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Abstract 27 

Aims: Spatial environmental heterogeneity has been considered an important coexistence 28 

mechanism, because environmental variation enables different species to co-occur. We predict if 29 

functional differences are important for coexistence, then both species and functional diversity 30 

should be positively related to environmental heterogeneity.  31 

Location: 33 dry calcareous grassland sites in Estonia.  32 

Methods: In each site, we established a transect (10 x 0.1 m), consisting of 100 quadrats (10 x 10 33 

cm). In each quadrat, we recorded species richness and composition, and measured soil depth, 34 

moisture, and light availability. We collected data on 8 traits from most of the species found across 35 

the sites. We calculated functional diversity (FD) at the quadrat scale, and compared the observed-36 

FD to that expected at random using two null models. The first null model used all the species that 37 

occurred in the transect in the randomisations, to determine environmental filtering from the 38 

transect to the quadrat. The second null model restricted the species used in the randomisations to 39 

those species whose trait range was within the range of the observed values in the quadrat, to 40 

detect evidence for niche partitioning. Quadrat mean trait values and variability in functional 41 

composition were then related to small-scale mean environmental conditions and heterogeneity 42 

respectively.  43 

Results: We found convergent patterns in biomass, specific leaf area, specific root length, and 44 

clonality compared to randomised communities that included all species occurring in the transect, 45 

and we found divergence in height and leaf area using the range restricted null model. Hence, we 46 

found patterns consistent with environmental filtering and niche partitioning depending on the traits 47 

considered. Quadrat mean traits were significantly correlated with the measured environmental 48 

variables, with the main trend being a positive relationship between size-related traits and soil 49 

resources, and a negative relationship between these traits and light availability. Trait variability in 50 

height, leaf area, leaf dry matter content, specific root length and clonality was positively related to 51 
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soil depth heterogeneity. There was a trend for species richness to be negatively related to 52 

environmental heterogeneity.   53 

Conclusions: Co-occurring species were more similar in several traits partly due to micro-54 

environmental filtering in response to variability in soil depth. While environmental heterogeneity 55 

increased trait variability, negative relationships with species richness were observed. Hence, niche 56 

partitioning does not appear to be important for the maintenance of high small-scale species 57 

richness in these grasslands.  58 

 59 

Keywords Community assembly; Convergence; Divergence; Functional diversity; Grasslands; 60 

Heterogeneity; Niche partitioning; Trait dispersion  61 

 62 

Abbreviations: FD = functional diversity; H:B ratio = height:biomass ratio; LDMC = leaf dry matter 63 

content; MPD = mean pairwise difference; SES = standardized effect size; SLA = specific leaf area; SRL 64 

= specific root length 65 

Running head: Environmental variability drives trait variability 66 

 67 

Introduction 68 

Trait dissimilarity among co-occurring plant species is commonly used to determine the relative 69 

importance of abiotic and biotic processes driving community assembly (e.g. Götzenberger et al. 70 

2012; Mason & de Bello 2013). Increased similarity (i.e. trait convergence) among species is usually 71 

attributed to either abiotic filtering, reflecting shared adaptations to environmental conditions 72 

(Weiher & Keddy 1995; Cornwell & Ackerly 2009), or to competitive hierarchies, whereby species 73 

with trait values associated with low competitive ability are excluded, or species are more similar in 74 

competitive ability making exclusion unlikely (Mayfield & Levine 2010; de Bello et al. 2012b; Kunstler 75 

et al. 2012). Increased dissimilarity (i.e. trait divergence) is usually attributed to limiting similarity, 76 

based on the idea that species must be functionally different to coexist (e.g. Macarthur & Levins 77 
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1967; Stubbs & Wilson 2004). However, trait dispersion studies have been criticised as both 78 

convergence and divergence can be due to either abiotic or biotic processes, and trait patterns alone 79 

cannot separate these processes (Cavender-Bares et al. 2009; Mayfield & Levine 2010; 80 

HilleRisLambers et al. 2012; Kunstler et al. 2012; Spasojevic & Suding 2012; Adler et al. 2013; 81 

Gerhold et al. 2015). 82 

A multi-scale approach has been proposed as one ‘fix’ to separate the influence of biotic and 83 

abiotic processes, and a shift from abiotically driven convergence to biotically driven divergence with 84 

decreasing spatial scale has been found (Bernard-Verdier et al. 2012; de Bello et al. 2013; Laliberté 85 

et al. 2013). Functional divergence has been more often detected at small spatial scales (reviewed in 86 

Götzenberger et al. 2012), attributed to limiting similarity because co-occurring species should be 87 

directly competing for resources, and environmental variation should be minimised (Stubbs & 88 

Wilson 2004). There is no doubt that environmental filtering is important at large spatial scales, and 89 

is responsible for much of the variation in species distributions (together with dispersal). At large 90 

spatial scales, evidence for environmental filtering comes from changes in community weighted 91 

mean trait values along environmental gradients (Cornwell & Ackerly 2009; Fortunel et al. 2014; 92 

Baastrup-Spohr et al. 2015; Jager et al. 2015), and this approach is also suitable for detecting 93 

environmental filtering within communities (i.e. micro-environmental filtering). However, the 94 

influence of environmental variation on trait patterns within communities is largely unknown, and 95 

may explain the large variation in traits that is often reported within communities (Wright et al. 96 

2004, Mudrák et al. 2015). Trait dispersion studies may be used to infer evidence for environmental 97 

filtering, but environmental variables must be directly measured and related to trait patterns, rather 98 

than indirectly inferred based on spatial scale.  99 

Spatial environmental heterogeneity has long been considered an important coexistence 100 

mechanism because environmental variation enables different species to co-occur (i.e. niche 101 

partitioning, Reynolds et al. 1997; Lundholm 2009; Stein et al. 2014). Hence, heterogeneity should 102 

be positively related to both species and functional diversity, but the relationship between 103 
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functional diversity and heterogeneity has rarely been addressed (Schwilk & Ackerly 2005; Willis et 104 

al. 2010; Price et al. 2014). Moreover, negative heterogeneity-species diversity relationships have 105 

been found at fine-spatial scales where plant individuals interact, through altering competitive 106 

interactions among species (Lundholm 2009; Tamme et al. 2010). This can occur if some species are 107 

better able to access patchily distributed resources (Gazol et al. 2013, Tamme et al. 2016), for 108 

example where tall, clonal species occur in the community (Eilts et al. 2011). In a simulation study, 109 

increased divergence of traits that were directly associated with resource acquisition, led to a 110 

decrease in species richness (Herben and Goldberg 2014).  111 

We explored functional trait patterns in dry calcareous species-rich grasslands in Estonia, 112 

Northern Europe. These grasslands are internationally recognized for their very high small-scale 113 

species richness (Wilson et al. 2012); maximum species richness at the 10 x 10 cm scale was 20 114 

species (mean = 9, Gazol et al. 2012). Hence, they are a good model system to understand the links 115 

between functional trait patterns and species coexistence in communities where many species 116 

interact. The sites are characterised by small-scale heterogeneity in soil depth, which effects species 117 

richness patterns by determining the spatial heterogeneity of soil resources (Gazol et al. 2012). We 118 

measured a number of plant traits that were expected, based on the literature (Table 1), to be 119 

important for community assembly processes, including whole plant traits, leaf and root traits. We 120 

aim to improve the inference of mechanisms driving functional trait variability by examining the 121 

effect of small-scale environmental heterogeneity on functional diversity and species richness. 122 

 123 

Specifically we address: 124 

1. Is there evidence for non-random trait-based community assembly in species-rich grasslands? Are 125 

co-occurring species more similar, or more different than expected from random? 126 

  127 
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2. Micro-environmental filtering. We examine the relationship between quadrat-level mean traits 128 

and quadrat-level environmental variables. Significant relationships support micro-environmental 129 

filtering, i.e. species are filtered according to small-scale environmental conditions. 130 

 131 

3. Niche partitioning. We examine the relationship between heterogeneity of environmental 132 

variables, species richness and functional diversity. A positive relationship between heterogeneity 133 

and FD supports the concept of niche partitioning. If niche partitioning is important for coexistence 134 

then species richness should also be positively related to heterogeneity. 135 

 136 

Methods 137 

Study site 138 

This study was carried out in dry calcareous semi-natural grasslands (known as alvars) located on the 139 

islands of Saaremaa and Muhu in Estonia, Northern Europe (Fig. 1). The climate on these islands is 140 

maritime with a mean temperature of 16.5oC in summer (July) and -3oC in winter (January). Mean 141 

annual precipitation is ~600 mm (Estonian Meteorological and Hydrological Institute). Alvar 142 

grasslands occur on thin soils (usually <20 cm depth), on Ordovician or Silurian limestone bedrock. 143 

The thin soil layer means that alvars can completely dry out in summer, and can flood temporarily 144 

after heavy rains and snow melt (Pärtel et al. 1999). The vegetation is characterised by a low 145 

biomass herbaceous layer (~170 g/m2 in our study sites during peak biomass, unpublished data), 146 

with sparsely distributed Juniperus communis shrubs. We found 122 species across the 33 sites; the 147 

most common species were Thymus serpyllum, Pilosella officinarum, Helictotrichon pratense, Carex 148 

caryophyllea, Festuca ovina, Galium verum (a list of the most common species and their mean 149 

frequency can be found in Appendix S1).  150 

 151 

Data collection 152 
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We selected 33 grassland sites, representing almost all of the remaining good condition alvars in the 153 

region (Gazol et al. 2012). In each site, a transect of 10 x 0.1 m was placed in a central location 154 

representing typical site environmental conditions, and as much as possible away from the influence 155 

of encroaching shrubs. Transects were divided into 100 quadrats (10 x 10 cm) to measure small-scale 156 

species richness and composition, and environmental variables (Fig. 1). Species presence was 157 

recorded as species which were rooted in the quadrat. Soil depth, moisture, and light availability 158 

were also measured in each quadrat. Sampling was conducted in 2010 during the peak floristic 159 

season from the 33 study sites (total of 3300 quadrats). We used a metal rod (40 cm in length) to 160 

measure soil depth until bedrock. Surface soil moisture (depth of 10 cm) was measured using a WET-161 

2 sensor (Delta-T Devices, Cambridge, UK). We also measured soil pH, which does not vary much at 162 

this scale (average pH is 7.3, Gazol et al. 2012). Soil depth is the main proxy for resource availability 163 

in these grasslands because total nutrient concentration is quite uniform, and soil resources are 164 

distributed in a thin layer above bedrock. Hence, it is the soil depth interacting with resource 165 

concentration that gives a better indication of total amount of nutrients when soil depth is 166 

heterogeneous (Pärtel et al. 1999). Light availability was measured using a LI-190SA quantum sensor 167 

and LI-250A light meter (LI-COR, Lincoln, USA) and expressed as the ratio between 168 

photosynthetically active radiation below and above the vegetation. Light measurements were taken 169 

around mid-day, on relatively cloud free days and within each transect the measurements were 170 

collected within a 1 hr time frame.  171 

In 2012, we collected plant trait data from 15 of the 33 sites to incorporate between-site 172 

variability (Fig. 1). We selected 8 vegetative traits that are associated with key aspects of plant 173 

ecological strategies (Table 1). In each site, we collected trait data for all species occurring in >10% of 174 

the quadrats, so only rare species were not sampled. We produced a species × trait matrix that 175 

contained at least 10 measures per species, and up to a total of 150 samples if a species occurred in 176 

all 15 study sites. This sampling effort obtained trait data for ~ 70 species from a total of 122 found 177 

across the 33 sites.   178 



8 
 

Traits measured were plant height, specific leaf area (SLA), leaf area, leaf dry matter content 179 

(LDMC), shoot biomass, height:biomass ratio, specific root length (SRL), and clonal index (Table 1). 180 

Traits were measured using standardized protocols (Table 1). Plant height was measured as the 181 

length from ground level to the highest photosynthetically active tissue. On the same plants used for 182 

height measurements, whole plants (aboveground material) were collected for calculations of 183 

biomass and height:biomass ratio. For leaf traits, we collected fully formed adult leaves and stored 184 

them in moist plastic bags until they could be weighed (fresh weight for LDMC) and scanned (to 185 

measure leaf area and SLA), the same leaves were used for all leaf traits. Leaves were then dried for 186 

48 hr at 70oC and weighed. Leaf area was measured as the one-sided projected surface area of a 187 

whole leaf (mm2). Leaf area was calculated from leaf scans using Image-J (Rasband 2007). For SRL, 188 

we collected fine root samples from 5-10 individuals per species in total across the study sites. Roots 189 

were carefully washed and scanned in water at 800 dpi using dual-lens scanner (Epson Perfection 190 

V700 Photo; Epson, Suwa, Japan). The images were analysed using WinRhizo 2008 (Regent 191 

Instruments Inc, Quebec, Canada). Root samples were dried for 48 hr at 60 oC and weighed. Clonal 192 

index was computed using the approach of Johansson et al. (2011), based on two clonal-related 193 

traits, lateral spread and number of annual offspring. Clonal traits were taken from CLO-PLA 194 

database (Klimešová & de Bello 2009). We looked at correlations between all pairs of the measured 195 

continuous traits and found some significant relationships (Appendix S2). 196 

Data analysis 197 

We calculated quadrat mean trait values for all the individual traits by averaging the trait values of 198 

the species present in the quadrat (for which trait data were available). We calculated trait 199 

dissimilarity between each pair of species within a transect for individual traits using Euclidean 200 

distance. We used a mean trait value in the calculations for all species based on trait values from all 201 

sites where the species occurred (and was collected, >10 % of quadrats). We standardised the 202 

dissimilarities between transects by dividing the values with the maximum pair-wise dissimilarity 203 

found in a transect. Data for leaf area, biomass, height:biomass ratio and height were ln-204 
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transformed prior to analysis. Functional diversity was then calculated for each trait, using the mean 205 

pairwise distance (MPD) in trait values between species within a quadrat. We used this index 206 

because it is independent of species diversity (de Bello et al. 2006, 2016). We have also compared 207 

the results using the MNTD index, and the results are similar (not shown), because the indexes are 208 

correlated when species richness values are low.   209 

Within each transect, we used null-models to assess if observed quadrat-FD was different 210 

from that expected by chance (Question 1, Fig. 1). We used two null models to test for different 211 

aspects of community structure: 1. to examine evidence for micro-environmental filtering, and 2. to 212 

examine evidence for niche partitioning. First, randomised communities were generated using a 213 

species pool that included all of the species that occurred in each transect (i.e. 33 site-specific 214 

species pools). This null model was used to examine environmental filtering from the species pool to 215 

the quadrat. We used the randomization approach of Stubbs and Wilson (2004), where species 216 

richness in each quadrat was fixed, and species frequencies partially fixed. Species richness in the 10 217 

x 10 cm quadrats was kept the same as the field observations, this assumes different carrying 218 

capacities of individual quadrats and follows the most common approach in randomization tests 219 

(Stubbs & Wilson 2004; Götzenberger et al. 2012). To take into account species frequencies, species 220 

were divided into two groups; species whose occurrences were above the median in the transect 221 

(common species), and species whose occurrences were below the median (uncommon). We kept 222 

species frequencies partially fixed to avoid giving too much weight to traits associated with 223 

uncommon species, and to minimise the potential effects of environmental filtering among sites that 224 

may make some species more locally abundant than others. However, species frequencies were not 225 

completely constrained, which allows competitive hierarchies to be modified (following Mason et al. 226 

2011 and Mudrák et al. 2015). Additionally, fixing both species richness and species frequency 227 

reduces the number of possible randomizations. Randomizations were run 999 times for each 228 

transect. The second null model was similar to the first (richness fixed and frequency partially fixed), 229 

but randomised communities for each quadrat consisted of species whose trait values (species 230 
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minimum and maximum) fit the range of mean trait values for species observed in the quadrat 231 

(referred to as the ‘range restricted model’). This approach was not used for clonality since each 232 

species only had one trait value. By reducing the species pool used in randomisations to only species 233 

that can occur within the observed trait range (from the site-specific species pool), we can then 234 

determine if species are more different than expected within the environmental constraints of the 235 

quadrat. To detect trait convergence (i.e. coexisting species are more functionally similar than 236 

expected) and trait divergence (i.e. coexisting species are more functionally dissimilar than 237 

expected), the standardized effect size (SES) was computed for each transect and trait as: 238 

  239 

 240 

 241 

where MPDobs is the MPD observed in all 100, 10 x 10 cm quadrats (mean of the transect). MPDexp 242 

is the mean MPD expected by the null model for each transect. SD (MPDexp) is the standard 243 

deviation of the mean MPDexp values per transect. The null hypothesis (random assembly) is valid 244 

when the SES-MPD approaches zero, i.e. when trait values of species co-occurring at the 10 x 10 cm 245 

scale can be expected by the random combination of species from the transect. To estimate the trait 246 

convergence/divergence across all transects we used one-sided t-test to evaluate if the SES values of 247 

33 transects are significantly different from 0. 248 

 For each trait, we correlated the quadrat trait means with each of the measured 249 

environmental variables (soil moisture and depth were ln-transformed prior to analysis) to test for 250 

micro-environmental filtering (Question 2, Fig. 1). We used correlations rather than a regression 251 

model because the direction of the effect was unknown, biotic causing abiotic or vice versa, and 252 

therefore we examine patterns. The correlations were made for each transect separately and the 253 

overall effect determined using a meta-analytical approach. We used the 33 correlation coefficients 254 

as effect sizes and implemented the Olkin-Pratt fixed-effect meta-analysis. This method estimates an 255 

exp)(
exp

MPDSD
MPDMPDobsSES −

=
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unbiased mean effect size (G) using the correlation coefficients. We used a fixed-effect model since 256 

all of our sampling was conducted using the same protocol (Gurevitch 2013). Quadrat mean data for 257 

leaf area, biomass, height:biomass ratio and height were ln-transformed before the analysis. 258 

To examine the relationship between environmental heterogeneity and functional diversity, 259 

we correlated the coefficient of variation (CV; mean/SD) in environmental variables (of 3 quadrat 260 

blocks) with the coefficient of variation in quadrat mean traits (of 3 quadrat blocks, Question 3, Fig. 261 

1). We used partial correlations to account for the effect of the mean environmental conditions in 262 

the three-quadrat blocks (mean soil moisture and depth were ln-transformed). The overall effect 263 

was determined using the meta-analytical approach described above. The analyses were conducted 264 

in the R environment (R development core team 2015). We used the mpd function in the picante 265 

package for FD analysis (Kembel et al. 2010). We used the metacor.OP function from metacor library 266 

(Laliberté 2011) for the meta-analysis and pcor function from the ggm library (Marchetti et al. 2015) 267 

for partial correlations.  268 

 269 

Results 270 

Question 1. Grassland functional diversity patterns 271 

We found convergence in biomass, specific leaf area, specific root length and clonality compared to 272 

randomised communities where all species in the transect were used in species pool (no traits were 273 

significantly divergent, Fig. 2). Using the range restricted model, we found height and leaf area were 274 

significantly divergent, suggesting co-occurring species are more different in these traits when some 275 

environmental filtering is accounted for (Fig. 2). Biomass, SLA and SRL were also significantly 276 

convergent using the range restricted null model (Fig. 2).  277 

 278 

Question 2. Small-scale environmental conditions and quadrat mean trait values 279 

We found a clear functional response to the within-community environmental gradient as evidenced 280 

by significant correlations between mean trait values and small-scale environmental variables (Fig. 281 



12 
 

3). The main trend was a positive relationship between size-related traits and increased soil 282 

resources (moisture and depth). Height, biomass, leaf area and clonality were positively related to 283 

soil depth, and biomass and leaf area were positively related to soil moisture (Fig. 3). In addition, 284 

size-related traits (height, biomass, leaf area and clonality) were negatively related to light 285 

availability (Fig. 3), suggesting larger plants are favoured in high resource patches which thereby 286 

reduce light availability. H:B ratio, SLA and SRL were negatively related to soil depth (Fig. 3). Clonality 287 

was negatively related to soil moisture (Fig. 3). LDMC was the only trait that was not significantly 288 

associated with any of the mean environmental variables (Fig. 3). 289 

 290 

Question 3. Small-scale environmental heterogeneity, species richness and functional diversity 291 

Functional diversity (CV of mean quadrat traits) for height, leaf area, LDMC, SRL and clonality were 292 

positively related to heterogeneity in soil depth demonstrating environmental variability in soil 293 

depth increases trait variability (Fig. 4). Functional diversity in LDMC was also positively related to 294 

heterogeneity in soil moisture. There was a trend towards a negative relationship between 295 

heterogeneity in all environmental variables and species richness (Fig. 4).  There were no significant 296 

relationships between heterogeneity in light availability and functional diversity in any of the traits 297 

(Fig. 4).  298 

 299 

Discussion 300 

Species-rich grasslands in Estonia were characterised by functionally similar co-occurring species for 301 

many traits. Functional convergence is related to micro-environmental filtering, as all traits (except 302 

LDMC) were significantly correlated with at least one environmental variable. Trait variability was 303 

mostly a response to variability in soil depth (as a proxy for resource availability), because soil 304 

moisture and light availability can be influenced by the plants themselves (and had less significant 305 

relationships). Additionally, we found trait divergence in height and leaf area using a range restricted 306 

null model, consistent with the patterns expected by niche partitioning. Hence, we found patterns 307 
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that were consistent with environmental filtering (for biomass, SLA, SRL and clonality) and niche 308 

partitioning (for height and leaf area).  309 

The grassland communities showed a clear functional response to the within-community 310 

environmental gradient as evidenced by significant correlations between most traits and mean 311 

environmental variables. We found increased soil resources (depth and moisture) were positively 312 

associated with size-related traits, i.e. species had larger leaf area, more biomass and height, and 313 

had lower SLA, SRL, and height:biomass ratio. Low specific root length in high resource patches 314 

might be because plants do not invest energy in increasing root length, as they do not need to 315 

forage for resources (Pérez-Harguindeguy et al. 2013). In addition, we found a negative relationship 316 

between light availability and size-related traits, indicating that in higher resource patches larger 317 

species are favoured, which then reduce light availability. Hence, species are sorted according to 318 

small-scale variation in soil conditions, which has been reported in other grasslands at similar scales 319 

(Reynolds et al. 1997; Fridley et al. 2011; Luzuriaga et al. 2015; Martorell et al. 2015).  320 

We found a positive relationship between soil depth heterogeneity and functional diversity 321 

for many traits, as expected by niche partitioning. However, heterogeneity in environmental 322 

variables was negatively associated with species richness, consistent with a previous study from 323 

these sites (Gazol et al. 2012). Heterogeneity, by promoting functional differentiation among 324 

species, might reduce richness through increasing competitive ability differences (Kunstler et al. 325 

2012; Herben & Goldberg 2014). Our results are consistent with patterns found in a large-scale study 326 

examining competition in European forest trees (Kunstler et al. 2012), and European grassland 327 

species (Herben & Goldberg 2014). Our results show that taxonomic and functional diversity can 328 

have constrasting patterns at fine spatial scales, inconsistent with the predictions based on niche 329 

partitioning.  330 

In conclusion, co-occurring alvar grassland species are characterised by functional trait 331 

similarity in response to small-scale soil environmental variability. Coexistence of a high number of 332 

functionally similar species suggests that species co-exist when species differences are small. Mean 333 
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quadrat traits were significantly related to mean soil depth, supporting micro-environmental filtering 334 

driving trait convergence. Small-scale soil heterogeneity increased functional diversity, but had a 335 

negative effect on species richness, which is not consistent with the predictions of niche partitioning. 336 

Exploring the relationship between environmental variability, functional diversity, and taxonomic 337 

diversity will enable better inference of mechanisms facilitating species coexistence.  338 
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 493 

Appendix 1. Common species in the 33 grasslands and average frequency 494 

Appendix 2. Trait correlations 495 

 496 

Table 1. Description of the functional traits, and their related functions, based on the literature and 497 

following the cited protocols. 498 

Trait  Units Functions References 
Plant height  cm Competitive ability, light capture Westoby et al. 2002 
Shoot biomass g Competitive ability  
Height:biomass ratio (H:B 
ratio) 

cm/g Spatial occupancy and growth strategy, 
competitive ability 

de Bello et al. 2012a 

Specific leaf area (SLA) mm2 mg-1 Resource acquisition and relative growth 
rate (RGR) 

Pérez-Harguindeguy et 
al. 2013 

Leaf area (LA) mm2 Competitive ability, light capture, leaf 
energy 

Pérez-Harguindeguy et 
al. 2013 

Leaf dry matter content 
(LDMC) 

mg g-1 Leaf tissue density, stress tolerance Pérez-Harguindeguy et 
al. 2013 

Specific root length (SRL) cm mg -1 Nutrient and water uptake, RGR Pérez-Harguindeguy et 
al. 2013 

Clonality Semi-
quantitative 
index 

Spatial occupancy, persistence  Johansson et al. 2011 
Klimešová and De 
Bello 2009 

 499 
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 504 
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 507 
 508 
 509 
 510 

 511 
 512 
Fig. 1. Diagrammatic representation showing the location of the 33 grassland sites on the islands of 513 

Saaremaa and Muhu in Estonia, and one of the grassland sites (photo). Species composition data and 514 

environmental variables were measured in one hundred 10 x 10 cm quadrats, positioned along the 515 

10 m transects. The grey shaded boxes represent spatial environmental variability. Question 1. 516 

Observed values were compared to values obtained from null models to determine if trait patterns 517 

differ from that expected at random. Question 2. Small-scale mean traits were correlated with 518 

quadrat-level environmental variables. Question 3. Environmental heterogeneity (measured as the 519 

CV of 3 10 x 10 cm quadrats) was correlated with the CV of mean traits of 3 quadrats and species 520 

richness.  521 
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 523 

 524 
 525 
 526 
Fig. 2. Standardised Effect Size (SES) values for all the individual traits across the 33 grassland sites 527 

using MPD (blue) and the range restricted null model (green). The SES values were used to 528 

determine if trait patterns were convergent (negative value) or divergent (positive value). Significant 529 

results are indicated by * <0.05, and ˙ <0.1. Trait codes are H:B = height:biomass ratio, LA = leaf area, 530 

SLA = specific leaf area, LDMC = leaf dry matter content, SRL = specific root length. Note: clonality 531 

was not used in the range restricted model as trait ranges were not available. 532 
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 539 
 540 
Fig. 3. The relationship between small-scale environmental variables and mean traits based on a 541 

meta-analysis using correlation coefficients from each transect as an effect size. Significant results 542 

are indicated by * <0.05, and ˙ <0.1. Trait codes are H:B = height:biomass ratio, LA = leaf area, SLA = 543 

specific leaf area, LDMC = leaf dry matter content, SRL = specific root length. 544 
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 551 
 552 
Fig. 4. The relationship between small-scale heterogeneity and the coefficient of variation in quadrat 553 

mean traits, and species richness (10 x 30 cm) based on a meta-analysis using partial correlation 554 

coefficients from each transect as an effect size. Significant results are indicated by * <0.05, and ˙ 555 

<0.1. Codes are SR = species richness, H:B = height:biomass ratio, LA = leaf area, SLA = specific leaf 556 

area, LDMC = leaf dry matter content, SRL = specific root length. 557 
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