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The functioning of plant communities is strongly influenced by the number of species 
in the community and their spatial arrangement. This is because plants interact with 
their nearest neighbors and this interaction is expected to be stronger when the inter-
acting individuals are ecologically similar in terms of resource use. Recent evidence 
shows that species richness alters the balance of intra- versus interspecific competi-
tion, but the effect of species richness, and phylogenetic and functional diversity on 
the spatial pattern of the plant communities remain less studied. Even far, how forest 
stand structure derived from past management practices can influence the relation-
ship between species richness and spatial pattern is still unknown. Here, we evaluate 
the spatial distribution of woody individuals (DBH >7.5 cm) in 209 forest stands 
(i.e. plots) with an increasing level of species richness (from 1 up to 10 species) in six 
forest types along a latitudinal gradient in Europe. We used completely mapped plots 
to investigate the spatial pattern in each forest stand with point pattern techniques. 
We fitted linear models to analyze the effect of species richness (positively correlated 
with phylogenetic diversity) and functional diversity on tree spatial arrangements. We 
also controled this relationship by forest type and stand structure as a proxy of the 
management legacy. Our results showed a generalized positive effect of species richness 
and functional diversity on the degree of spatial clustering of trees, and on the spatial 
independence of tree sizes regardless of the forest type. Moreover, current tree spatial 
arrangements were still conditioned by its history of management; however its effect 
was independent of the number of species in the community. Our study showed that 
species richness and functional diversity are relevant attributes of forests influencing 
the spatial pattern of plant communities, and consequently forest functioning.
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Introduction

Anthropogenic actions have resulted in multiple changes 
at the global scale that have often caused biodiversity loss. 
Substantial theoretical and experimental evidence has demon-
strated that the functioning of many forest ecosystems closely 
depends on its species diversity (Loreau 2001, Gamfeldt et al. 
2013, van der Plas  et  al. 2016). As species often differ in 
their functional strategies deployed to exploit environmental 
resources (Hutchinson 1957, Silvertown 2004), the addition 
or loss of any species may impact the functioning of the entire 
community (Tilman et al. 1997). Moreover, it is often argued 
that forest multifunctionality occurs as a result of comple-
mentarity in resource use among functionally diverse species 
(Hooper  et  al. 2005). Thus, it is expected that two species 
with similar resource use strategies cannot stably coexist 
(MacArthur and Levins 1967). Still, modern coexistence the-
ory also considers that two species will coexist if their niche 
differences overcome their fitness differences (Chesson 2000, 
Adler et al. 2007). Under this perspective, niche differences 
are estimated as the relative ratio between intra- and interspe-
cific competition (Chesson 2012). Niche differences operate 
as a stabilizing factor promoting coexistence when species 
limit themselves more than they limit others (Chesson 2000), 
i.e. when intraspecific competition has stronger effects than 
interspecific competition. Although the source of such differ-
ences remains unknown in many cases (Godoy et al. 2018), 
efforts have been made to relate them to plant functional 
traits (Kraft et al. 2015), including differences in phenology 
or morphology, or even to relate them to spatial segregation 
(Chesson 2000, Adler et al. 2007).

In plant communities like forest systems, space availabil-
ity is a key feature influencing community functioning and 
structure (Tirado and Pugnaire 2003, Maestre  et  al. 2005, 
2012). Sessile organisms, such as trees, are forced to interact 
with their nearest neighbors, which results in forest stands 
with spatial patterns and tree size structures reflecting these 
interactions (Watt 1947, Stoll and Weiner 2000). The effects 
of plant–plant interactions on the spatial pattern of trees are 
well-known, with intraspecific competition leading to regular, 
self-thinned patterns (Kenkel 1988) and interspecific compe-
tition generating spatial segregation at larger scales (Kenkel 
1994). These patterns agree with long-standing theory pre-
dicting that the processes of self-thinning in mixed stands 
(often termed ‘alien thinning’) are subtly different from those 
occurring in pure stands (Harper and McNaughton 1962). 
For example, Pretzsch et al. (2017) showed shifts in the slope 
of the stand self-thinning line due to packing density, which 
might be higher under mixed than monospecific conditions. 
The modern coexistence theory would explain this outcome 
as a consequence of indirect competition effects that only 

emerge in diverse systems (Saavedra et al. 2017). A reflection 
of the tree–tree interactions can be also observed in the spatial 
correlation of the tree sizes (DBH or basal area) within a tree 
community. Tree sizes in forests stands usually show negative 
spatial dependence, i.e. the sizes of two close trees is usually 
smaller than the sizes of two randomly chosen trees in the 
stand (Stoyan and Penttinen 2000). Translating it to a species 
diversity context, less spatial dependence in tree sizes should 
be expected in mixed communities in comparison to mono-
specific ones by minimizing the intraspecific interactions and 
increasing the interactions between individuals with different 
resource use strategies. Despite an increasing number of stud-
ies assessing the relationships between species richness, for-
est functioning and coexistence processes in the last decades 
(Jucker et al. 2014a, b, Liang et al. 2016, Bastias et al. 2017, 
Benavides et al. 2019) only few of them have studied it from 
an spatially explicit approach and addressed other aspects of 
biodiversity such as phylogenetic or functional diversity.

European forests are characterized by a low number of tree 
species in comparison with other forests at similar latitudes, 
which is mostly due to species extinctions during the gla-
cial periods and high anthropogenic pressures for centuries 
(Walter 1985). Over the last decades, a change in forest man-
agement policies encouraging mixed and structurally more 
diverse forest stands, has often caused relevant large-scale 
changes in tree spatial pattern as well as in species composi-
tion and forest structure (Johann 2007). Uneven-sized forest 
stands are usually considered stable in terms of structure and 
composition at long term (Larsen 1995, Schütz 2001). For 
old-growth forest systems, which have reached relative stabil-
ity in terms of structure and composition, some authors have 
suggested that stabilizing niche differences (e.g. resource par-
titioning) override fitness differences among species (Chesson 
2000, Adler et al. 2007, Barabás et al. 2016). Nevertheless, 
the relationship between forest structure derived from past 
management practices, species richness and the spatial pat-
tern of trees has received little attention despite having rel-
evant implications for ecosystem dynamics and functioning 
(Petritan et al. 2015).

In this paper, we examine the effect of species richness and 
phylogenetic and functional diversity on the spatial distribu-
tion of trees in 209 forest stands differing in species richness 
(ranging from 1 to 10 species). Forest stands were distrib-
uted in six regions along a latitudinal gradient in Europe, 
from Mediterranean to boreal forests. Assuming that in stable 
communities, such as mature European forests, the effects of 
intraspecific competition override those of interspecific inter-
actions, we hypothesize that the frequency of intraspecific 
interactions decreases as species richness increases, resulting 
in less self-thinning and, therefore, less regular spatial patterns 
of trees in the community, and also less spatial dependence of 
tree sizes, regardless forest type and species identity. Our rea-
soning is that higher species richness promotes higher phy-
logenetic and also could raise the functional diversity, which 
would result in an increase of different resource use strate-
gies. In other words, resource niches of adjacent individuals 
overlap less in mixed communities due to fewer intraspecific 
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interactions and thus, the distance between neighboring indi-
viduals is reduced (i.e. tree clustering). We also expect that 
the relationship between species richness and spatial pattern 
of trees is mediated by the stand structure, which in turn 
is derived from past management practices. In this line, we 
hypothesize higher tree clustering in stands structurally more 
diverse (i.e. uneven-sized stands), with higher species richness 
due to a different spatial resource utilisation and competition 
releases among co-occurring trees.

Material and methods

Study design

We based our study on a network of permanent plots designed 
within the FunDivEUROPE project (<www.fundiveurope.
eu>) to explore the effect of tree species richness on different 
ecosystem functions in European forests (Baeten et al. 2013). 
The plot network consists of 209 square plots of 30 × 30 m 
distributed in six forest types, which span a wide bioclimatic 
European range: a boreal forest in Finland, a hemiboreal forest 
in Poland, a temperate forest in Germany, a sub-continental 
temperate forest in Romania, a temperate Mediterranean for-
est in Italy and a continental Mediterranean forest in Spain. 
In each forest type, plots were set up along a species richness 
gradient of the regional dominant tree species (Supplementary 
material Appendix 1 Table A1). All sites are considered ancient 
forests, i.e. they have been continuously forested at least since 
the oldest available land-use maps (Baeten et  al. 2013). Key 
features of the experimental design was the strict avoidance 
of a dilution gradient, special attention to community even-
ness and minimal covariation with other environmental fac-
tors. Therefore, plots were selected ensuring two criteria: 1) all 
species represented in all richness levels, maximize evenness of 
the dominant species, i.e. relative abundance of the dominant 
species was as balanced as possible in all mixed plots; and 2) 
minimize the presence of non-dominant species within the 
plot (i.e. preferably the summed basal area of these species is 
below 5% of the total basal area, with a maximum of ca 10%), 
which also have very low or low representation in the whole 
forest. This latter criterion was not exclusive to include non-
dominant species in the spatial pattern analyzes as their pres-
ence may alter the spatial arrangement of the rest of individuals 
in the community. Thus, the richness gradient ranged from 
monospecific to mixed stands including up to 10 different tree 
species considering all species within a community, including 
non-dominant species (Supplementary material Appendix 1 
Table A1). Although some stands had been subject to man-
agement practices in the past (e.g. group cutting, coppicing, 
etc.) depending on their species composition and forest type 
(an intense management in Finland whereas a low frecuency 
of management practices in Spain or Romania), they were 
selected based on their current condition showing minimal 
signs of recent management. See Baeten et al. (2013) for fur-
ther details on the experimental design, selection criteria of the 
forest stands and forest location.

Data collection

In each forest stand (i.e. plot), all tree individuals (DBH 
>7.5 cm) were identified by species recorded their height 
and calculated their basal area. We also calculated the spa-
tial coordinates (x, y) for each tree individual as the distance 
taken from each tree to a reference point (botton-left corner) 
in each plot using a measuring tape or a ultrasonic distance 
measurer. Multi-steemed trees were considered as a single 
individual by summing the basal area of all stems within each 
tree. Information on the number of trees per plot and forest 
type can be found in Supplementary material Appendix 1 
Table A2.

Additionally, we recorded trait data for each identified 
species in the six study forests in order to quantify the 
functional component of the tree diversity in each plot. We 
focused on five key traits, which are considered to capture 
the plant strategy schemes: specific leaf area, wood density, 
maximum height, seed mass and shade tolerance (Westoby 
1998). Maximum height for all species and mean SLA for 
dominant species were obtained from field meassurements 
(Benavides et al. 2019). Mean trait values for wood density, 
seed mass, shade tolerance and SLA for non-dominant spe-
cies were obtained from different databases such as TRY 
(Kattge  et  al. 2011), LEDA (Kleyer  et  al. 2008), KEW 
(‘Royal Botanic Gardens Kew’ 2019), BiolFlor (Kühn et al. 
2004) and the literature (e.g. shade tolerance trait values 
from Niinemets and Valladares 2006), priorizing as much 
as possible those trait measures performed in similar lati-
tudes where species were present. See Supplementary mate-
rial Appendix 1 Table A3 for mean trait values of each 
species.

We calculated two different multifunctional indexes at 
plot level taking into account the species relative abundance: 
1) Rao’s quadratic entropy (RaoQ; Botta-Dukát 2005), 
which measures the mean functional dissimilarity between 
two randomly chosen individuals and 2), functional disper-
sion index (FDis; Laliberté and Legendre 2010) that calcu-
lates the mean distance in multidimensional trait space of 
individual species to the centroid of all species. Furthermore, 
we carried out the construction of the phylogenetic tree for 
all species identified in the field using the mega-tree imple-
mented in the R package ‘V.PhyloMaker’ (i.e. GBOTB.
extended.tre) (Jin and Quian 2019). Then, we calculated a 
phylogenetic diversity index (PD) at plot level (i.e. the total 
branch length spanned by the tree including all species in a 
local community; Faith 1992), which is a biodiversity index 
that quantifies the combined genetic diversity across species. 
PD and FDis were strongly correlated with species richness 
and RaoQ, respectively (Supplementary material Appendix 
1 Fig. A1). Thus, they were exluded from subsequent analy-
ses to avoid collinearity problems (Dormann  et  al. 2013). 
Correlations among diversity indices were carried out using 
the R package ‘corrplot’ (Wei and Simko 2017), the phylo-
genetic and functional diversity indices were calculated using 
the R package ‘picante’ (Kembel et al. 2010) and R package 
‘FD’ (Laliberté et al. 2014), respectively.
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Finally, we classified each stand (plot) into three catego-
ries: even-sized, semi-sized and uneven-sized, according to 
the distribution of DBH size classes (Lähde  et  al. 1994). 
Forest stand structures have often been described by their 
diameter distributions (Goff and West 1975), which have 
also been used as a proxy of differences in the management 
history of each stand that underlie the current forest spatial 
distribution (Schütz 2001, Petritan et al. 2015). Even-sized 
stands generally have a nearly bell-shaped diameter distri-
bution with most of the trees in the average diameter class. 
An even-sized stand is typically a result of a previous shelter-
wood cutting system for forest management (Powell 2013). 
In some cases, stands may be dominated by two well-defined 
size classes (i.e. semi-sized stands) differing in diameter. This 
is typically associated to group cutting systems and coppic-
ing. On the contrary, uneven-sized stands are characterized 
by a high density of tiny individuals (i.e. small DBH), and 
this density declines as size classes increase to the point where 
the largest size classes can be quite scattered. These stands 
typically arise when stands are managed using selection or 
group selection cutting systems as regeneration quickly fills 
the frequent canopy gaps originated and then competition 
reduces the number of individuals (Powell 2013).

Analyses

Intraspecific interactions, species richness and functional 
diversity
We calculated the mean number of intraspecific neighbors 
for each species in each plot from the average of the number 
of conspecific individuals around each tree within a circle of 
radius spanning from 3.5 to 15 m with increment of 0.5 m. 
Then, we fitted a generalized linear model (McCullagh and 
Nelder 1989) to test our initial assumption that the fre-
quency of intraspecific interactions would decrease with 
increasing species richness and phylogenetic and functional 
diversity. We included forest type (and its interaction with 
species richness) to control other intrinsic factors affecting 
the relationship between species diversity and the frequency 
of intraspecific interactions in each forest type.

Spatial pattern of the communities
We employed two widely used summary statistics to char-
acterize the spatial pattern of trees in each plot: Ripley’s 
K-function (K) and the nearest-neighbors distance distri-
bution G (Diggle 2003, Loosmore and Ford 2006). K(r) 
estimates the expected number of points within a circle of 
radius r around a typical point of the pattern, weighted by 
the intensity (i.e. the density) of the plot (Diggle 2003). G(r) 
estimates the proportion of points of the pattern which have 
their nearest-neighbor at a distance equal or inferior to r. 
Therefore, both statistics summarize different aspects of the 
spatial pattern, based on second-order properties and nearest-
neighbour distances, respectively (Diggle 2003). In any case, 
for a given spatial scale r, both functions render smaller values 
as the stand is more regular, and larger values as the stand is 
more clustered.

To stabilize the variance of the estimated functions, we 
transformed K(r) into the L-function (Diggle 2003), i.e. 
L r K r r( ) = ( ) −/ π , and used Fisher’s arcsin transforma-
tion on G(r), i.e. Φ G r G r( )( ) = ( )arcsin  (Baddeley et al. 
2015).

As we were also interested in the spatial distribution of 
tree sizes (measured as basal area), we computed also the 
mark-correlation function. For a quantitative variable m (e.g. 
the DBH or basal area) which varies throughout the points 
of a spatial point pattern, the mark-correlation function is 

defined as k r
c r

mm
mm( ) = ( )
µ2 , where cmm(r) is the conditional 

mean of the product of the marks of all point-pairs (i, j) sepa-
rated by a distance r, and µ is the mean of m (Illian  et  al. 
2008). This measures the spatial dependence of the marks 
(Baddeley et al. 2015).

In order to get a ‘global’ estimation of the spatial struc-
ture of the pattern in a range of scales (defined by r0 and 
rmax); we reduced each transformed summary function to a 
single numerical value (Loosmore and Ford 2006). For this, 
we employed a statistic partially similar to the well-known 
goodness-of-fit (GoF) statistics u, which was defined as fol-
lows (Diggle 2003, Loosmore and Ford 2006, Wiegand and 
Moloney 2014, Baddeley et al. 2015):

� ,ˆDRF

max

= ( ) − ( )( )∑
r

r

F r F r
0

where F̂ r( )  is the observed value of either L(r), Ф(G(r)) or 
kmm(r) and F(r) their respective expected values under a null 
model of spatial randomness (complete spatial randomnes, 
i.e. CSR, for L an Ф and random labelling, i.e. random per-
mutation of marks, for kmm). In other words, we computed 
for each plot an estimation of how much its spatial pattern 
of trees or tree sizes deviated from an hypothetical completely 
random pattern. Note that, in comparison with the GoF sta-
tistics u, we did not square the difference of functions in the 
summation as we were not interested in the absolute differ-
ence from the expected value under CSR but in the net devia-
tion and in its sign. On the other hand, we did not test the 
spatial patterns in the plots against CSR or random labelling, 
but simply used these null models as baseline, intermediate 
reference level between ‘aggregated’ and ‘regular’ patterns in 
the case of tree patterns or between positive and negative spa-
tial dependence in the case of tree sizes.

Summary functions were computed with the package 
‘spatstat’ (Baddeley et al. 2015) in R (<www.r-project.org>). 
Following the recomendations of Baddeley  et  al. (2015) for 
plot sizes similar to ours, we computed the summary functions 
between r0 = 0.00 and rmax = 7.50 m, with the default intervals in 
spatstat (i.e. around 0.15 m for the size of our plots), applying 
Ripley’s isotropic correction (Ripley 1977) for K and kmm, and 
using the Kaplan–Meier estimator of G to avoid edge effects.
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Species richness, functional diversity and spatial pattern of 
forest stands
Using the DRF statistics defined previously, we summarized 
the spatial pattern of the forest stands at two different scales: 
from r0 = 0.0 to rmax = 7.5 m (hereafer ‘medium scale’) and 
from r = 0.0 to rmax = 3.5 m (hereafer ‘fine scale’). Note that 
the words ‘medium’ and ‘fine’ are relative, and we employed 
them to distinguish both scales in the context of the present 
study, without any further assumption.

We fitted linear models (Rao and Toutenburg 1995) for 
each statistics (DRK and DRG and DR

mmk ) and spatial scale 
(medium and fine scales) to test the effect of species richness 
and functional diversity on the spatial pattern of trees and 
tree sizes (as measured by DRF). We used DRF as the response 
variable and species richness and functional diversity (RaoQ) 
as predictors. We included the median value of the tree basal 
areas for each stand (plot) as a covariable to account for tree 
sizes among forest stands (only for DRK and DRG models) 
together with stand structure (three levels), forest type, and 
their interactions with species richness to control by differ-
ent management histories at stand level and other potential 
intrinsic local processes at forest level. We compared the full 
models with all possible models including predictors and 
covariables for each statistics (DRF for K(r) and G(r) and 
kmm(r)), and scale. Specifically, we searched for the model that 
provided the best fit to the data using the Akaike informa-
tion criteria corrected for finite sample sizes (AICc; Burnham 
and Anderson 2002, Johnson and Omland 2004). To evalu-
ate the consistency of the best models, we selected the set of 
competing models with ∆AICc values < 2. We then calcu-
lated the weight for each effect in the full model, by summing 
the Akaike weights of the competing models in which they 
appear (Burnham and Anderson 2002). The weight for each 
effect ranged from 1 (present in the best model and all the 
competing models) to 0 (not present in any model), and was 
used to compare the importance of the effects appearing in 
the best model to those not included. When both forest type 
and stand structure were present in the best model (with-
out interaction with species richness), Tukey post hoc tests 
were performed to compare the relationship between spatial 
distribution and species richness among forests and stand 
structures.

Statistical analyses were carried out in R ver. 3.5.0 (<www.r-
project.org>), using package ‘stats’, package ‘car’ (Fox and 
Weisberg 2011), package ‘multcomp’ (Hothorn et al. 2008) 
and package ‘MuMIn’ (Barton 2019).

Results

We found an overall trend of decreasing mean number of 
intraspecific neighbors with increasing species richness (posi-
tively correlated with phylogenetic diversity) and functional 
diversity (Fig. 1, Supplementary material Appendix 1 Table 
A4). This trend with species richness became significant from 
‘fine’ (3.5 m) to larger scales (15 m) (Supplementary material 
Appendix 1 Table A5). Significant differences in the mean 

number of intraspecific neighbors were observed among for-
est types, but its interaction with species richness was not 
significant (Supplementary material Appendix 1 Table A4).

From the model selection method, we found that species 
richness and functional diversity were included as predic-
tors to explain the spatial aggregation of trees for both spatial 

Figure 1. Results from the linear model testing the effect of species 
richness and functional diversity of the community on the mean 
number of intraspecific neighbors, calculated for each species within 
7.5 m of radius around each individual in the spatial pattern.
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functions (K, G) and at both fine (0.0–3.5 m) and medium 
spatial scale (0.0–7.5 m) (Table 1, Supplementary material 
Appendix 1 Table A6), with the only exception of FD for K(r) 
at medium scale. Particularly, we observed an overall positive 
trend of the spatial aggregation of trees with higher species rich-
ness and functional diversity in all cases where were included 
as predictors (Fig. 2A–D, Table 1, Supplementary material 
Appendix 1 Table A6). In other words, the tree distribution 
was less regular in plots with higher number of species and 
phylogenetically and functionally more diverse. In the same 
line, we also found that tree sizes (basal area) were more spa-
tially independent as species richness and functional diversity 
increased at both fine and medium scale, i.e less negative values 
of kmm(r) function were observed in stands with higher number 
of species and more phylogenetically and functionally diverse 
(Fig. 2E, Table 1, Supplementary material Appendix 1 Table 
A6). We also obtained that plots with greater tree sizes (high 
median values of basal areas) showed much less tree clustering 
(Supplementary material Appendix 1 Table A6). Furthermore, 
forest type and the stand structure were two important pre-
dictors to explain the spatial distribution of trees in all cases 
(Fig. 3, Table 1, Supplementary material Appendix 1 Fig. A2, 
Table A6). Particularly, we found that uneven-sized stands 
presented more tree clustering than the even- and semi-sized 
stands, becoming significatively different at medium and fine 
scale with K function (Supplementary material Appendix 1 Fig. 
A2). However, there were no significant interactions between 
species richness and forest type and stand structure (Table 1, 
Supplementary material Appendix 1 Table A6) for any func-
tion (K, G or kmm) and for any of the study scales, with the only 
exception of G function at fine scale. In other words, the effect 
of species richness (and therefore, its correlated phylogenetic 
diversity) on the spatial pattern was similar, irrespective of the 

forest type and management legacy (Supplementary material 
Appendix 1 Table A6).

Discussion

Our study showed a generalized effect of species richness 
of the community (positively correlated with phylogenetic 
diversity) on the spatial distribution of trees at the spatial 
scales analysed, suggesting a less regular spatial distribution 
of tree individuals as species richness increased along the 
entire European bioclimatic gradient. Our results suggest 
that this pattern is partly due to a greater functional diversity 
which would allow individual trees to live closer together in 
space, independently of their size (basal area), as it promotes 
complementarity in the resource use. Moreover, our study 
pointed out that the current tree spatial arrangements are 
conditioned by stand management history, but its influence 
on tree spatial pattern was independent to the number of spe-
cies of the community.

In forest systems, it is widely assumed that the spatial 
distribution of trees changes with the stand development. 
Thus, early recruits usually appear in clumped distributions 
as a consequence of limited dispersal when forest regenerates 
naturally (Wiegand  et  al. 2007, Lara-Romero  et  al. 2016). 
However, this clumped pattern becomes more regular with 
time as some individuals grow and others die due to negative 
density-dependent thinning (Getzin  et  al. 2008, Chacón-
Labella et al. 2014) including competitive interaction effects 
(Kenkel 1988, Getzin et al. 2006). As we expected, our previ-
ous assumption on decreasing the probability of intraspecific 
encounters as species richness, phylogenetic and functional 
diversity increase was corfirmed. This result suggests that an 

Table 1. Summary table of the set of competing linear models (∆AICc <2) selecting by model selection method. Effect of species richness, 
functional diversity, the median value of tree sizes measured as basal area (BA_median), stand structure (used as a proxy of the legacy of 
past management practices for each stand) and forest type on the spatial pattern of the forest stands (DRF) DRF: deviation from null model 
(complete spatial randomness or random labelling) estimated with Ripley’s K(r) function, nearest-neighbour distance distribution G(r) func-
tion and mark correlation function kmm(r). Fine scale: differences estimated for the range beween r0 = 0.0 and rmax = 3.5 m. Medium scale: 
differences estimated for the range beween r0 = 0.0 and rmax = 7.5 m. In brackets is the relative weight of each predictor within the set of 
competing models, with its sign positive (+) or negative (−) for continuous variables. df: degrees of freedom of the optimum model, 
AICc = average Akaike information criteria for limited sample sizes (AICc) of all competing models. Weight: mean Akaike weights can be 
interpreted as the mean probability that model is the best model for the observed data among all candidate set of models. R2: coefficient of 
determination for the optimum model.

Predictors

DRK DRG DR
mmk

Medium Fine Medium Fine Medium Fine

Species richness + (0.19) + (0.5) + (0.46) + (0.51) + (0.27) + (0.14)
Functional diversity + (0.17) + (0.46) + (0.15) + (0.23) + (0.38)
BA_median − (1) − (1) − (1) − (1) n.i n.i
Stand structure (0.71) (0.86) (0.84) (0.84) (0.69)
Forest type (1) (1) (1) (1) (1) (1)
Species richness × Forest type + (0.12)
Species richness × Stand structure
No. models (AICc <2) 4 3 4 5 4 5
df 10 11 9 10 9 9
AICc 2665.3 2350.2 1981.1 1855.5 1194.2 2289.3
Weight 0.333 0.25 0.25 0.20 0.25 0.20
R2 0.53 0.45 0.37 0.5 0.12 0.10
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increasing number of species in the community alters the 
balance between intra- and interspecific competition, and 
impacts on the community spatial pattern. The underlying 
mechanism is that plant–plant interactions in space become 
stronger as the interacting individuals are ecologically more 

similar in terms of resource use. In contrast, competitive 
interactions should be weaker when resource niches of adja-
cent individuals overlap less. An effect of reduced interspecific 
competition is that mixed stands usually outperform mono-
specific ones, at least in terms of growth (Vilà  et  al. 2007, 

Figure 2. (A–D) Changes in the stastistics DRK (K-Ripley) and DRG (nearest–neighbor) quantifying the net deviation of the observed spa-
tial pattern from a random spatial pattern at medium (0–7.5 m) and fine scale (0–3.5 m) with increasing species richness and functional 
diversity of the community. (E) Changes in the statistic DR

mmk  quantifying the net deviation of the observed patern of basal area distribu-
tion from a random labelling null model with increasing functional diversity.
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Morin et al. 2011, Ruiz-Benito et al. 2014) and growth resis-
tence in drought periods (Gazol and Camarero 2016). For 
example, analyzing combinations of pairs of European tree 
species, Pretzsch and Biber (2016) showed that mixed stands 
attained higher densities than monospecific ones. In this line, 
our study went further and included the spatial tree layout, 
suggesting that individuals in richer and more functionally 
diverse communities occur closer to each other (Fig. 2).

The strength of plant–plant interactions, determined by 
how spatially close the individuals are, as well as their niche and 
fitness differences (sensu modern coexistence theory perspec-
tive; Chesson 2000, Adler et al. 2007), may affect the expres-
sion of ecological processes involved in species dynamics such 
as growth, regeneration and mortality (Mokany et al. 2008). 
For instance, Chamagne  et  al. (2017) found that increasing 
tree species diversity enhanced individual growth in central 

European forest stands. Ngo Bieng et al. (2013) showed that 
intraspecific competition had a greater negative effect on 
growth of oak and pine species than interspecific competition 
in a mature mixed European forest. Further, these authors also 
found that the productivity of both pine and oak was affected 
by its spatial pattern, being higher when they grew in well-
mixed stands than when they formed patchy mixtures. These 
examples suggest that complementarity in resource use is one of 
the primary mechanisms underlying increased performance of 
mixed stands over monocultures (Morin et al. 2011, Paquette 
and Messier 2011, Ratcliffe et al. 2017). As suggested by the 
positive effect of functional diversity both on tree clustering 
and on the independence of adjancet tree sizes, complementar-
ity is also likely to underlie our observed spatial pattern affected 
by species richness regardless of the past sylvicultural prac-
tices. Niche differentiation and resource partitioning between 

Figure 3. Stastistics DRK (K-Ripley) and DRG (nearest-neighbor) quantifying the net deviation of the observed spatial pattern from a ran-
dom spatial pattern at two different scales (fine: 0–3.5 m and medium: 0–7.5 m) for each forest type. Letters indicate groups of forest types 
without significant differences in spatial pattern (results of Tukey’s post hoc tests). Abbreviations of forest types are Hemib-. (hemiboreal), 
Sub-. T. (sub-continental temperate), Temp. (temperate), T. Medit. (temperate Mediteranean) and C. Medit. (continental Mediterranean).
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individuals allows trees to grow closer to each other, and thus 
lead to clustering patterns. The presence of stabilising niche 
differences is a precondition of complementarity (Barry et al. 
2019), which, in turn favors species coexistence and enhanced 
ecosystem functioning (Chesson 2000, Saavedra et al. 2017). 
In a modelling study of European temperate forests across a 
large climatic gradient similar to ours, Morin  et  al. (2011) 
found that the increase of productivity with species richness 
was mediated through functional complementarity in exploit-
ing resources such as light. Particularly, Morin  et  al. (2011) 
found that higher species richness generated higher variation of 
shade tolerance and growing strategies, which in turn resulted 
in faster responses (i.e. re-colonization) to small-scale mortal-
ity events. Moreover, complementarity related to an increase 
of species richness in forests does not only enhance yield, i.e. 
increased biomass production, but it may also affect the spa-
tial distribution of biomass. So, for instance, species in mixed 
communities have showed complementarity in crown shapes, 
leading to increased canopy space filling which did not occur 
in monospecific stands (Jucker et al. 2014a, Pretzsch 2014). 
However, the complementarity effect in crown shapes found 
by Jucker et al. (2014a) in the same continental Mediterranean 
forest studied here, is partly due to past management practices. 
Certain management practices such as thinning often facili-
tate the vertical layering of species, which also give trees more 
space to expand their crowns, thereby changing their allometry 
(Pretzsch 2014). In our study, we have been able to isolate the 
effect of managament legacy from the effect of species interac-
tions on tree spatial distribution, and our results still suggest 
complementarity as the mechanism partly explaining the posi-
tive relationship between the tree clustering and species rich-
ness in our European study forests.

Looking for the influence of species richness on the spatial 
distribution of trees in forests along a wide European biocli-
matic gradient, special attention should be paid to past man-
agement of such forests. Our study showed that the current 
spatial distributions of the study forests are, at least in part, 
a reflection of their history in silvicultural practices. This 
means that stands structurally more diverse in terms of DBH 
showed higher tree aggregation in the same space than even-
sized stands. This can be explained because the silvicultural 
practices generating uneven-sized stands promote higher 
variety in tree sizes as well as higher levels of vertical struc-
ture (Wolf 2005). Thus, individuals in uneven-sized stands 
make a better use of the resources in comparison to those in 
even-sized forests. On the contrary, planting and thinning 
regimes promoting even-sized stands (Mäkinen and Isomäki 
2004, Bergh et al. 2014) lead to more regular spatial patterns 
when trees with similar resource demands compete strongly. 
Therefore, the influence of forest management practices on 
the spatial pattern of trees is straightforward, although it 
is expected that management signal fades throughout time 
as anthropogenic influence ceases (Rozas  et  al. 2009). In 
line with other studies, our work showed evidence of the 
importance of its consideration in spatial studies of plant 

communities for prediciting ecosystem functionality (Rozas 
and Prieto 2000, Wolf 2005). In a similar way, our analy-
ses also confirmed the existence of region-specific differ-
ences in the spatial pattern of trees among the studied forests 
(Fig. 3), but demonstrated that the effect of species richness 
was the same for all of them, independently of forest type, 
its species composition and management history (Table 1, 
Supplementary material Appendix 1 Table A6).

Conclusions

Our study has demonstrated that species richness shapes 
the spatial pattern of plant communities, partly mediated 
through an increase in the number of resource use strate-
gies. Our results showed an increase in tree aggregation with 
increasing species richness that prevailed along the entire 
European bioclimatic gradient. In other words, tree species 
richness had a similar effect on the spatial distribution of 
individual trees from boreal to Mediterranean forests. This 
finding points out to a neglected macroecological pattern 
in ecological research. Overall, our study provides empiri-
cal evidence of species richness is a relevant forest attribute 
that affects community structure and functioning given that 
certain key ecosystem processes (e.g. recruitment or seed dis-
persal) are strongly affected by tree spatial distribution. The 
knowledge gained through this study can help to formulate 
forest management guidelines supporting the maintainance 
and promotion of mixed forests and their ensuing ecosystem 
services and functions in the future.
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