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Does greater specific-leaf-area plasticity help plants to maintain a high performance when shaded?

Thank you for agreeing to review this paper for Annals of Botany.

We are aiming to be among the very top plant science journals, which currently means an Impact Factor greater than 4.5. We receive
over 1000 submissions every year and we only have room to publish a limited number of these.

 

We therefore need to be very selective in deciding which papers we can publish, so in making your assessment please
consider the following points.

 

We want to publish papers where our reviewers are enthusiastic about the science: is this a paper that you would
keep for reference, or pass on to your colleagues?
If the answer is “no” then please enter a low priority score when you submit your report.

We want to publish papers with novel and original content that move the subject forward, not ones that report
incremental advances or findings that are already well known in other species.
Please consider this when you enter a score for originality when you submit your report.

Notes on categories of papers

Research papers should demonstrate an important advance in the subject area, and the results should be clearly presented, novel
and supported by appropriate experimental approaches. The Introduction should clearly set the context for the work and the
Discussion should demonstrate the importance of the results within that context. Concise speculation, models and hypotheses are
encouraged, but must be informed by the results and by the authors’ expert knowledge of the subject.

Reviews should place the subject in context, include the most up-to-date references available and add significantly to previous
reviews in the topic. An idea review will move forward research in the topic.

Research in Context should combine a review/overview of a subject area with original research that moves the topic forward; i.e. it
is a hybrid of review/research papers.

Viewpoints should present clear, concise and logical arguments supporting the authors’ opinions, and in doing so help stimulate
discussions within the topic.

Special Issue/Highlight papers should be judged by the same standards as other papers in terms of the strength of the work they
contain. They are allowed a more narrow focus within the topic of the issue in which they will appear. Special Issue papers should still
make the topic of interest to a wide audience.
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ABSTRACT 12 

 13 

Background and Aims It is frequently assumed that phenotypic plasticity can be very 14 

advantageous for plants, because it may increase environmental tolerance (fitness homeostasis). 15 

This should, however, only hold for plastic responses that are adaptive, i.e. increase fitness. 16 

Numerous studies have shown shade-induced increases in specific leaf area (SLA), and there is 17 

wide consensus that this plastic response optimizes light capture and thus has to be adaptive. 18 

However, it has rarely been tested whether this is really the case. 19 

 20 

 21 

Methods In order to identify whether SLA plasticity does contribute to the maintenance of high 22 

biomass of plant species under shaded conditions, we employed a meta-analytical approach. Our 23 

dataset included 280 species and 467 individual studies from 32 publications and two 24 

unpublished experiments. 25 

 26 

Key Results Plants increased their SLA by 55.4% on average when shaded, while they decreased 27 

their biomass by 59.9%. Species with a high SLA under high-light control conditions showed a 28 

significantly greater ability to maintain biomass production under shade overall. However, in 29 

contrast to our expectation of a positive relationship between SLA plasticity and maintenance of 30 

plant biomass, our results indicated that species with greater SLA plasticity were less able to 31 

maintain biomass under shade. 32 

 33 
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Conclusions Although a high SLA per se contributes to biomass homeostasis, there was no 34 

evidence that plasticity in SLA contributes to this. Therefore, we argue that some of the plastic 35 

changes that are frequently thought to be adaptive might simply reflect passive responses to the 36 

environment, or result as by-products of adaptive plastic responses in other traits. 37 

 38 

Keywords: Adaptive, Functional traits, Phenotypic plasticity, Leaf mass area, LMA, Low light 39 

environment, Shade tolerance40 
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 41 

INTRODUCTION 42 

 43 

Phenotypic plasticity is the ability of an organism to express different phenotypes in different 44 

environments, and is ubiquitous among organisms (Bradshaw, 1965; Bradshaw, 1973; Schmid, 45 

1992; West-Eberhard, 2003). Plants exhibit plasticity in numerous ecologically important traits 46 

related to plant function, development and life history (Sultan, 2000; Valladares et al., 2007; 47 

Gratani, 2014). It is frequently assumed that phenotypic plasticity can be very advantageous for 48 

plants (Baker, 1974; Richards et al., 2006), because it is thought to increase environmental 49 

tolerance (i.e. fitness homeostasis; Valladares et al., 2014). This should, however, only hold for 50 

plastic responses that are adaptive, i.e. increase fitness (van Kleunen and Fischer, 2005; Muth 51 

and Pigliucci, 2007; van Kleunen et al., 2011). Although many studies demonstrated that certain 52 

plastic responses of plants to contrasting environments are adaptive (Poorter and Lambers, 1986; 53 

Valladares and Pearcy, 1998; Donohue et al., 2001), this is not always the case, as some plastic 54 

responses might also be neutral (i.e. do not affect fitness) or even maladaptive (i.e. decrease 55 

fitness; van Kleunen and Fischer, 2005; Sánchez-Gómez et al., 2006; Ghalambor et al., 2007). 56 

Therefore, it is important to explicitly assess whether the plasticity of a trait is adaptive or not by 57 

investigating its contribution to performance of plants in multiple environments.  58 

 59 

Light, one of the crucial factors for the growth and development of plants, is a highly 60 

heterogeneous environmental resource in nature, and almost all plants are exposed to a certain 61 

degree of shading during their lifetime (Valladares and Niinemets, 2008). At low light intensity, 62 

photosynthesis, and consequently plant growth, is reduced. Plants respond to changing light 63 
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conditions by adjusting a suite of morphological and physiological traits, such as specific leaf 64 

area (SLA), internode and petiole lengths, leaf size, leaf thickness, leaf mass and chlorophyll 65 

content (Rozendaal et al., 2006; Valladares and Niinemets, 2008; Legner et al., 2014). While it is 66 

frequently implicitly assumed that these morphological and physiological changes are active 67 

plastic response to alleviate the plant of environmental stress, they could also reflect passive 68 

plastic responses to reduced resource availability (van Kleunen and Fischer, 2005). 69 

 70 

SLA, the ratio of leaf area to leaf dry mass, is a key functional trait of plants underlying variation 71 

in growth rate among species (Pérez-Harguindeguy et al., 2013). SLA is also a major trait in the 72 

worldwide leaf economics spectrum, which reflects the range of fast to slow returns on nutrient 73 

and dry mass investment in leaves among species (Wright et al., 2004; Flores et al., 2014). 74 

Plants usually develop a higher SLA when grown under low light conditions (Reich et al., 2003; 75 

Rozendaal et al., 2006; Feng and van Kleunen, 2014). This response could help plants to 76 

increase the efficiency of light capture and maximize carbon gain in such environments (Evans 77 

and Poorter, 2001; Gommers et al., 2013), because SLA tends to scale positively with mass-78 

based light-saturated photosynthetic rate (Pérez-Harguindeguy et al., 2013). Therefore, it is 79 

generally assumed that the plastic response of SLA enables plants to maintain a high 80 

performance under shading, and has to constitute adaptive plasticity (Valladares and Niinemets, 81 

2008; van Kleunen et al., 2011; Feng and van Kleunen, 2014). However, few studies have tested 82 

explicitly whether plastic responses to shading in SLA are really adaptive (but see Steinger et al., 83 

2003; Avramov et al., 2006; Sánchez-Gómez et al., 2006; McIntyre and Strauss, 2014 for 84 

notable exceptions), and thus result in high performance of plants across different light 85 

intensities.  86 
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 87 

Here, we employed a meta-analytical approach to test whether plasticity of SLA in response to 88 

shading is adaptive, i.e. whether it enables plants to maintain their fitness under shade conditions. 89 

Fitness is ideally measured in terms of reproductive output; however few studies have quantified 90 

this. Biomass is an alternative measure of plant performance, as it is the direct product of growth 91 

(e.g. Dawson et al., 2012), and thus the change in biomass between high- and low-light 92 

conditions offers a good proxy for a species’ ability to tolerate shade. We compiled a database of 93 

467 studies from 32 publications and two unpublished experiments that measured the responses 94 

of biomass and SLA of 280 plant species to shading to test whether greater plastic changes in 95 

SLA in response to shading actually help the plants to better maintain performance under shade 96 

(i.e. whether plasticity in SLA is positively related to maintenance of plant biomass). 97 

 98 

MATERIALS AND METHODS 99 

 100 

Study and data collection 101 

 102 

As a basis for the meta-analysis, we used a data set from a previous meta-analysis by Dawson et 103 

al. (2012), which was on the relation between resource use and global naturalization success of 104 

plants. This data set included 15 studies on this topic published between 1990 and 2009. To 105 

obtain more recent studies (i.e. covering 2010 to 2014) on SLA and performance responses of 106 

plants to shading, we conducted a literature search in Web of Science 107 

(http://apps.webofknowledge.com/) using the following search string ‘shad*’ OR ‘light*’ OR 108 

‘R:FR’ OR ‘PAR’ AND ‘SLA’ OR ‘LMA’ OR ‘SLM’. In order to ensure that we did not miss 109 



7 

 

any important studies, we also did a similar search in Google Scholar using the same keywords. 110 

Our searches resulted in 1055 new records. We then individually assessed each publication, and 111 

retained them if the study reported data on both plant biomass and SLA responses to shading. In 112 

total, we identified 33 publications that met our criteria (See Supplementary Materials and 113 

Methods S1 for all publications used), covering 113 species and 280 individual studies. We also 114 

added unpublished data from two of our own experiments (Prati, unpublished data; Haeuser, 115 

Dawson and van Kleunen, unpublished data) to the dataset, yielding data on an additional 167 116 

species and 187 individual studies.  117 

 118 

We extracted mean values, sample sizes and measures of variance (i.e. standard deviations, 119 

standard errors or 95%-confidence intervals) for plant biomass and SLA measures under a high-120 

light control treatment and a shade treatment. We used the high-light treatment as the control 121 

treatment because we assumed it to be in the range of light intensities under which 122 

photosynthesis is light saturated. We did not consider studies that were done in growth chambers 123 

with artificial lighting, because high-light conditions in growth chambers are much lower than in 124 

glasshouse and garden environments, and below the light intensity under which photosynthesis is 125 

light saturated. When more than one shading level was used for a single species, they were all 126 

included in our analyses (and compared to the same high-light control), but we accounted for 127 

multiple measurements per species in the analysis (see below). We extracted the data directly 128 

from the text or tables, or, when presented in figures, we extracted the data using the software 129 

Image J 1.47v (Rasband, 2013). We also extracted data on light intensity of the high-light control 130 

and shade treatments, and calculated the relative light intensity of the shade treatment compared 131 

to the control high-light treatment. Because light intensity in glasshouses is typically lower than 132 
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outdoors, we also extracted information on whether a study was conducted in a garden 133 

experiment or a glasshouse.  134 

 135 

Effect size and variance 136 

 137 

To examine the effects of shade treatment on SLA and plant biomass, we calculated the log-138 

response ratio (lnR) as an effect size of response variables for each individual study following 139 

Hedges et al. (1999) as: 140 

 141 

Here,  and  are the mean values of each individual SLA or biomass observation in the shade 142 

(S) and control (C) treatments, respectively. LnR values <0 indicate a decrease in SLA or 143 

biomass when shaded, and values >0 indicate an increase in SLA or biomass. The variance of ln 144 

R was, following Hedges et al. (1999), calculated as  145 

 146 

Here, , , , , , and  are sample sizes, standard deviations and mean values for 147 

SLA or biomass in the shade (S) and control (C) treatments, respectively. As average biomass, 148 

and consequently also absolute changes in biomass in response to shading, might vary 149 

enormously among species (e.g. an annual herb has a much lower biomass than a tree), we chose 150 

the log-response ratio as an effect size as it quantifies the proportional change instead of the 151 

absolute change in biomass (Hedges et al., 1999). 152 

 153 

Data analysis 154 



9 

 

 155 

All meta-analytical calculations and statistical analyses were performed in R 3.1.3 (R Core Team, 156 

2015) using the package Metafor v1.9-5 (Viechtbauer, 2010). To test whether plastic changes in 157 

SLA in response to shading actually help the plant to better maintain performance (i.e. biomass) 158 

under shade, we selected a multivariate meta-analytic model using the rma.mv function. In the 159 

model, we included the effect sizes (LnR) of biomass and their corresponding sampling variances 160 

as the response variable. As the main explanatory variable of interest, we included plasticity of 161 

SLA in response to shading (i.e. SLAshade – SLAcontrol) in the model. Because the change in 162 

biomass may also depend on the SLA under high-light control conditions (SLAcontrol), we also 163 

included this baseline SLA as an explanatory variable in the model. Effectively, by including 164 

both SLAcontrol and (SLAshade – SLAcontrol), we included both standard parameters (the intercept 165 

and slope) of a species linear SLA reaction norm to shading. We chose SLA under high-light 166 

conditions as the baseline (intercept) instead of SLAshade, because the high-light conditions were 167 

likely to be more similar among studies than the low-light conditions. Moreover, while SLAshade 168 

was strongly correlated with (SLAshade – SLAcontrol) (Pearson r = 0.812, p < 0.001, n = 467), 169 

resulting in multi-collinearity problems when including both variables in a single analysis, this 170 

was not the case for SLAcontrol and (SLAshade – SLAcontrol) (Pearson r = 0.084, p = 0.069, n = 467), 171 

despite a strong correlation between SLAshade and SLAcontrol (Pearson r = 0.650, p < 0.001, n = 172 

467). As species varied in life form and studies varied in the degree of shading imposed, and in 173 

whether the study was done outdoors or in a glasshouse, we also included life form (woody vs 174 

non-woody), relative light intensity (proportion of light in shade treatment compared to high-175 

light control treatment), and experiment type (garden vs glasshouse) as explanatory variables. 176 

The continuous explanatory variables (SLAshade – SLAcontrol, SLAcontrol, and relative light 177 
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intensity) were all standardized by subtracting the mean and dividing by the standard deviation 178 

for the entire dataset, to facilitate interpretation and comparisons of the estimated model 179 

parameters (Schielzeth, 2010). 180 

 181 

As effect sizes on the same species and from the same study are not independent, we included 182 

species and study as random factors. Moreover, as recent studies have shown that the addition of 183 

phylogenetic information could have a significant impact on the effect-size estimates from meta-184 

analysis models (Chamberlain et al., 2012), we also included phylogenetic information as a 185 

variance-covariance matrix in the model. We first constructed a base phylogenetic tree of all the 186 

species in our dataset using the online program Phylomatic (Webb and Donoghue, 2005). 187 

Polytomies within this base tree were then solved as far as possible using published molecular 188 

phylogenies (see Supplementary Materials and Methods S2 for all publications used). The 189 

phylogenetic tree was transformed to an ultrametric tree using the compute.brlen function in the 190 

package ape v 3.2 (Paradis et al., 2004). Finally, a variance-covariance matrix was calculated 191 

from the ultrametric tree, representing phylogenetic relatedness among species, using the vcv 192 

function in the package ape v 3.2.  193 

 194 

The estimates of effect size of biomass may be affected by whether or not the same genetic plant 195 

material is used in both the high-light and shading treatments (Gianoli and Valladares, 2012) and 196 

by whether neutral shade (reduced light quantity alone) or canopy shade (reduced light quantity 197 

with altered spectral quality) is used (Griffith and Sultan, 2005). However, as in our dataset only 198 

six studies used the same genetic material in the different treatments and only three studies used 199 

canopy shade in high-light and shade treatments, we did not include these two factors in the main 200 
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meta-analytical model described above. Instead, we did separate analyses to test whether 201 

material used in each study (replicated genotype or non-replicated genotype) or shade type 202 

(neutral shade or canopy shade) had a significant influence on the estimates of the effect sizes of 203 

biomass and SLA in response to shading, using the rma.mv function. We included species and 204 

study in the model as random factors, and phylogeny as a variance-covariance matrix. We also 205 

did separate analyses to test whether experiment type (garden or greenhouse) or plant lifeform 206 

(woody or non-woody) had a significant influence on estimates of effect size of biomass and 207 

SLA in response to shading. 208 

 209 

Using the models described above, we calculated a weighted mean effect size for each moderator. 210 

We calculated 95% confidence intervals (CI) with 1000 bootstrap replications, using the boot.ci 211 

function in the package boot v1.3-15 (Canty and Ripley, 2015). We considered the mean effect 212 

size estimate to be significantly different from zero if the 95% CI around the mean did not 213 

include zero. In order to visualize the relationship between the plasticity of SLA and the changes 214 

in plant biomass in response to shading, we plotted all biomass effect sizes against SLA-215 

plasticity values, and added the regression line based on the predicted values from the main 216 

meta-analytical model described above. Total heterogeneity (QT) in the models used for separate 217 

analyses can be partitioned into heterogeneity explained by the model structure (QM) and 218 

unexplained heterogeneity (QE). We used the QM test to determine the significance of the 219 

difference in the mean effect size between different levels in the following moderator variables: 220 

plant material type (replicated genotype or non-replicated genotype), shade type (neutral shade 221 

or canopy shade), experiment type (garden or greenhouse) and plant life form (woody or non-222 

woodly). Because residual plots revealed a deviation from the assumption of normality, we used 223 
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randomization tests to obtain a robust significance level of differences between groups (QM). By 224 

performing 1000 iterations for each model, a frequency distribution of possible QM values was 225 

generated. We then compared the randomly generated values to the observed QM value of each 226 

model, and calculated the proportion of randomly generated QM values more extreme (equal to or 227 

larger) than the observed QM values. We used this proportion as the significance level (i.e. p-228 

value) for differences between groups.  229 

 230 

RESULTS 231 

 232 

On average, SLA of plants increased by 55.4% when shaded, while biomass decreased by 59.9% 233 

(Fig. 1). The responses of SLA and biomass to shading were not significantly affected by shade 234 

types (neutral or canopy), plant-material type (replicated genotype or non-replicated genotype), 235 

experiment type (garden or greenhouse), or life form (woody or non-woody) (Fig. 1, Table S1). 236 

The level of light in the shade treatment, relative to the high-light control treatment (mean: 237 

41.5%, range: 1-85.3%) had no significant effect on the reduction in biomass (Fig. 2). Species 238 

with a greater SLA under control conditions (i.e. high light) showed a significantly smaller 239 

decrease in biomass under shade versus control conditions overall (Fig. 2 and 3). However, we 240 

found a negative relationship between SLAshade – SLAcontrol and LnR of biomass (Fig. 2 and 3). In 241 

other words, the decrease in biomass under shading was significantly greater for plant species 242 

that showed a greater plastic increase in SLA. The variance component associated with 243 

phylogenetic history was low (0.0446), indicating that the effect sizes used in the analysis were 244 

not strongly phylogenetically related. 245 

 246 
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DISCUSSION 247 

 248 

SLA is considered to be an important functional trait that may affect light interception and leaf 249 

longevity (Wright et al., 2004), and is highly plastic in response to shading (Valladares and 250 

Niinemets, 2008). Although it is known that not all phenotypic plasticity increases performance 251 

(van Kleunen and Fischer, 2005), it is still frequently implied that plasticity in SLA should help 252 

plants maintain high performance under varying light conditions (van Kleunen et al., 2011; 253 

Gratani, 2014). Surprisingly, however, we found that greater plasticity of SLA of a species in 254 

response to shading was not associated with the maintenance of plant performance, but rather 255 

with greater reductions in plant biomass. Therefore, the results of our meta-analysis indicate that 256 

SLA plasticity to shading might not constitute adaptive plasticity. 257 

 258 

Confirming the results of numerous previous studies on plant responses to shading (Reich et al., 259 

2003; Rozendaal et al., 2006; Gianoli and Saldana, 2013; Feng and van Kleunen, 2014), our 260 

meta-analysis showed that most plants produced leaves with a higher SLA when shaded. This 261 

plastic response of SLA results in thinner, and relatively larger, leaves, and consequently should 262 

enhance light capture per gram of leaf tissue and thus mass-based photosynthesis. Therefore, it is 263 

frequently assumed that SLA plasticity represents adaptive shade-tolerance plasticity, 264 

maximizing plant performance in the shade (Valladares and Niinemets, 2008; van Kleunen et al., 265 

2011; Freschet et al., 2015). However, in contrast to support for this general assumption, we 266 

found a negative relationship between plant biomass responses to shading and SLA plasticity. In 267 

other words, our findings indicate that species that increased their SLA to a larger degree in 268 
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response to shading were not more but less shade tolerant, compared to species that hardly 269 

changed their SLA. 270 

 271 

Few other studies have tested explicitly whether shade-induced responses in SLA are adaptive. 272 

Avramov et al. (2006) tested the adaptive value of plasticity in SLA of plants from two 273 

populations of Iris pumila grown at three light levels, and found evidence that the plastic 274 

response in SLA to light availability was in the direction of values favored by selection in one of 275 

the two populations (i.e. adaptive). Moreover, McIntyre and Strauss, (2014) investigated patterns 276 

of plasticity and selection on SLA of Claytonia perfoliata plants grown in an oak canopy 277 

understory and an adjacent grassland habitat, and found that Claytonia perfoliata exhibited 278 

plastic responses in SLA in the same direction as promoted by selection (i.e. selection for a 279 

higher SLA in a canopy habitat), suggesting that the plastic reponse in SLA is adaptive. These 280 

two results thus contrast with the findings of our meta-analysis. One possible explanation for the 281 

discrepancy might be that these other studies tested for the benefit of plasticity within species, 282 

while we tested for the benefit of plasticity among species. Therefore, we clearly need more 283 

studies that assess the fitness effects of SLA plasticity in response to shading within species to 284 

see whether this plasticity is generally beneficial within species. 285 

 286 

Our findings do not just suggest that a strong plastic increase in SLA of a species in response to 287 

shading is non-adaptive, but even suggest that it is maladaptive. One possible explanation could 288 

be that SLA plasticity is genetically and developmentally linked to plasticity in shade-avoidance 289 

traits, such as petiole and internode elongation. In contrast to a shade-tolerance trait, a shade-290 

avoidance trait should help the plants to escape from the shade conditions by overtopping the 291 
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neighboring plants that impose the shade or by finding gaps in the vegetation. However, as most 292 

experiments on shade responses use artificial shading treatments from which the plants cannot 293 

escape, elongation responses are futile and might even be costly (Valladares et al., 2007; 294 

Valladares and Niinemets, 2008). Another explanation for the negative association between SLA 295 

plasticity and biomass homeostasis could be that most studies measure SLA at the end of the 296 

experiment. If SLA determines light interception per gram leaf, then plants that are able to 297 

plastically adjust SLA early should be able to maintain a high biomass production. However, 298 

SLA as measured at the end of an experiment might not be driving the performance of plants but 299 

might result from it. In other words, a plant that is not very shade tolerant, and thus shows a 300 

strong decrease in biomass in response to shading, will not have the resources (e.g. photo-301 

assimilates) to produce thick leaves with a low SLA. A low SLA might be beneficial, also under 302 

shaded conditions, if it results in a greater proportion of incident photon capture per unit leaf area. 303 

Alternatively, it could be that plants do not actively increase their SLA in response to low light 304 

but instead passively decrease their SLA in response to high light due to accumulation of non-305 

structural carbohydrates (thus increasing dry mass per leaf area) when the carbohydrate 306 

production exceeds the demand in meristems. Whatever the exact reason is for the negative 307 

association between SLA plasticity and biomass homeostasis, we recommend that future studies 308 

on this topic should measure SLA not only at the end of an experiment but also early on, and that 309 

they should impose more realistic shade treatments that allow shade-avoidance responses to be 310 

effective.  311 

 312 

While our results indicate that SLA plasticity in response to shading is not adaptive, one could 313 

argue that our results indicate that SLA plasticity is adaptive in response to an increase in light 314 
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intensity. In other words, if one uses the shade environment as the reference instead of the high-315 

light environment, the plant species that have a stronger plastic decrease in SLA in response to 316 

high light are better able to take advantage of the high light intensity in terms of biomass 317 

production (Fig. S1a). To gain more insight into the underlying cause of the relationship between 318 

biomass change and SLA plasticity, we also did a regression of biomass in high- and low-light 319 

environments separately against SLA plasticity (Fig. S1b). Plant biomass in high-light 320 

environments varied little in relation to SLA plasticity (Fig. S1b), but biomass under low-light 321 

environments decreased with increasing SLA plasticity (Fig. S1b). This indicates that species 322 

with greater SLA plasticity do not have an advantage under high-light conditions, but are 323 

disadvantaged under shade compared to less plastic species. In other words, the reduced ability 324 

of plants to produce biomass due to a lack of light in shaded environments is not compensated by 325 

increasing SLA to a greater degree, but is rather exacerbated by it. 326 

 327 

Although SLA plasticity did not help plants to maintain a high performance when shaded, our 328 

results showed that species with greater SLA under high-light control conditions have a 329 

significantly smaller decrease in biomass when shaded. So, while plasticity in SLA did not 330 

increase biomass homeostasis high SLA values did. Generally, shade intolerant species have a 331 

higher light compensation points and light-saturated photosynthetic rates (Givnish, 1988; 332 

Kitajima, 1994; Valladares and Niinemets, 2008), thus plants with high SLA values would be 333 

more shade tolerant. This finding supports the carbon-gain hypothesis, which states that any trait 334 

related to light-use-efficiency that improves carbon gain in plants will increase performance 335 

under shade (Givnish, 1988; Valladares and Niinemets, 2008). Our finding is also in line with the 336 

many studies that found that species with a greater SLA are more shade tolerant (e.g. Sánchez-337 
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Gómez et al., 2006; Janse-Ten Klooster et al., 2007; Gianoli and Saldana, 2013). Although the 338 

relationship between the biomass response and SLAcontrol in our meta-analysis was shallow, it 339 

raises the question why not all species have evolved greater SLA. Most likely, this is because 340 

some species do not encounter much shading in nature and other selective forces, such as 341 

herbivory and drought stress, and environments favoring leaf-longevity (Fig. S2), have resulted 342 

in the evolution of species with low SLA. Additionally, while plants with lower SLA are less 343 

efficient in terms of metabolic cost per unit leaf area, they might capture a greater proportion of 344 

indicent photons. When the increased photon capture more than offsets the increased metabolic 345 

cost of a lower SLA, the lower SLA should be favored. 346 

 347 

As species that naturally occur in shaded habitats are presumably more shade tolerant, it could be 348 

that the positive relationship between the change in biomass and SLA arose because species from 349 

shade habitats have higher SLA values than species from non-shade habitats. As information on 350 

the natural habitats is not available for most of the study species, we could not account for this in 351 

the main analysis. However, for 136 of the 280 study species, we had data on their Ellenberg 352 

light-indicator values (Ellenberg, 1974), which indicate the light conditions in the natural habitat 353 

of the species in Europe. Although this subset of species did not contain species from deep-shade 354 

habitats, we did not find evidence that species with different light-indicator values differed in 355 

SLA under high-light and under shaded conditions (Fig. S3). Therefore, it is unlikely that our 356 

result of a higher biomass homeostasis for species with higher SLA values is confounded by 357 

species from shade habitats having higher SLA values. 358 

 359 
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Surprisingly, our results showed that relative light intensity had no significant effect on the 360 

reduction in biomass (Fig. 2). This runs counter to the results of many experiments, where 361 

biomass typically declines more or less continuously with declining light levels (e.g. Feng and 362 

van Kleunen, 2014; Kumar et al., 2014; Konvalinková et al., 2015). A likely explanation for this 363 

apparent discrepancy is that most species in our meta-analysis were not grown under more than 364 

two experimental light conditions, and that the light conditions varied among studies. Seventy of 365 

the 280 species were grown under more than two light levels, and a post-hoc analysis for this 366 

subset of species showed that within species, biomass declines more or less continuously with 367 

declining light levels (Fig. S4). However, if we run the full meta-analytical model for this subset 368 

of 70 species, the effect of relative light intensity was still not significant and also the other 369 

results remained qualitatively the same(Fig. S5). So, while within each species relative light 370 

intensity is important for the change in biomass, among species it plays no significant role. 371 

 372 

Conslusions 373 

In summary, our meta-analysis suggests that plasticity in the ability of plants to capture more 374 

light per gram of leaf mass invested under low-light conditions by increasing SLA does not 375 

contribute to shade tolerance of plant species in terms of biomass homeostasis, and thus does not 376 

constitute adaptive phenotypic plasticity. This is despite wide consensus that plasticity in SLA 377 

and other traits associated with shade avoidance and tolerance, such as leaf length, leaf area, 378 

shoot-root ratio, chlorophyll content and photosynthesis, can be adaptive (Dudley and Schmitt, 379 

1996; Schmitt et al., 1999; van Kleunen and Fischer, 2005; Valladares and Niinemets, 2008; van 380 

Kleunen et al., 2011). We argue that some of the plastic responses of plant species to shade that 381 

are frequently thought to be adaptive might simply reflect passive responses to the environment, 382 
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or represent by-products of adaptive plastic responses in other traits. In order to further 383 

understand the mechanism of plant shade tolerance, we therefore strongly recommend that future 384 

studies should explicitly test whether the plasticity of a trait is adaptive or not.  385 
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 541 

FIGURE LEGENDS 542 

Figure 1 Mean effect sizes (lnR) describing the overall responses of biomass and SLA to 543 

shading, and how these responses depend on whether the species are woody or non-woody, and 544 

whether the study was done in a glasshouse or garden, used the same genetic material in the 545 

different light treatments, and used neutral or canopy shading. Error bars represent bias-corrected 546 

bootstrapped 95%-confidence intervals around the mean effect-size estimates derived from the 547 

phylogenetically corrected meta-analytic model. The sample sizes (i.e. the number of studies) are 548 

given in parentheses. The dashed line indicates zero effect of shading.  549 

 550 

Figure 2 Means of parameter estimates describing the relationship between biomass responses to 551 

shading (ln(biomassshade/biomasscontrol)) and SLA plasticity in response to shading (i.e. SLAshade – 552 

SLAcontrol), SLA in the high-light control treatment (SLAcontrol), relative light intensity 553 

(percentage light in shade treatment relative to high-light control treatment) and type of 554 

experiment (garden vs glasshouse) on the changes of plant biomass in response to shading. Error 555 

bars show the bias-corrected bootstrapped 95%-confidence intervals around the parameter 556 

estimates derived from the phylogenetically corrected meta-analytic model. The dashed line 557 

indicates zero effect of the respective explanatory variable. 558 

 559 

Figure 3 Relationship between changes in plant biomass in response to shading, and (a) SLA in 560 

the high-light control treatment (SLAcontrol: i.e. the intercept of the species’ reaction norm) and (b) 561 

the changes in SLA (i.e. the slope of the species’ reaction norm). The regression line is based on 562 



25 

 

the predicted values from the phylogenetically corrected meta-analytic model. The solid line is 563 

the fitted line, and the dashed lines are 95%-confidence intervals of the fitted line. 564 








