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How nutrient availability influences acclimation to shade of two 
(pioneer and late-successional) Mediterranean tree species?

Yogan Monnier • Anne Bousquet-Mélou •

Bruno Vila • Bernard Prévosto • Catherine Fernandez

Abstract Examining ecological limits to shade acclima-

tion at whole-plant level is determinant for evaluating the

success of sapling establishment in low-light environments.

We studied nutritional effects on whole-plant development

in response to shade in two Mediterranean forest tree

species with different successional status: the early-suc-

cessional Pinus halepensis Mill. and the late-successional

Quercus pubescens Wild. Through a nursery-based facto-

rial experimental design approach, we measured height

increment along 2 years and final leaf, stem and root bio-

mass in both species saplings subjected to two lights and

two soil nutrient availability treatments. The shade avoid-

ance response was exclusive to P. halepensis, appeared as

timely dependent, and persisted longer in saplings exposed

to higher nutrient availability. Q. pubescens benefited from

the higher nutrient availability by lowering the light-driven

plastic response in aerial support investment and below-

ground carbon allocation, whereas P. halepensis height-

ened its light-driven plastic response. These contrasted

responses are thus clearly related to the shade acclimation

strategy of each species: the shade-intolerant P. halepensis

enhances shade avoidance when non-nutrient-limited,

whereas the shade-tolerant Q. pubescens assumes a con-

servative strategy by limiting phenotypic plasticity-induced

costs. Maintaining greater shade avoidance in non-nutrient-

limited soil conditions might be an adaptive advantage for

P. halepensis seedlings growing in the understory, in

response to gap formation in the overstory. In contrast, the

more conservative and less costly shade responsiveness of

Q. pubescens may confer it a better adaptive advantage in

long-term light-limited environments.

Keywords Pinus halepensis � Quercus pubescens �
Phenotypic plasticity � Biomass partitioning � Allocation �
Forest regeneration

Introduction

For most terrestrial plants, light availability is a major

environmental constraint in successional habitats (Tilman

1985). Although water stress is a strong limiting factor in

Mediterranean ecosystems, the main factor determining

species coexistence along forest dynamics is interspecific

difference in juvenile responsiveness to light (Valladares

and Niinemets 2008). With the successional decrease of

understory light availability, the performance of juvenile

trees is primarily based on their ability to acclimate to

shade, and this light-driven plasticity (sensu Bradshaw

1965) is a key determinant of regeneration success in

Mediterranean forest understory (Sanchez-Gomez et al.

2006a).

Plastic response to shade is recognized as following one

of two contrasted strategies: shade tolerance and shade

avoidance (Henry and Aarssen 1997). Shade tolerance
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of two Mediterranean forest tree species with different

successional status: Pinus halepensis Mill., a strongly

shade-intolerant pioneer species, and Quercus pubescens

Wild., a late-successional species thought to possess a

greater shade tolerance. Several hypotheses were tested: (1)

The pioneer Pinus halepensis has a greater light-driven

plasticity at whole-plant level than the more late-succes-

sional species Quercus pubescens; (2) this shade-avoidance

syndrome (height increase) would be proved nutrient-

dependent and timely limited; (3) the magnitude of light-

driven biomass partitioning patterns is more responsive to

nutrient availability for the greater plastic species.

These hypotheses were tested using a nursery-based

experimental design following two methodological

approaches: (1) an ontogenic approach designed to assess

temporal variations in the shade-avoidance syndrome and to

compare the developmental trajectories of this plastic

response in two nutrient availability treatments; (2) a snap-

shot approach to test whether higher nutrient availability

similarly enhances the light-driven plastic adjustments of

the two species through similar biomass partitioning at

whole-plant level.

Materials and methods

Plant material

The two study species belong to the Pinaceae and Faga-

ceae families and are common in the Mediterranean forests

of southern France. Pinus halepensis (hereafter Pinus) is a

shade-intolerant coniferous species that regenerates under

high-light conditions after forest fires and in large forest

gaps and abandoned croplands. Quercus pubescens (here-

after Quercus) is a late-successional winter deciduous

hardwood species that regenerates under a wide range of

light spanning forest understory to open land (Barbero et al.

1990). In mature Pinus forests, Quercus seedlings report-

edly regenerate better than Pinus seedlings in understory

conditions (Quézel and Barbero 1992).

Experimental design and treatment application

The study was conducted in a plant nursery at Aix-en-

Provence, Southern France (43�300N, 5�240E). Seeds of

both species were collected in nearby sites exhibiting

comparable ecological conditions. In May 2006, the

experiment was set up with 1-year-old nursery-grown

Pinus and Quercus seedlings of uniform size (p [ 0.05)

germinated and transplanted one per pot in 10-L plastic

pots filled with a draining substrate made of 25 % calcar-

eous sand, 25 % siliceous sand, and 50 % mineral soil from

(defined as long-term ability to survive and grow under low 
light) is essentially expressed through morphological and 
physiological changes at leaf level (Grime 1979; Vallad-

ares and Niinemets 2008). Shade avoidance involves 
maximizing light interception through plastic crown 
adjustments and strong vertical growth (Henry and Aarssen 
2001), known as ‘shade avoidance syndrome’ (Franklin 
2008). Morphological plasticity at whole-plant level is 
thought to be an important adaptation to shade (Messier 
and Nikinmaa 2000), and recent insights into shade accli-

mation have led to recognition of the importance of crown 
and whole-plant biomass partitioning plasticity and plant 
ontogeny (Niinemets and Valladares 2006; Portsmuth and 
Niinemets 2007; Valladares and Niinemets 2008). These 
shade-induced adjustments could procure an important 
adaptive advantage by higher niche preemption and occu-

pation during forest succession.

The trait value expressed between different environ-

ments at a given point in time is the result of plasticity in 
the plant’s developmental trajectory between the different 
environments, thus creating the need to adopt an ontogenic 
approach (Moriuchi and Winn 2005). Indeed, it is now 
broadly assumed that the light-driven plasticity of mor-

phological or crown traits is plant life-cycle-dependent 
(Gedroc et al. 1996; Greenwood et al. 2009; Niinemets 
2004; Lusk and Warton 2007). Although this appears 
obvious at leaf level (Lusk and Warton 2007) and in terms 
of root:shoot ratio (Delagrange et al. 2004; Gedroc et al. 
1996;Valladares et al. 2005), there is still a lack of 
knowledge on the evolution of the shade avoidance 
response (gauged through shade-induced height increase) 
in the early stages of ligneous plant growth. Sumida and 
Komiyama (1997) asserted that branching height (involved 
in shade avoidance response) increased more rapidly in the 
shade-intolerant species. However, the developmental tra-

jectories of the plasticity of shade-avoidance traits in lig-

neous plants between low and high light regimes are still 
poorly understood.

Shade avoidance syndrome, and more generally an 
extensive foliar area in response to shade, is a mechanism 
that is sustained by a greater investment in support struc-

ture. As this plastic response to shade entails high costs 
(due to resource uptake and allocation), nutrient avail-

ability may interact with light availability to affect whole-

plant resource allocation patterns. Many works highlighted 
the need to examine plastic responses to shade in the 
context of nutrient-dependence (Grassi and Minotta 2000; 
Valladares et al. 2000; Portsmuth and Niinemets 2007). 
Here, we propose to study the intrinsic and ecological 
limits of the shade acclimation of regenerating forest trees, 
highlighting developmental and nutritional effects on 
whole-plant response to shade. We assessed the light-dri-

ven plasticity of crown and biomass partitioning in saplings



Provence Granulat quarry. The seedlings were grown out-

doors and regularly drip irrigated over the year to prevent

water stress. The factorial experimental design included

two factors: light availability and nutrient availability. For

light availability, half of the pots were placed in full sun-

light (High Light HL n = 30), while the other half were

placed under a shade cloth (Low Light LL n = 30, EMIS

France, ref. 1077) giving 23 % light transmittance below

the shading nets to reproduce the light conditions under a

dense pine wood canopy (Valladares et al. 2006). The

shade cloth was placed 2.5 m aboveground to cover the

entire plot area, and four additional pieces of netting were

placed vertically to cover all plot orientations. Transmit-

tance and light quality (R:FR ratio and blue light), both

under shade and in sun, were measured with a spectrometer

(SpectroVio C5210-C5220, K-MAC), since light quantity

and quality play central roles in the shade avoidance

response (Franklin 2008). In line with Gasque and Garcı́a-

Fayos 2004, red to far-red ratio (R/FR) at 660/730 nm was

1.54 for the HL treatment and 1.11 for the LL treatment,

that is, similar to values observed under Pinus halepensis

cover (Gasque and Garcı́a-Fayos 2004). Following Aphalo

and Lehto (1997), the photon flux density of blue light

measured at 450 nm was 22 % of the photon flux density

measured under full-light conditions. The nutrient avail-

ability treatments consisted in supplying (1) fertilization at

rate of 75 mg N, 8.2 mg P, and 20.74 mg K (Low Nutri-

ent: LN n = 20) or (2) a second fertilization rate fivefold

higher than LN (High Nutrient: HN, n = 40). Nutrients

were weekly applied in liquid form.

Measurements

The growth experiment was conducted with Pinus and

Quercus in two consecutive growing seasons (years 2007

and 2008) to estimate the evolution in plant growth

responses to light and fertilization treatments. Each indi-

vidual was tagged, and height (along the stem from base

to apical bud) and basal diameter were measured four

times, that is,. in February 2007, May 2007, March 2008,

and July 2008. Pinus height was measured as length from

stem collar to the highest apex. In Quercus, as most

individuals were multi-stemmed with no clear leader

shoot, we measured the cumulated length of all stems. In

July 2008, each sapling was excavated, carefully washed

of its substrate to avoid loss of fine roots, and then sep-

arated into roots, stems, and leaves. All samples were then

dried (60 �C for at least 72 h) and weighed (Online

resource 1). The following growth parameters were then

established: leaf, stem and root biomass, stem/leaf ratio

(S/L, g g-1), root/shoot ratio (shoot = stem ? leaf bio-

mass, R/S g g-1), leaf mass fraction (LMF, proportion of

whole-plant biomass assigned to leaves, g g-1), root mass

fraction (RMF, proportion of whole-plant biomass

assigned to roots), and stem mass fraction (SMF, pro-

portion of whole-plant biomass assigned to stems). An

index of phenotypic plasticity for selected variables was

calculated for each species at treatment level as a mean

across individuals from each treatment, rather than at

genotype level (Pigliucci 2005). The plasticity index was

computed as the difference between the minimum and the

maximum mean values between the two levels of light

treatment divided by the maximum mean value, that is,

PI = (max mean value—min mean value)/max mean

value. This phenotypic plasticity index is useful for

comparing environmental responses of variables with

different units and with contrasting ranges (Valladares

et al. 2000; Valladares et al. 2006). The index scales from

0 to 1, where a higher index value indicates a more plastic

response of the individual/population to a given combi-

nation of factors (Valladares et al. 2006).

Data analysis

Repeated measures two-way ANOVA (for height data

obtained throughout years 2007 and 2008) were used to

establish significant differences between means after

applying a Levene test to check for homogeneity of vari-

ances. Two-way ANOVA was used to determine whether

Biomass S/L, Biomass R/S, LMF, SMF, and RMF differed

significantly between light treatments (HL vs LL) and

nutrient treatments (HN vs LN) in each species. If the

analysis yielded a significant factor effect, differences

between mean values were examined using a Bonferroni

post hoc test. Analysis of covariance (ANCOVA) was used

to assess the effects of treatment (light combined with

nutrient), species, and size (stem length at the end of the

experiment as covariate), and the treatment 9 species

interaction, on the various traits recorded. The stem length

at the beginning of the experimental treatment period was

used as an additional covariate in ANCOVA in order to

statistically consider the effects of initial plant size on the

two traits. Stem/Leaves ratio was Box-Cox transformed

prior to analyses of variance to ensure homogeneity of

variances. A significant main effect of light indicates

shade-induced phenotypic plasticity for the studied trait. A

significant interaction between light and nutrient indicates

that the magnitude of the plastic response to shade is

dependent on the nutrient availability treatment. In this

case, t tests were used to test significant differences

between light treatments in each nutrient treatment. All

statistical analyses were performed using GraphPad Prism

version 5.00 for Windows, GraphPad Software, and Stat-

graphics Centurion XV (StatPoint, Inc., USA) software.



Results

Developmental trajectories of the shade avoidance

response

We first focused on the low-nutrient availability treatment

to exclusively consider the developmental effect (Fig. 1a,

b). At the first two harvesting dates (Feb-07 and May-07),

shade conditions significantly increased height in 2-year-

old Pinus saplings (two-way RM ANOVA, F = 17.49;

p \ 0.001, Bonferroni t test) but had no effect on Quercus

saplings (p [ 0.05) (Fig. 1a, b). As a result, 2-year-old

Pinus saplings exhibited stronger height plasticity between

the two light regimes (0.27 and 0.25 in Feb-07 and May-

07) than Quercus (with non-significant differences between

shade and high light regimes in year 2007). However, the

height of both species was strongly positively influenced by

full-light conditions in the 3-year saplings (Mar-08 and Jul-

08), which reached significantly greater height than in

shade treatments (two-way RM ANOVA, p \ 0.001 in

each case, Bonferroni t test) (Fig. 1a, b).

Then, we assessed the effects of nutrient availability on

the developmental trajectories of the shade avoidance

response (Fig. 1c, d). In Pinus, high soil nutrient avail-

ability led to significantly height differences between the

two light treatments (FLight9Nutrient = 10.32, p = 0.0015,

Bonferroni t test; Fig. 1c). With higher nutrient availabil-

ity, 3-year-old Pinus saplings maintained a higher height

under shade conditions than under full light (two-way RM

ANOVA, F = 10.70; p \ 0.0001, Bonferroni t test). In

contrast, Quercus sapling height remained unaffected by

fertilizer uptake (p = 0.32; Fig. 1d).

Differential effects of fertility on light-dependent

biomass partitioning

Overall, plant response to shade varied strongly between

nutrient availability, species, and trait involved (Fig. 2).

The two species showed the same light-driven plastic

response in terms of S/L and LMF, with no significant

effect of light regime on S/L or LMF in Low nutrient and a

similar shade-induced increase of LMF in High nutrient

(PI = ? 0.22 and ?0.21 for Pinus and Quercus, respec-

tively; Table 1). In contrast, the two species showed a

reversal of light-driven plastic response in R/S, RMF,

SMF. In Quercus saplings, most traits showed a light-dri-

ven plasticity in Low nutrient, while in Pinus saplings the

same traits showed a light-driven plasticity in High nutri-

ent. Moreover, Quercus saplings showed a shade-induced

increase in R/S and RMF (PI = ? 0.43 and ?0.24,

respectively) and a shade-induced decrease in SMF

(PI = -0.26) when limited by N availability (Low nutri-

ent), while Pinus saplings showed the reverse pattern in the

same traits (PI = -0.58, -0.47 and ?0.16, respectively).

Size dependence of the shade-induced plasticity

It appeared only a size dependence of R/S ratio in Quercus

(Table 2). In Quercus saplings, there was a significant

negative relationship between height and R/S ratio for the

(a) (b)

(c) (d)

Fig. 1 Effect of shade on height of Pinus halepensis and Quercus
pubescens saplings under a shade cloth at February 2007, May 2007,

March 2008, and July 2008 (Low Light, filled symbols) compared to

saplings under full-light conditions (High Light, empty symbols). For

height analyses, we distinguished plants under low nutrient avail-

ability (Low nutrient, circle plots) (n = 10) (a, b) from plants under

high nutrient availability (High nutrient, triangle plots) (n = 20) (c,

d). Bars indicate standard deviations (SD). At each date, difference in

means between shade and full light are significant, unless marked n.s.

Arrows indicate significant shade avoidance responses (higher height

under Low Light than under High Light) for a given date (two-way

RM ANOVA, p \ 0.05, Bonferroni post hoc)



entire data set (simple regression, F1 = 7.25, R2 = 0.13,

p \ 0.01, Fig. 3a) and low nutrient treatments (ANCOVA,

F1 = 7.37, R2 = 0.60, p \ 0.01, Fig. 3b) but not for high

nutrient plants (Fig. 3c). The slopes for regression using

ANCOVA differed significantly between high-light and

low-light plants (F1 = 6.21, p = 0.016), with the low-

light plants having a steeper slope; slopes did not

significantly differ between high- and low-nutrient plants

(F1 = 0.11, p = 0.745). Further, within low nutrient

plants, there was significant difference in slopes between

low- and high-light plants (F1 = 5.32, p = 0.035

(Fig. 3b), while within high nutrient plants, slopes differ

not significantly between low- and high-light plants

(F1 = 1.95, p = 0.174) (Fig. 3c).

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Fig. 2 Biomass stem/leaf ratio

(S/L) (a) and (b); biomass root/

shoot ratio (R/S) (c) and (d);

root mass fraction (RMF)

(e) and (f); stem mass fraction

(SMF) (g) and (h); leaf mass

fraction (LMF) (i) and (j), in

Pinus halepensis and Quercus
pubescens under light (High
Light, Low Light) and fertility

(High nutrient, Low nutrient)

treatments. Bars represent

means and SDs of individual

saplings. The variation in

sample size resulted from the

small number of samples for

biomass harvesting and

chemical analysis



Table 1 Effects of nutrient availability on light-driven phenotypic

plasticity index [PI = (max - min)/max)] in five traits (stem/leaf

ratio (S/L), root/shoot ratio (R/S), leaf mass fraction (LMF), root mass

fraction (RMF) and stem mass fraction (SMF) of Pinus halepensis
(Pinus), and Quercus pubescens (Quercus)

Trait Pinus plasticity Quercus plasticity PI Differences (fertilizer) PI Differences (species)

PI Fdf p PI Fdf p Pinus Quercus

Plastic responses to shade

S/L HF -0.02 1.7614 0.2079 -0.35 3.5129 0.0716 -0.13 0.39 0.33

LF ?0.11 0.1819 0.6779 ?0.04 0.0916 0.7644 0.07

R/S HF -0.58 59.9114 0.0000 ?0.07 0.1429 0.716 20.43 0.36 20.65

LF -0.15 1.5819 0.2248 ?0.43 10.3716 0.0057 20.58

RMF HF -0.47 68.2514 0.0000 -0.05 0.6829 0.4171 20.38 20.29 20.42

LF -0.09 1.7519 0.2019 ?0.24 10.9216 0.0048 20.33

SMF HF ?0.16 8.0514 0.0140 -0.04 0.7029 0.4097 0.15 20.22 20.2

LF ?0.01 0.0419 0.8456 -0.26 9.0316 0.0089 20.27

LMF HF ?0.22 45.46.14 0.0000 ?0.21 6.0329 0.0205 0.15 20.4 0.01

LF ?0.07 0.6819 0.4218 -0.19 4.1116 0.0607 -0.26

In each species, columns give the light-driven PI of the corresponding trait in High-Nutrient and Low-Nutrient with Fdf and p values of t test

testing for light effect in High and Low nutrient availability. The table also gives the light-driven PI differences between nutrient treatments for

each species (bold values for ANOVA light x nutrient p \ 0.05) and between species under each nutrient treatment (values in bold highlight a

dissymmetric effect of light treatment between species)

(a) (b) (c)

Fig. 3 Relationship between height and R/S ratio in Quercus
pubescens saplings in a all treatments (Simple Regression Model:

p = 0.009, R2 = 0.13, dark squares), b low nutrient treatments only

(ANCOVA model: p = 0.0029, R2 = 0.60, Low Light: filled circles;

High Light: empty circles), c High Nutrient treatments only

(ANCOVA model: p = 0.059, R2 = 0.24, Low Light: filled triangles;

High Light: empty triangles)

Table 2 Analysis of covariance for the fixed effects of species and treatment (light x nutrient), and the interactions between them, on stem/leaf

ratio (S/L), root/shoot ratio (R/S), leaf mass fraction (LMF), root mass fraction (RMF), and stem mass fraction (SMF)

Source of variation ddf S/L (g.g-1) R/S (g.g-1) LMF (g.g-1) RMF (g.g-1) SMF (g.g-1)

MS p MS p MS p MS p MS p

Initial stem length 1 0.00 0.943 0.23 0.161 0.00 0.9628 0.01 0.2744 0.01 0.157

Final stem length 1 0.02 0.735 0.65 0.020 0.00 0.3904 0.02 0.0646 0.01 0.114

Species (S) 1 10.86 <0.001 14.97 <0.001 0.71 <0.001 1.33 <0.001 0.10 <0.001

Treatment (T) 3 1.23 0.001 0.57 0.003 0.02 <0.001 0.06 <0.001 0.03 <0.001

S x T 3 0.25 0.215 0.23 0.129 0.01 0.0713 0.02 0.0095 0.01 0.094

Residual 75 0.16 0.12 0.00 0.00 0.00

Initial and final stem lengths (cm) were used as covariates. S/L was Box-Cox transformed prior to analysis

df degrees of freedom, MS mean squares (variance)

Significant differences (p \ 0.05) are highlighted in bold



Discussion

Ontogenic variations of the shade avoidant response

As expected for the less shade-tolerant species, we found

that 2-year-old Pinus saplings exhibited higher light-driven

height plasticity than Quercus counterparts that demon-

strate stronger shade avoidance features that maximize

light interception (King 1990; Henry and Aarssen 2001). In

low nutrient conditions (mimicking the fertility conditions

commonly found in natural Mediterranean ecosystems), we

also found that Pinus saplings grew higher under a low

light than a high light regime at 2 years of age but not at

3 years of age. This reveals that the shade avoidance

response was timely dependent since it was no longer

found in 3-year-old saplings. Changes in the height

response to shading during development are likely to

reflect adaptive responses to the plant environment

responsible for the shade avoidance cues (modifications in

amount and quality of light). Our shading treatment sim-

ulated understory light conditions beneath an adult Pinus

canopy. A time-decreased shade avoidance response, in the

conditions where saplings were unable to reach the canopy,

could increase fitness by diminishing the costs of carbon

allocation to stem growth (Causin and Wulff 2003; Weinig

2000). However, it is equally possible that higher resource

availability could prolong the shade avoidance response by

decreasing the costs of the plastic response. Our findings

thus showed that high nutrient seems to change the

developmental trajectory of the shade avoidance trait

(height enhancement), which persisted longer in Pinus

(continuing in 3-year-old saplings) under higher nutrient

availability. These results confirm our second hypothesis,

and such process may have implications in highly fertile

forest stands where Pinus and Quercus seedlings coexist,

endurably favoring the shade escape strategy of Pinus,

which can reliably overtop neighbors in the expectation of

canopy gap formation.

Nutrient availability differentially influenced the light-

driven plasticity of the two species

In both species, nutrient availability influenced the whole-

plant plasticity in response to shade in terms of aerial

support investment (SMF), light-harvesting abilities

(LMF), and belowground carbon allocation (RMF, R/S),

but not the ratio between investments in aerial support and

light harvesting (S/L). Variation in the S/L ratio has been

described as a main process of the shade avoidance

response (Morgan and Smith 1979), as the increment in

stem growth comes with a reduction in biomass allocation

to leaf tissue. It was thus surprising not to find any influ-

ence of nutrient availability on the shade-induced

variations of this trait in Pinus, which was the more shade

avoidance species in this study. Focusing on SMF and

LMF, one explanation for the relatively similar shade-

induced increase (under high nutrient conditions, PI = 16

and 22, in SMF and LMF, respectively) could be that long-

lived woody species need to make durable investment in

structural plant tissue, consequently providing them greater

light availability once they have overtopped competing

vegetation (Niinemets 2010) (Table 2).

Overall, the two species showed reverse response pat-

terns to nutrient availability. Quercus benefit from higher

nutrient availability by lowering the light-driven plastic

response in aerial support investment and belowground

carbon allocation, whereas Pinus benefited from higher

nutrient availability by increasing the light-driven plastic

response (except for LMF). Under the lower nutrient

availability treatment, Quercus actually allocated propor-

tionally less biomass to aerial parts and more to below-

ground parts in the shaded environment (LL) than under

the less stressful high-light environment (HL). This allo-

cational pattern is representative of the conservative strat-

egy routinely described in shade-tolerant species. Resource

allocation is directed away from growth abilities and

toward efficient light-harvesting processes, storage organs,

or chemical and structural defences that protect against

mortality from starvation, drought, or predation—all of

which are characteristics that maximize survival in the

understory (Delagrange et al. 2004; Henry and Aarssen

2001; Moriuchi and Winn 2005; Portsmuth and Niinemets

2007). There is a different pattern under higher nutrient

availability, where Quercus diminished its shade-induced

plasticity, thus avoiding the costs associated with plastic

responses to shade in non-limited soil resource environ-

ments (Auld et al. 2010; DeWitt et al. 1998). These two

different behaviors of Quercus saplings to shade between

high and low nutrients are illustrated by the relationship

between size and R/S ratio. The decrease of R/S ratio with

size (height) did not differ between high- and low-light

plants in high-nutrient treatment. In contrast, in low

nutrients and low-light plants, the trade-off between aerian

and belowground allocation was illustrated by a strong

decrease of R/S ratio with size compared to high-light

plants.

Hence, while Quercus diminish intensity of light-driven

plasticity in high nutrient, Pinus strenghten its shade

acclimation strategy by increasing shade avoidance and

aerial development. This nutrient-dependence of the shade

avoidance syndrome has already been showed in Pinus

halepensis saplings (Monnier et al. 2011), consistently with

the fact that the light-driven plasticity of crown and

architectural traits is dependent on nutrient availability

(Burton and Bazzaz 1995; Lortie and Aarssen 1996;

Portsmuth and Niinemets 2007). Regarding these both



species, the contrasted response patterns in light-driven

plasticity to the nutrient availability seem related to the

shade acclimation strategy of each species (tolerance vs

avoidance). The shade-intolerant species (Pinus) enhanced

shade avoidance when it was not limited by nutrient

availability, whereas the more shade-tolerant species

(Quercus) adopts a conservative strategy by limiting phe-

notypic plasticity-induced costs.

Conclusion

Shade-induced plasticity was previously reported to be

lower in shade-tolerant than shade-intolerant Mediterranean

species (Sanchez-Gomez et al. 2006a), but we have shown

here that the magnitude of this shade responsiveness was

nutrient-dependent. Gap formation in the canopy is a ran-

dom event, and maintaining a stronger shade avoidance

strategy in non-soil resource-limited conditions may confer

adaptive advantages in the evens of rapid changes in light

environment. However, we showed that this strategy was

limited by ontogeny and resource availability. Q. pubescens

demonstrated a more conservative and less costly shade

responsiveness by allocating more resources to below-

ground parts under limited nutrient availability and by

decreasing phenotypic plasticity-associated costs under

non-limited nutrient availability. This strategy may provide

it a long-term advantage in forest regeneration dynamic, as

the shade avoidance of P. halepensis may be proved to be too

costly to ensure a suitable development in dense understory.

However, the full expression of plasticity strongly depends

on the co-occurrence of multiple stresses, and further

investigations are needed in order to improve our under-

standing of the linkages between light-driven phenotypic

plasticity and environmental stresses such as drought (San-

chez-Gomez et al. 2006b), herbivory (Valladares et al.

2007), or plant–plant interactions (Callaway et al. 2003).
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disturbances of forest ecosystems caused by human activities in

the western part of the Mediterranean basin. Vegetatio 87:151–173

Bradshaw AD (1965) Evolutionary significance of phenotypic

plasticity in plants. Adv Genet 13:115–155

Burton PJ, Bazzaz FA (1995) Ecophysiological responses of tree

seedlings invading different patches of old-field vegetation.

J Ecol 83:99–112

Callaway RM, Pennings SC, Richards CL (2003) Phenotypic

plasticity and interactions among plants. Ecology 84:1115–1128

Causin HF, Wulff RD (2003) Changes in the responses to light quality

during ontogeny in Chenopodium album. Can J Bot 81:152

Delagrange S, Messier C, Lechowicz MJ, Dizengremel P (2004)

Physiological, morphological, and allocational plasticity in

understory deciduous trees: importance of individual size and

light availability. Tree Physiol 24:775–784

DeWitt TJ, Sih A, Wilson DS (1998) Costs and limits of phenotypic

plasticity. Trends Ecol Evol 13:77–81

Franklin KA (2008) Shade avoidance. New Phytol 179:930–944

Gasque M, Garcı́a-Fayos P (2004) Interaction between Stipa
tenacissima and Pinus halepensis: consequences for reforesta-

tion and the dynamics of grass steppes in semi-arid Mediterra-

nean areas. For Ecol Manag 189:251–261

Gedroc JJ, McConnaughay KDM, Coleman JS (1996) Plasticity in

root/shoot partitioning: optimal, ontogenetic, or both? Funct

Ecol 10:44–50

Grassi G, Minotta G (2000) Influence of nutrient supply on shade–sun

acclimation of Picea abies seedlings: effects on foliar morphol-

ogy, photosynthetic performance and growth. Tree Physiol

20:645–652

Greenwood MS, Day ME, Berlyn GP (2009) Regulation of foliar

plasticity in conifers: developmental and environmental factors.

J Sustain For 28:48–62

Grime JP (1979) Plant strategies and vegetation processes. Wiley,

Chichester

Henry HAL, Aarssen LW (1997) On the relationship between shade

tolerance and shade avoidance strategies in woodland plants.

Oikos 80:575–582

Henry HAL, Aarssen LW (2001) Inter- and intraspecific relationships

between shade tolerance and shade avoidance in temperate trees.

Oikos 93:477–487

King DA (1990) The adaptive significance of tree height. Am Nat

135:809–828

Lortie CJ, Aarssen LW (1996) The specialization hypothesis for

phenotypic plasticity in plants. Int J Plant Sci 157:484–487

Lusk CH, Warton DI (2007) Global meta-analysis shows that

relationships of leaf mass per area with species shade

tolerance depend on leaf habit and ontogeny. New Phytol 176:

764–774

Messier C, Nikinmaa E (2000) Effects of light availability and sapling

size on the growth, biomass allocation, and crown morphology

of understory sugar maple, yellow birch, and beech. Ecoscience

7:345–356

Monnier Y, Vila B, Montès N, Bousquet-Mélou A, Prévosto B,

Fernandez C (2011) Fertilization and allelopathy modify Pinus
halepensis saplings crown acclimation to shade. Trees Struct

Funct 25:497–507

Morgan DC, Smith H (1979) A systematic relationship between

phytochrome-controlled development and species habitat, for

plants grown in simulated natural radiation. Planta 145:253–258

Moriuchi KS, Winn AA (2005) Relationships among growth,

development and plastic response to environment quality in a

perennial plant. New Phytol 166:149–158
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