FE R E N C E S
Aguirrezábal, L. A. N., Bouchier- Combaud, S., Radziejwoski, A., Dauzat, 

M., Cookson, S. J., & Granier, C. (2006). Plasticity to soil water 
deficit in Arabidopsis thaliana: Dissection of leaf development into 
underlying growth dynamic and cellular variables reveals invisible 
phenotypes. Plant, Cell & Environment, 29, 2215– 2227.

Alonso- Blanco, C., El- Assal, S. E. D., Coupland, G., & Koornneef, M. 
(1998). Analysis of natural allelic variation at flowering time loci in 
the Landsberg erecta and Cape Verde islands ecotypes of Arabidopsis 
thaliana. Genetics, 149, 749– 764.

Brown, J. H., Gillooly, J. F., Allen, A. P., Savage, V. M., & West, G. B. 
(2004). Toward a metabolic theory of ecology. Ecology, 85, 
1771– 1789.

Careau, V., & Glazier, D. S. (2022). A quantitative genetics perspective 
on the body- mass scaling of metabolic rate. Journal of Experimental 
Biology, 225(Suppl_1), p.jeb243393.

Chaves, M. M., Maroco, J. P., & Pereira, J. S. (2003). Understanding plant 
responses to drought— from genes to the whole plant. Functional 
Plant Biology: FPB, 30, 239– 264.

Coomes, D. A. (2006). Challenges to the generality of WBE theory. 
Trends in Ecology & Evolution, 21(11), 593– 596.

Dodds, P. S., Rothman, D. H., & Weitz, J. S. (2001). Re- examination of 
the “3/4- law” of Metabolism. Journal of Theoretical Biology, 209(1), 
9– 27.

Enquist, B. J., Allen, A. P., Brown, J. H., Gillooly, J. F., Kerkhoff, A. J., 
Niklas, K. J., Price, C. A., & West, G. B. (2007). Biological scaling: 
Does the exception prove the rule? [Review of Biological scaling: 
Does the exception prove the rule? ]. Nature, 445(7127), E9– E10; 
discussion E10– E11. nature.com.

Enquist, B. J., & Bentley, L. P. (2012). Land plants: New theoretical direc-
tions and empirical prospects. Metabolic Ecology: A Scaling Approach 
(pp. 164– 187). John Wiley & Sons.

Enquist, B. J., Kerkhoff, A. J., Stark, S. C., Swenson, N. G., McCarthy, M. 
C., & Price, C. A. (2007). A general integrative model for scaling 
plant growth, carbon flux, and functional trait spectra. Nature, 
449(7159), 218– 222.

Enquist, B. J., West, G. B., Charnov, E. L., & Brown, J. H. (1999). Allometric 
scaling of production and life- history variation in vascular plants. 
Nature, 401, 907– 911.

Fabre, J., Dauzat, M., Negre, V., Wuyts, N., Tireau, A., Gennari, E., Neveu, 
P., Tisne, S., Massonnet, C., Hummel, I., & Granier, C. (2011). 
PHENOPSIS DB: An information system for Arabidopsis thaliana 
phenotypic data in an environmental context. BMC Plant Biology, 
11, 77.

Fu, J., Keurentjes, J. J., Bouwmeester, H., America, T., Verstappen, F. W., 
Ward, J. L., Beale, M. H., de Vos, R. C., Dijkstra, M., Scheltema, R. A., 
Johannes, F., Koornneef, M., Vreugdenhil, D., Breitling, R., & Jansen, 
R. C. (2009). System- wide molecular evidence for phenotypic buff-
ering in Arabidopsis. Nature Genetics, 41, 166– 167.

 13652435, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2435.14281 by Inrae - D

ipso, W
iley O

nline L
ibrary on [17/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://10.57745/FRJELS
http://10.57745/FRJELS
http://bioweb.supagro.inra.fr/phenopsis/
http://bioweb.supagro.inra.fr/phenopsis/
https://orcid.org/0000-0002-0575-6216
https://orcid.org/0000-0002-0575-6216
https://orcid.org/0000-0002-2471-9226
https://orcid.org/0000-0002-2471-9226
https://orcid.org/0000-0002-6124-7096
https://orcid.org/0000-0002-6124-7096
https://orcid.org/0000-0002-7948-1462
https://orcid.org/0000-0002-7948-1462


10  |   Functional Ecology VASSEUR et al.

Glazier, D. S. (2005). Beyond the “3/4- power law”: Variation in the in-
tra-  and interspecific scaling of metabolic rate in animals. Biological 
Reviews, 80, 611– 662.

Granier, C., Aguirrezabal, L., Chenu, K., Cookson, S. J., Dauzat, M., 
Hamard, P., Thioux, J. J., Rolland, G., Bouchier- Combaud, S., 
Lebaudy, A., Muller, B., Simonneau, T., & Tardieu, F. (2006). 
PHENOPSIS, an automated platform for reproducible phenotyping 
of plant responses to soil water deficit in Arabidopsis thaliana per-
mitted the identification of an accession with low sensitivity to soil 
water deficit. The New Phytologist, 169, 623– 635.

Huxley, J. S. (1924). Constant differential growth- ratios and their signifi-
cance. Nature, 114(2877), 895– 896.

Huxley, J. S., & Teissier, G. (1936). Terminology of relative growth. Nature, 
137(3471), 780– 781.

Kerkhoff, A. J., & Enquist, B. J. (2009). Multiplicative by nature: Why 
logarithmic transformation is necessary in allometry. Journal of 
Theoretical Biology, 257(3), 519– 521.

Killen, S. S., Atkinson, D., & Glazier, D. S. (2010). The intraspecific scaling 
of metabolic rate with body mass in fishes depends on lifestyle and 
temperature. Ecology Letters, 13(2), 184– 193.

Kleiber, M. (1932). Body size and metabolism. Energy, 1, E9.
Kolokotrones, T., Savage, V., Deeds, E. J., & Fontana, W. (2010). Curvature 

in metabolic scaling. Nature, 464(7289), 753– 756.
Kozłowski, J., & Konarzewski, M. (2004). Is West, Brown and Enquist's 

model of allometric scaling mathematically correct and biologically 
relevant? Functional Ecology, 18(2), 283– 289.

Lindmark, M., Ohlberger, J., Huss, M., & Gårdmark, A. (2019). Size- 
based ecological interactions drive food web responses to climate 
warming. Ecology Letters, 22(5), 778– 786. https://doi.org/10.1111/
ele.13235

Lines, E. R., Zavala, M. A., Purves, D. W., & Coomes, D. A. (2012). 
Predictable changes in aboveground allometry of trees along gra-
dients of temperature, aridity and competition. Global Ecology and 
Biogeography: A Journal of Macroecology, 21(10), 1017– 1028.

Ludwig- Muller, J., Krishna, P., & Forreiter, C. (2000). A glucosinolate 
mutant of Arabidopsis is thermosensitive and defective in cyto-
solic Hsp90 expression after heat stress. Plant Physiology, 123, 
949– 958.

Malerba, M. E., & Marshall, D. J. (2019). Size- abundance rules? Evolution 
changes scaling relationships between size, metabolism and de-
mography. Ecology Letters, 22(9), 1407– 1416.

Malerba, M. E., White, C. R., & Marshall, D. J. (2017). Eco- energetic con-
sequences of evolutionary shifts in body size. Ecology Letters, 21(1), 
54– 62.

Mori, S., Yamaji, K., Ishida, A., Prokushkin, S. G., Masyagina, O. V., 
Hagihara, A., Hoque, A. T. M. R., Suwa, R., Osawa, A., Nishizono, 
T., Ueda, T., Kinjo, M., Miyagi, T., Kajimoto, T., Koike, T., Matsuura, 
Y., Toma, T., Zyryanova, O. A., Abaimov, A. P., … Umari, M. (2010). 
Mixed- power scaling of whole- plant respiration from seedlings to 
giant trees. Proceedings of the National Academy of Sciences of the 
United States of America, 107(4), 1447– 1451.

Muir, C. D., & Thomas- Huebner, M. (2015). Constraint around 
quarter- power allometric scaling in wild tomatoes (Solanum 
sect. Lycopersicon; Solanaceae). The American Naturalist, 186(3), 
421– 433.

Niklas, K. J. (1994). Plant allometry: The scaling of form and process. 
University of Chicago Press.

Niklas, K. J., & Enquist, B. J. (2001). Invariant scaling relationships 
for interspecific plant biomass production rates and body size. 
Proceedings of the National Academy of Sciences of the United States 
of America, 98(5), 2922– 2927.

Ohlberger, J. (2013). Climate warming and ectotherm body size- - from 
individual physiology to community ecology. Functional Ecology, 
27(4), 991– 1001.

Price, C. A., & Enquist, B. J. (2006). Scaling of mass and morphology in 
plants with minimal branching: An extension of the WBE model. 
Functional Ecology, 20(1), 11– 20.

Price, C. A., & Enquist, B. J. (2007). Scaling mass and morphology in 
leaves: An extension of the WBE model. Ecology, 88(5), 1132– 1141.

Price, C. A., Gilooly, J. F., Allen, A. P., Weitz, J. S., & Niklas, K. J. (2010). 
The metabolic theory of ecology: Prospects and challenges for 
plant biology. The New Phytologist, 188, 696– 710.

Rasband, W. S. (2011). 1997– 2011. ImageJ. US National Institutes of 
Health http://imagej.Nih.Gov/ij

Reich, P. B., Tjoelker, M. G., Machado, J. L., & Oleksyn, J. (2006). 
Universal scaling of respiratory metabolism, size and nitrogen in 
plants. Nature, 439, 457– 461.

Russo, S. E., Wiser, S. K., & Coomes, D. A. (2007). Growth– size scaling 
relationships of woody plant species differ from predictions of the 
Metabolic Ecology Model. Ecology Letters, 10(10), 889– 901.

Savage, V. M., Bentley, L. P., Enquist, B. J., Sperry, J. S., Smith, D. D., Reich, 
P. B., & von Allmen, E. I. (2010). Hydraulic trade- offs and space fill-
ing enable better predictions of vascular structure and function in 
plants. Proceedings of the National Academy of Sciences of the United 
States of America, 107(52), 22722– 22727.

Savage, V. M., Gillooly, J. F., Woodruff, W. H., West, G. B., Allen, A. P., 
Enquist, B. J., & Brown, J. H. (2004). The predominance of quarter- 
power scaling in biology. Functional Ecology, 18(2), 257– 282.

R Core Team. (2014). R: A language and environment for statisti-
cal computing. R Foundation for Statistical Computing, ISBN 
3- 900051- 07- 0.

Vasseur, F., Bontpart, T., Dauzat, M., Granier, C., & Vile, D. (2014). 
Multivariate genetic analysis of plant responses to water deficit and 
high temperature revealed contrasting adaptive strategies. Journal 
of Experimental Botany, 65(22), 6457– 6469.

Vasseur, F., Exposito- Alonso, M., Ayala- Garay, O. J., Wang, G., Enquist, B. 
J., Vile, D., Violle, C., & Weigel, D. (2018). Adaptive diversification 
of growth allometry in the plant Arabidopsis thaliana. Proceedings 
of the National Academy of Sciences of the United States of America, 
115(13), 3416– 3421.

Vasseur, F., Fouqueau, L., de Vienne, D., Nidelet, T., Violle, C., & Weigel, 
D. (2019). Non- linear phenotypic variation uncovers the emergence 
of heterosis in Arabidopsis thaliana. PLoS Biology, 17(4), e3000214. 
https://doi.org/10.1371/journ al.pbio.3000214

Vasseur, F., Violle, C., Enquist, B. J., Granier, C., & Vile, D. (2012). A 
common genetic basis to the origin of the leaf economics spec-
trum and metabolic scaling allometry. Ecology Letters, 15(10), 
1149– 1157.

Vile, D., Pervent, M., Belluau, M., Vasseur, F., Bresson, J., Muller, B., 
Granier, C., & Simonneau, T. (2012). Arabidopsis growth under pro-
longed high temperature and water deficit: Independent or interac-
tive effects? Plant, Cell & Environment, 35, 702– 718.

Vile, D., Vasseur, F., Violle, C., & Enquist, B. J. (2023). Data for replication: 
Vasseur et al Variability and plasticity in plant allometry are related 
to changes in ecological strategies. Digital Repository. https://doi.
org/10.57745/ FRJELS, Recherche Data Gouv.

Warton, D. I., Duursma, R. A., Falster, D. S., & Taskinen, S. (2012). smatr 
3– an R package for estimation and inference about allometric lines. 
Methods in Ecology and Evolution/British Ecological Society, 3(2), 
257– 259.

West, G. B., Brown, J. H., & Enquist, B. J. (1997). A general model for the 
origin of allometric scaling laws in biology. Science, 276, 122– 126.

West, G. B., Brown, J. H., & Enquist, B. J. (1999a). A general model for 
the structure and allometry of plant vascular systems. Nature, 
400(6745), 664– 667.

West, G. B., Brown, J. H., & Enquist, B. J. (1999b). The fourth dimen-
sion of life: Fractal geometry and allometric scaling of organisms. 
Science, 284(5420), 1677– 1679.

 13652435, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2435.14281 by Inrae - D

ipso, W
iley O

nline L
ibrary on [17/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/ele.13235
https://doi.org/10.1111/ele.13235
http://imagej.nih.gov/ij
https://doi.org/10.1371/journal.pbio.3000214
https://doi.org/10.57745/FRJELS
https://doi.org/10.57745/FRJELS


    |  11Functional EcologyVASSEUR et al.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table S1. Trait values for all individuals used in the present study. 
idCondition is the environment in which plants were grown (CT: 
control temperature, HT: high temperature, WW: well- watered, WD: 
water deficit). rosetteDM: vegetative dry mass (mg) at flowering, 
TLA: total leaf area (mm2), Growth_rate: plant growth rate (mg d−1).
Table S2. Mean trait value and standard deviation (SD) for vegetative 
dry mass, total leaf area and plant growth rate in the four conditions.
Table S3. Akaike information criterion (AIC) of the different 
regressions used in the study. SMA: standard major axis (linear 
regression), linear model and quadratic (nonlinear) model performed 

on the relationships between vegetative dry mass (mg) and total leaf 
area (mm2), as well as between vegetative dry mass and plant growth 
rate (mg d−1), after log10- transformation. CT: control temperature, 
HT: high temperature, WW: well- watered, WD: water deficit.
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