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ARTICLE INFO ABSTRACT
Keywords: Background: Understanding the role of species identity in interactions among individuals is crucial for assessing
Competition coefficient the productivity and stability of mixed forests over time. However, there is limited knowledge concerning the

Competition reduction
Interspecific competition
Intraspecific competition

variation in competitive effect and response of different species along climatic gradients. In this study, we
investigated the importance of climate, tree size, and competition on the growth of three tree species: spruce
Mixing effects (Picea abies), fir (Abies alba), and beech (Fagus sylvatica), and examined their competitive response and effect
Mixed species forest along a climatic gradient.

Neighbourhood models Methods: We selected 39 plots distributed across the European mountains with records of the position and growth
Plant-plant interactions of 5,759 individuals. For each target species, models relating tree growth to tree size, climate and competition
were proposed. Competition was modelled using a neighbourhood competition index that considered the effects
of inter- and intraspecific competition on target trees. Competitive responses and effects were related to climate.
Likelihood methods and information theory were used to select the best model.

Results: Our findings revealed that competition had a greater impact on target species growth than tree size or
climate. Climate did influence the competitive effects of neighbouring species, but it did not affect the target
species' response to competition. The strength of competitive effects varied along the gradient, contingent on the
identity of the interacting species. When the target species exhibited an intermediate competitive effect relative to
neighbouring species, both higher inter- than intraspecific competitive effects and competition reduction occurred
along the gradient. Notably, species competitive effects were most pronounced when the target species’ growth
was at its peak and weakest when growing conditions were far from their maximum.

Conclusions: Climate modulates the effects of competition from neighbouring trees on the target tree and not the
susceptibility of the target tree to competition. The modelling approach should be useful in future research to
expand our knowledge of how competition modulates forest communities across environmental gradients.
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1. Introduction

On average, mixed forests provide more ecological and social func-
tions than monospecific ones (Bravo-Oviedo et al., 2018; Coll et al.,
2018). Among these functions, several studies have reported a positive
relationship between forest productivity and tree species diversity
(Zhang et al., 2012; Pretzsch et al., 2015), although with important dif-
ferences among biomes (Ammer, 2019; Paquette and Messier, 2011; Vila
et al., 2013). The net effect of diversity on productivity is determined by a
complex interplay between competition (when one tree species in a
mixture exerts a negative effect on another), facilitation (when the effect
is positive), and competition reduction (when interspecific competition is
lower than intraspecific competition) (Vandermeer, 1989). At the indi-
vidual level, tree size, climate, tree-tree interactions and soil resources
are the most influential factors determining tree growth and have been
the focus of numerous studies (e.g., Lebourgeois et al., 2005; Das, 2012;
Begovic et al., 2020). Similarly, the effect of tree size on the sensitivity of
many species to changes in climate has also been widely addressed (de
Luis et al., 2009; Mérian and Lebourgeois, 2011). However, much less is
known about how tree size and climate (in particular) interact with the
competitive ability of a given tree species. The competitive ability of a
species can be studied in terms of both its competitive response (the
ability of a species to tolerate the suppression of its growth by neigh-
bours) and its competitive effect (the ability of a species to suppress the
growth of other individuals by depleting resources) (Goldberg, 1990).
Although it has been demonstrated that the competitive response of a
number of species can vary along a climatic and size gradient
(Gémez-Aparicio et al., 2011; Carnwath and Nelson, 2016), to our
knowledge, few studies have analysed how the competitive effect of
interacting species varies along a climatic gradient. Besides, the limited
research conducted on this subject has focused on herbaceous plants
(Goldberg et al., 1999) or juveniles (Fichtner et al., 2017) and only
Coates et al. (2013) have studied adult trees along a soil gradient.

Understanding how the competitive ability of a species interacts with
climate requires complex modelling approaches. These models need to
consider key factors that directly affect tree growth (i.e., competition,
climate and tree size), the potential indirect effects of climate and tree
size on the competitive response (e.g., Gomez-Aparicio et al., 2011;
Carnwath and Nelson, 2016) and the effect of interacting species. To the
best of our knowledge, our study is the first to investigate adult trees
considering variations in both forms of competition — competitive
response and the competitive effect — along a climatic gradient.

Competition reduction and facilitation are collectively referred to as
complementarity effects (Forrester and Bauhus, 2016), which are typi-
cally studied by comparing the growth of a given species in a mixed stand
with that in a pure stand (e.g., Pretzsch and Schiitze, 2008; Vallet and
Pérot, 2011) or of individual trees in stands with different proportions of
other species (e.g., Bottero et al., 2021; Gillerot et al., 2021). Comple-
mentarity effects in adult trees vary along spatial and temporal gradients
of climatic conditions and resource availability and depend strongly on
the pool of species involved (e.g., Forrester and Bauhus, 2016; Mina
et al., 2018a; Toigo et al., 2015) and on the level of study (stand or in-
dividual trees) (Condés et al., 2022). However, relative importance of
complementarity effects for forest productivity is rarely identified or
quantified (Barry et al., 2019; but see Pretzsch, 2022). In this study, we
address this problem partially by fitting spatially explicit neighbourhood
models of individual tree growth using tree data from 39 permanent
monitoring plots covering a large proportion of mountainous regions in
Central and Eastern Europe. Neighbourhood models allow parameters to
vary non-linearly and can also account for interspecific competitive ef-
fects (Canham et al., 2004), i.e., the per capita effect of one species on
another (Freckleton and Watkinson, 2001), allowing us to identify and
quantify competition reduction (one side of the complementarity effect)
along a climatic gradient. We focus on Norway spruce (Picea abies (L.)
Karst., hereafter spruce), silver fir (Abies alba Mill., hereafter fir) and
European beech (Fagus sylvatica L., hereafter beech), which coexist at the
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interface between lowland beech forests and spruce-dominated alpine
forest, covering a wide range of site conditions, elevations and climates
(Hilmers et al., 2020). Previous research on mixtures of these species has
shown that complementarity effects vary by stand, climate, site condi-
tions and stress effects (Brunner and Forrester, 2020; Forrester et al.,
2013; Houpert et al., 2018; Mina et al., 2018a; Uhl et al., 2021; Condés
et al., 2022).

We aim to answer the following questions: (1) What is the strength of
evidence for an effect of climate, tree size and competition on target
species growth? (2) Does the response and/or competitive effect of
interacting species vary with climate and tree size? By answering these
questions, we aim to assess the role of species identity and climatic
conditions on the competitive response and effect ability. In the case of
the competitive effects, the goal is to determine the strength of plant—
plant interactions and whether interspecific competitive effects are lower
than intraspecific ones (i.e., competition reduction) or not.

2. Materials and methods
2.1. Study area

This study is based on the tree stem diameter data of 39 long-term
experimental plots covering most of the mountainous regions of
Europe (i.e., Poland, Germany, Slovakia and Switzerland) where spruce,
fir and beech mixed forests occur (Fig. 1). To analyse the growth of our
target species, we selected two or at most three consecutive censuses of
each plot. These plots were surveyed on average 6 times (minimum 3 and
maximum 15 times), every 8 years (minimum 3 and maximum 15 years)
and between 1925 and 2016. The basal area (rn2~ha’1) of these plots did
not change by more than 10% between censuses (Supplementary Mate-
rial Table S1). The altitude of the plots ranged from 425 to 1,463 m a.s.1.,
the average annual temperature ranged from 4.4 to 7.0 °C, and the
annual precipitation ranged from 706 to 2,021 mm (Table S1).

2.2. Data set

All trees in the selected plots were georeferenced and their diameters
at breast height (DBH) were measured at each repeated full survey. To
avoid edge effects, we limited our growth analyses to target species (i.e.,
spruce, fir and beech) that were more than 10 m from the edge of a plot.
The area of the plots ranged from 1,560 to 19,960 m?. All target species
were well represented in 27 of the 39 plots. In the remaining plots, some
of the target species comprised less than 20% of the total basal area of the
stand (Supplementary Material Table S1). For each target tree, we
calculated the diameter growth (in centimetres per year) between two
surveys by dividing the total increase in the DBH (in centimetres) by the
number of years between the two survey dates. The number of target
trees selected per target species and the mean diameter growth of each
target species are shown in Table 1. One of the strengths of this dataset is
that while the average structural characteristics of each species are
similar (Table 1), there is a wide range of neighbourhood densities, tree
sizes/heights and species diversity within a single plot.

All trees within a plot with a DBH of >7.5 cm and that were <10 m
from a target tree were considered neighbours regardless of the species'
identity. We assumed that trees with a DBH <7.5 cm are not effective
competitors. This threshold is typically considered in many forest in-
ventories (Ministerio de Agricultura Alimentaciéon y Medio Ambiente,
2019). Furthermore, as part of a conservative strategy, trees that died in
the period between two surveys were also considered competing neigh-
bours during this period. For all target tree species, both the average
number of neighbours per target tree and the average DBH of the
neighbours were similar (Table 1).

Monthly mean temperature and total precipitation data for the study
plots for the period 1901-2016 were obtained from the nearest meteo-
rological stations. When local station data were not available, the CRU
TS3.10 grid dataset was used (Harris et al., 2014). Thus, we were able to
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Fig. 1. Location of 39 monitoring plots (black dots) in mixed mountain forests of spruce, fir and beech. The study covered mountain forests in Poland, Germany,
Slovakia and Switzerland. See Supplementary Material Table S1 for descriptions of plot data.

account for the elevation correction within similar geographic plot lo-
cations (latitude and longitude) at different elevations (Supplementary
Material Table S1). Climate was characterised using the standardised
precipitation evaporation index (SPEI) (Vicente-Serrano et al., 2010),
which takes into account precipitation and potential evapotranspiration
(Vicente-Serrano et al., 2010). We used SPEI because it integrates pre-
cipitation and temperature, reducing the number of parameters to be
estimated in our modelling approach (see 2.3. Maximum likelihood
analysis of tree growth). SPEI was first calculated on a monthly scale by
calculating the differences between precipitation and potential evapo-
transpiration (PET) for each month using the Thornthwaite method
(Thornthwaite, 1948). Monthly SPEI values were then aggregated to
determine the SPEI for three different time scales: 3, 6 and 12 months. In
total, we calculated eight SPEI indices to reflect seasonal (i.e., winter,
spring, summer and autumn), growing seasons (i.e., January to June,
February to July, and March to August) and interannual variations in
drought in our data. As the SPEI variables were highly correlated to be
included in a regression model for variable selection, we applied a
principal component analysis (PCA) to these eight variables to select the

Table 1

SPEI index that contained the most variance (Supplementary Material
Fig. S1). The first axis of PCA explained most of the variance, 54.96%,
and the second axis explained 17.73% (Supplementary Material Fig. S1).
SPEI from February to July (SPElgep ju) was the most representative
variable of the first axis and, therefore, was selected for modelling tree
growth (Supplementary Material Fig. S1). The selected time scale and
time window have been observed to influence the growth of our target
species in regions with climatic conditions similar to those in our study
(Gillerot et al., 2021; Vanoni et al., 2016). The mean SPElgep_j, value
was calculated for each plot and survey interval (Table 1). Negative
values of mean SPEI represent periods of net negative water balance,
whereas positive values indicate wet periods. Most census intervals with
negative mean SPEIg.,_j, values included years with SPEI values below
—1, representing dry conditions (Supplementary Material Fig. S2). Mean
SPEIfep_jy1 Was normalised, resulting in an index ranging from O to 1,
with 0 and 1 representing the minimum and maximum mean SPEIgep_jy1
(nSPElgep_yu1), respectively (Table 1). Normalisation was performed to
facilitate comparison between species and to avoid negative values that
cause mathematical problems when modelling tree growth.

Characteristics of target trees, neighbouring trees and plots at the beginning of the growth period (first survey) of target species. Mean =+ standard deviation (mini-
mum-maximum). DBH, diameter at breast height. SPEIgp j, standardised precipitation evapotranspiration index from February to July. nSPElgep_jui, SPEIpeb_jul

normalised.
Characteristics Spruce Fir Beech
No. target trees 2,897 1,145 1,717

DBH (cm)
Diameter growth (cm-year ')

24.6 + 18.0 (3.2-113.7)
0.31 £ 0.23 (-0.62-1.68)

Mean No. neighbours per target 30 + 15 (3-74)

27.4 + 18.4 (4.5-116.2)
0.34 + 0.30 (-0.05-2.07)

18.6 + 14.6 (2.9-89.9)
0.22 + 0.19 (-0.198-1.67)

30 + 16 (6-86) 34 4+ 14 (3-91)

DBH (cm)

No. plots

Basal area (m*ha')
Tree density (tree-ha 1)
No. survey intervals®
SPEIgeb-jul

nSPElpeb yul

22.0 +£14.3 (7.5-116.1)

38

36.0 + 11.5 (19.5-69.0)
517 + 202 (205-986)

72

0.06 + 0.40 (—0.43-1.03)
0.34 + 0.28 (0.00-1.00)

23.0 £ 7.7 (7.5-116.5)

34

36.4 + 11.3 (20.0-69.0)
562 + 221 (226-1,128)
61

0.07 + 0.28 (-0.43-1.03)
0.34 + 0.19 (0.00-1.00)

21.8 +£17.3 (7.5-116.5)

31

35.8 + 12.6 (19.5-69.0)
560 =+ 208 (205-1,128)
57

0.02 + 0.28 (-0.43-1.03)
0.31 £ 0.19 (0.00-1.00)

# Sample size for SPEL
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2.3. Maximum likelihood analysis of tree growth

To assess our research questions, we built a set of candidate growth
models (see 2.3.2. Baseline models and 2.3.3. Alternative models). To
investigate question (1) What is the strength of evidence for an effect of
climate, tree size and competition on target species growth? and question (2)
Does the response and/or competitive effect of interacting species vary with
climate and tree size? We used likelihood methods and the corrected
Akaike information criterion (AICc) to select the best fitting model for
each target species (see 2.3.1. Modelling strategy) and to estimate the
model parameters that would maximise the likelihood of observing the
growth data measured in the field (see 2.3.4. Parameter estimation).

See Fig. 2 for a schematic representation of the models constructed to
answer our research questions.

2.3.1. Modelling strategy

The AICc was used for model comparison and to guide the choice of
the best fitting model for each target species. Models were considered to
have similar empirical support when differences in the AICc were less
than two units (Burnham and Anderson, 2002). If differences exceeded
two units, the model with the lower AICc was considered better, leading
to dismissal of the other model. For each target species, the AICc of the
full baseline model was compared to baseline models that ignored the
influence of either climate, competition, or size, as well as all three fac-
tors combined (i.e., the null model). The model with the lowest AICc
value was then selected because this indicated stronger empirical support
(Burnham and Anderson, 2002).

For each target species, we compared the best baseline model with the
full alternative model and alternative models that ignored one or two of
the factors introduced into the competitive equation (i.e., the influence of
climate and/or tree size on the competitive response and/or the influence
of climate on species competitive effects). The AICc values of the best
baseline and the best alternative model were compared for each target
species, and the model with the lowest AICc value was the best model.

2.3.2. Baseline models
To answer the first research question (i.e., What is the strength of evi-
dence for an effect of climate, tree size and competition on target tree species

Climate [ ---% Competition Tree size

Neighbourhood /
effect !
Target tree
response

Target species
growth

—» Baseline models e » Alternative models
(Question 1) (Question 2)

Fig. 2. Schematic representation of the factors whose effects on target tree
growth were tested in the baseline (solid lines) and alternative models (dashed
line) to answer the following research questions: (1) What is the strength of
evidence for an effect of climate, tree size and competition on target tree species
growth? (2) Does the response and/or competitive effect of interacting species
vary with climate and tree size?
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growth?), we modelled growth for each target tree species as a function of
several multiplicative components: (1) potential diameter growth (PDG),
i.e., maximum PDG; (2) size effect, i.e., the effect of the target tree size on
tree growth; (3) climate effect; and (4) competition effect, which takes
into account the species identity of neighbours, the number and size of
neighbours, and their distance from the target tree:

Growth =PDG X Size effect x Climate effect x Neighbourhood effect (@D)]

The PDG is estimated as a parameter of the model and represents the
maximum diameter growth in cm, that a target tree could achieve under
optimal growth conditions. Size, climate and competition effects are
scalars that range from O to 1 and, thus, reduce the estimated maximum
PDG. That is, if target tree size, competition and climate are at levels that
maximise tree growth (if their effects are equal to 1), then the observed
growth is equal to the estimated potential growth.

Following classic studies that used this approach (Canham et al.,
2006; Coates et al., 2009; Gomez-Aparicio et al., 2011; Uriarte et al.,
2004), the size effect was modelled with a lognormal function:

1 /In(DBH/X1
Size effect =exp { ) <w)} @
b

where X1, represents the target tree size at which maximum growth
occurs and X1y, controls the breadth of the function. Depending on the
value of X1, this functional form can be hump-shaped or monotonically
increasing/decreasing.

The climate effect was modelled with a univariate Gaussian function:

1 <HSPElFeb,Ju1 — X20> 2 (3)

Climate effect = exp { 3 X2
b

where X2 represents the mean nSPEIg.p_y, at which the maximum PDG
occurs, and X2j, is an estimated parameter that controls the breadth of the
function.

The competition effect was modelled as a function of a neighbour-
hood competition index (NCI) using a Weibull function following other
studies (Canham et al., 2006; Gomez-Aparicio et al., 2011). The Weibull
function assumes that the competition effect on the growth of the target
tree decreases monotonically as a function of the NCI:

Competition effect = exp [—a(NCI)b] “4)

Here, a and b represent species-specific estimated parameters. a is the
exponential decay term, reflecting the target tree sensitivity to compe-
tition (i.e., competitive response) and b defines the rate of decrease.
When b = 1, it is a traditional negative exponential function, and when b
> 1, the function is sigmoidal, with an initial slow decline as the NCI
increases, followed by a steeper decline. The NCI quantifies the net effect
ofj=1, ...,nneighbouring trees within aradiusof 10 mofi=1, ...,and s
species on the growth of a target tree z. Following the long tradition of
distance-dependent analysis of competition (e.g., Daniels, 1976), the NCI
was assumed to vary as a direct function of size and as an inverse function
of distance to neighbours. In addition, we assumed that the effects of
neighbours on the target tree z vary across species. Accordingly, the net
effect of a single neighbour was multiplied by a species-specific compe-
tition index (1) (i.e., the per capita effect of one species on another)
(Freckleton and Watkinson, 2001), which ranges from 0 to 1, and ac-
counts for differences among species in their competitive effects on the
target tree, so that it can be determined when the interspecific compet-
itive effects are lower than the intraspecific ones (competition reduction)
or when they are higher (competition). Species-specific competition co-
efficients (1) were estimated only for neighbouring species comprising at
least 100 individuals. All other neighbouring species of a target species
were grouped into an ‘Other species’ group. The NCI is given in the
following form:
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n DB H(x

NCI= Z Z — (5)

dlstance

where a and $ are parameters estimated by the analyses and determine
the shape of the effect that size and distance to a neighbour have on the
NCI. To facilitate comparison of the NCI among species, we scaled the
NCI for each target species by dividing the NCI calculated for each target
tree by the maximum value of the NCI for that species (Canham et al.,
2006; Gomez-Aparicio et al., 2011). This produced an index where 0 and
1 represent the minimum and maximum observed NCI, respectively.

2.3.3. Alternative models

To answer the second research question (i.e., Does the response and/or
competitive effect of interacting species vary with climate and tree size?), we
introduced variations into the competition effect equation (Eq. 4) to
examine the influence of climate and tree size on the competitive
response of species and the influence of climate on the competitive effect
of species (second question). First, to test whether the competitive
response (i.e., sensitivity to competition) varies as a function of climatic
conditions and target tree size, and following Gomez-Aparicio et al.
(2011), we allowed the exponential decay term in Eq. 4 (i.e., a, which
represents competitive response or sensitivity to competition) to vary as a
function of nSPEIgep_jy and tree size:

a=d x nSPElpe_yu® X DBH/ (6)

If either o or y is 0, then the competitive response (i.e., a) does not
vary as a function of climatic conditions (i.e., nSPEIgep_j,1) and DBH,
respectively. If either ¢ or y is <0, then the competitive response de-
creases with nSPElIgp, j,1 and/or DBH, respectively. Finally, if o or y is >0,
then the competitive response increases with nSPElgep,_j;1 and DBH,
respectively. As stated in Gomez-Aparicio et al. (2011), these effects are
assumed to be independent of the underlying effect of climate or tree size

Table 2
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on the potential growth of a target species (i.e., climate effect or size
effect, in the absence of a competition effect).

Second, to test whether species competitive effects vary as a function
of climatic conditions, in Eq. 5, 1 was allowed to vary as a function of
nSPEIgep_jy With a univariate Gaussian function:

2
A=A X exp { - %(7HSPEIF°;::1 X30) 7

where X3, is the mean nSPElge,_j,; at which the maximum species
competitive effects occur, and X3y is an estimated parameter that controls
the breadth of the function.

2.3.4. Parameter estimation

Growth values were modelled with a normal distribution. To simulate
annealing, a global optimisation procedure was used to determine (i) the
most likely parameters (i.e., the parameters that maximise the log-
likelihood) given our observed data (Goffe et al., 1994) and (ii) sup-
port intervals of two units to assess the strength of evidence for individual
maximum likelihood parameter estimates (Edwards, 1992). A support
interval is defined as the range of a parameter value that results in a less
than two-unit difference in AIC. It is roughly equivalent to a 95% support
limit defined using a likelihood ratio test (Hilborn and Mangel, 1997). All
analyses were performed using R 4.0.3 and the function “anneal” from
the Likelihood package (Murphy, 2012) and several functions from the
neighbourhood package (Ameztegui, 2020).

3. Results
3.1. Model comparison and evaluation

For all species, the best models were unbiased, i.e., the slopes of the
predicted versus observed values were not significantly different from 1

Comparison of the corrected Akaike information criterion (AICc) of baseline and best alternative models for understanding target species growth. AICc values shown in
bold are the best models. The equations used to model the size, competition and climate effects are presented at section 2.3.2 and the variations of the competition

equation at section 2.3.3.

Baseline model Effects Picea abies Abies alba Fagus sylvatica
Species-specific competition with climate Size —712.2 —28.5 -1,736.9
Competition
Climate
Species-specific competition Size —516.7 —61.8 -1,851.0
Competition
No climate — Size —142.5 390.6 —1,035.7
No competition
Null None —72.5 488.4 —724.8
Best alternative model Competitive variations
Species-specific competition with climate Response varies with tree size —1078.5
Effect varies with climate
Species-specific competition Effect varies with climate —75.8
Species-specific competition Effect varies with climate -1,836
Best model (AICc in bold)
Number of parameters 14 11 8
Slope 1.00 0.99 1.00
R? 0.30 0.40 0.48

Likelihood methods and information theoretic procedures (AICc) were used to select the best growth model. Model selection was performed in two phases. First, for each
target species, the full baseline model was compared with baseline models that ignored the effects of climate, competition, or size, or of all three factors (i.e., the null
model), and then the model with the lowest AICc value (in italics) was selected. Second, for selected baseline models, we tested alternative models that included
variations in the competition equation. These alternative models included terms that allowed the competitive response of target trees to vary with target tree size and/or
climate (Eq. 6) and/or the interspecific competitive effect, i.e., the per capita competition coefficient (1), varied with climate (Eq. 7). The best alternative model is shown
for each target species. Finally, we selected the best-fitting growth models from all the models tested (AICc in bold) and reported the total number of parameters, the

slope and the R? for the relationship between predicted and observed growth.
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Fig. 3. Predicted effect of (a) target tree size (DBH) on the growth of target species and (b) the normalised standardised precipitation evapotranspiration index from
February to July (nSPElgep ) on spruce growth based on the best growth model (Table 2). The effects of size and climate were calculated without considering

competition (i.e., NCI = 0).

and explained between 30% and 48% of the variance depending on the
target tree species (Table 2, AICc values are shown in bold). Models that
best explained target species growth always included the effect of
competition and tree size, whereas the effect of climate was only incor-
porated in the growth model for spruce (Table 2, AICc value shown in
bold).

Our first question aimed to assess the strength of evidence for the
effect of competition, tree size and climate on the growth of the target
species studied. The negative effect of competition had a greater impact
on target species growth than other factors given that AICc values
decreased more drastically when this factor was included (Table 2, AICc
values shown in italics). The best models indicated that the response of a
target species to competition was not dependent on climate; however, in
the case of spruce, it was influenced by tree size (Table 2, AICc value
shown in bold). In addition, the competitive effect of neighbouring
species (i.e., 1) on spruce and fir was also modified by climate (Table 2,
AICc value shown in bold). In the case of beech, none of the variations
proposed in the equation for modelling competition effects improved the
model by omitting these variations.

3.2. Effect of tree size and climate on tree growth

Variation in the growth of target species as a function of DBH revealed
three different patterns depending on the target species (Fig. 3a). For

—w— Spruce

—a— Fir

Fraction of potential growth

T T T el — T
0.0 0.2 04 0.6 0.8 1.0

NCI

spruce and beech, the maximum growth rate was achieved at a similar
DBH (i.e., 32.5 and 36.6 cm, respectively). After the maximum growth
rate was achieved, growth slowed in both species, but the rate of decline
with tree size was much faster for beech than for spruce, whose growth
declined more slowly (Fig. 3a). By contrast, the rate of growth of fir
increased monotonically with tree size (Fig. 3a).

The climate effect was important for explaining spruce growth, but
not the growth of the other target species (Table 2, AIC value shown in
bold). For spruce, the effect of nSPEIg.p_j, on growth was positive, with
growth increasing with nSPElg}, j,1 and reaching a maximum towards
the wettest end of the gradient (Fig. 3b).

3.3. Effect of competition

The growth of the three target species decreased steeply with
increasing competition (Fig. 4a). All target species showed a negative
exponential rather than a sigmoidal decline in growth (i.e., b ~ 1)
(Supplementary Material Table S2). Fir was less sensitive to competition
than beech (Fig. 4a). Spruce was the only species for which the
competitive response depended on tree size, with smaller trees being
much more sensitive to competition than larger trees (Fig. 4b). By
contrast, for all three species, the best models did not include any effect
of climatic conditions on the competitive response (i.e., a parameter),
that remained constant along the climatic gradient (Table 2). The

Beech

- DBH=70.0cm
© + DBH=24.6cm
= - DBH=10.0cm

Fraction of potential growth

NCI

Fig. 4. Predicted effect of the neighbourhood competition index (NCI) on (a) target species growth and (b) spruce of different sizes, showing that the competitive
response of spruce is dependent on tree size based on the best growth model (Table 2). In (a) the effect of competition was calculated for an average-sized tree.
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Fig. 5. Predicted variation of the per capita coefficient of competition (1) of neighbouring species on a target tree of (a) spruce, (b) fir or (c) beech along the
nSPEIgep_ju gradient. nSPEIgep_jy;, normalised standardised precipitation evapotranspiration index from February to July.

estimated a parameter describing the competitive response was 50.7 for
spruce, 3.4 for fir and 7.9 for beech (Supplementary Material Table S2).

3.4. Variations in the interspecific competitive effects along a climatic
gradient

The intensity of the competitive effect of spruce and beech, and to a
lesser extent of fir, changed along the climatic gradient when they were
competing with spruce or fir, but not when spruce and fir interacted with
beech (Fig. 5). On average, beech and spruce were much stronger com-
petitors than fir (Fig. 5, Abeech = Aspruce > Afir)-

The competitive effect of neighbouring species on spruce growth (i.e.,
2) was greater under temperate conditions than at either end of the
gradient, especially for beech (Fig. 5a). Competition reduction (i.e.,
lower inter- than intraspecific competitive effects) was observed along
the gradient. Under temperate conditions, beech was a stronger
competitor than spruce, but fir was a weaker competitor than spruce
(Fig. 5a, Abeech > Aspruce > Afir)- However, at both ends of the gradient, the
competitive hierarchy reversed: beech became a weaker competitor than
spruce, whereas the competitive effect of fir on spruce was similar to or
slightly greater than that of spruce itself (Fig. 5a, Agir > Aspruce > Abeech)-

In contrast to spruce, competition reduction was not observed for fir,
as the interspecific competitive effects among fir trees were always
greater than intraspecific competitive effects, with both increasing in
strength as climatic conditions became harsher (Fig. 5b). Moreover, the
ranking of species in terms of competitive effects did not change along
the climatic gradient (Fig. 5b, Aspruce > Abeech > Afir)-

The competitive effect of neighbouring species towards beech was
constant along the climatic gradient (Fig. 5c). In the case of beech
competition reduction was the rule, as it always had a stronger
competitive effect on its conspecifics, closely followed by spruce, while
fir was the weakest competitor (Fig. 5¢, Apeech > Aspruce > Afir)-

4. Discussion

In this study, we used a spatial competition analysis to assess the
extent of competitive effects of neighbour trees on the growth of target
trees across a climatic gradient. Competitive effects considered the
identity of neighbour species, size and distance to target trees. Our
investigation also allowed an analysis of the role of climate and tree size,
and of their interaction with the competitive response or sensibility to
competition of the target tree species. Our main findings were: (i) that
competition had the largest effect on the growth of the three main
Central European tree species and (ii) that the competitive effect, rather

than the competitive response, varied along a climatic gradient according
to species identity. Our competition model effectively detected variation
in the strength of species competitive effects on a target tree along the
present climatic gradient. This allowed us to identify competition
reduction and its importance in relation to the growth-SPEI relationship
of the target tree species.

4.1. Competition: competitive responses and effects along the climatic
gradient

Growth models including competition from trees with a DBH of >7.5
cm fit the data better than models with tree size and SPEI (our first
research question). SPEI was only included in the growth model for
spruce, not in those for beech and fir. This suggests that SPEI is not a
crucial factor for the growth of these species along the analysed gradient.
Our results for beech are consistent with other studies that have found a
low climate signal in beech growth using other climatic variables (Bosela
et al., 2016; Castagneri et al., 2014; Hilmers et al., 2020; Tognetti et al.,
2014). However, they contrast with several studies that have identified a
temperature-induced increase in fir growth since 1980 (Bosela et al.,
2018; Hilmers et al., 2020). For fir, it is plausible that the plots used in
this study, despite covering a broad range of elevations, may not be
subjected to water limitations. Therefore, other climate variables may
better explain the data for this species.

Species competitive responses and effects varied depending on the
identity of the target and neighbouring species. However, while the
sensitivity of target species to competition was constant along the cli-
matic gradient (represented by the parameter a in Eq. 4), competitive
effects from neighbouring species differed along the gradient (repre-
sented by the per capita competitive coefficients 4 in Eq. 5) (our second
research question). This suggests that the ability of neighbouring species
to suppress the growth of a target tree is related to climatic conditions.
Instead, the ability of a target tree to tolerate suppression of its growth by
neighbouring species is uniform along the climatic gradient and depends
strongly on the identity of the target tree species (aspruce = 50.7; agr = 3.4
and apeech = 7.9). For example, we found that the intensity of interspe-
cific competitive effects (i.e., 4) in fir trees increases with aridity,
regardless of the identity of the neighbouring species. However, the high
competitive response (low a parameter compared to fir and beech) of fir
along the entire gradient may enable this species to dampen the negative
effects on their overall competition effect under dry conditions, or even
to reverse them under milder conditions. Our results contrast with those
obtained for wetland plants, where competitive response, rather than
effect, depended on environmental conditions (Keddy et al., 1994). They



T. Valor et al.

also contrast with the results of Gomez-Aparicio et al. (2011), who
showed that the competitive response of mature Mediterranean trees
varied with climate. However, the study by Gomez-Aparicio et al. (2011)
did not consider the possibility that the competitive effect might also
vary. Further studies with adult trees that consider the possibility that
both response and effect may vary along a climatic gradient, or that
analyse other climatic variables or soil types, are needed to draw more
comprehensive conclusions about the role of competitive ability in
structuring forest communities in different environments.

On average, the hierarchy of species competitive effects (lpeech >
Aspruce > Afir) was little affected by the identity of the target species and
contrary to the hierarchy found for species competitive responses (aspruce
> Qpeech > Qfir), Where a lower a indicates a high competitive response.
This suggests that different traits are involved in the competitive effect
and response of the species studied (Goldberg and Landa, 1991). How-
ever, under dry conditions and when neighbouring species competed
with spruce, the same traits could play a role in the two components of
the species' competitive ability, as a rank reversal in the species'
competitive effect was observed (Afir > Aspruce > Abeech) (€.8., fir had a
highly competitive effect and response). Overall, these results indicate
that changes in the hierarchy of competitive effect and response ability of
the species can occur depending on the climatic conditions and the target
species considered (Goldberg, 1996; Wang et al., 2010).

4.2. Competition reduction along the climatic gradient

The complementarity-competition framework proposed by Forrester
and Bauhus (2016) predicts that complementarity increases as the
availability of a given resource decreases when interspecific interactions
improve the availability, uptake or use efficiency of that resource. The
framework assumes a linear relationship between competition reduction
and resource availability because the studies on which it is based do not
quantify the shape of the relationship. However, we found a non-linear
relationship between competition reduction (one side of complemen-
tarity) and climatic conditions. Notably, the decrease in competition (i.e.,
interspecific competitive effects lower than intraspecific ones) appears to
be less pronounced at both ends of the wet-dry gradient (Fig. 5). This
suggests that competition reduction was probably mediated by thresh-
olds of resource availability, as recently reported for water by de Streel
et al. (2019). This finding has practical implications for forest manage-
ment, indicating that competition dynamics may change abruptly as
resource availability shifts, requiring adaptive management strategies
that account for varying resource availability along the gradient or
through time.

Our study confirms that the outcome of competitive interactions be-
tween species pairs can change along a climatic gradient and largely
depends on the identity of the interacting species (Mina et al., 2018bj;
Condés et al., 2022), highlighting the importance of considering
species-specific interactions to optimize forest productivity (Fig. 5). In
addition, we found that climatic conditions have a large influence on the
hierarchy of species’ competitive effects when the competitive effect of
the target species is on average intermediate relative to that of neigh-
bouring species. For example, we found that spruce at the drier end of the
gradient benefits from the presence of beech (see also Pretzsch et al.,
2010; del Rio et al., 2014) but not from the presence of fir (Forrester
etal., 2013; Vitali et al., 2018; Bottero et al., 2021) (Fig. 5a). By contrast,
under milder conditions, spruce benefits from the presence of fir (Huber
et al., 2014) but not from the presence of beech (Pretzsch et al., 2010; del
Rio et al., 2014) (Fig. 5a). Interestingly, our results show that when
neighbouring species competed against the strongest and the weakest
competitive species, the hierarchy of competitive effects of the species
remained the same along the gradient. For beech, which had the stron-
gest competitive effects, the intraspecific competitive effects were always
stronger than the interspecific ones (see also Toigo et al., 2015), whereas
for fir, which showed the weakest competitive effect, competition was
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the rule regardless of neighbour identity.

Differences in the length of the analysed stress gradient might lead to
changes in the outcome of competitive interactions between species pairs
(Le Roux and McGeoch, 2010). In the case of fir, for example, our results
contradict Lebourgeois et al. (2013) at dry sites (where beech had a
positive effect on fir) but agree with those reported in the same study for
mesic and wet sites (where beech had a negative effect, as Apeech > Afir)-
There are two possible explanations for these conflicting results. First, the
differences in the nature of the inventory data: we calculated the average
SPEI between two surveys (so that there are temporal changes in climatic
conditions within a period) whereas Lebourgeois et al. (2013) used tree
rings and focused on drought periods. Second, our inventory data may be
missing the driest sites for fir (and perhaps also beech), whose niche
extends to lower elevations with warmer temperatures (Kolling, 2007)
than those recorded at the 39 monitoring plots used in our study.

4.3. Intensity of competitive interactions along the SPEI gradient

We found a hump-shaped relationship between the per capita
competitive coefficients (i.e., 1) and SPEI for spruce and fir (Fig. 5a and
b). Interestingly, the competitive coefficients on spruce growth peaked at
the point along the gradient (i.e., nSPEIgep jy1 = 0.6) where spruce
growth started to increase (Figs. 3b and 5a). This is consistent with
Grime's hypothesis (Grime, 1973) regarding the increase in the intensity
of competition along a productivity gradient. Moreover, our results show
that the relationship between the intensity of competitive interactions
and the climatic conditions is not linear, and suggest that the intensity of
competitive interactions may decline when favourable conditions exceed
a certain threshold.

Our results suggest that either competition or competition reduction
plays an important role in tree growth when climatic conditions are
optimal for the growth of the target species, as the differences between
the competition indices of the species are greatest (1). However, under
climatic conditions that are far from optimal, these differences may not
be large enough to alter the low growth rate. Thus, although competition
reductions were found at the dry end of the gradient (e.g., the effect of
beech on spruce), the differences between intra- and interspecific
competitive coefficients were small, suggesting that competition re-
ductions are not as relevant under harsh conditions. Instead, under
optimal growth conditions for the target species, the differences between
the inter- and intraspecific coefficients for competitive effects were
largest (regardless of whether they resulted in competition or competi-
tion reduction), making their effects on tree growth more meaningful.
These results build on previous observations of significant differences
between intra- and interspecific competition along environmental gra-
dients. Our results are consistent, for example, with Maestre et al. (2009),
who suggested that positive effects may be more pronounced under
moderate environmental conditions, and with several studies that have
found little evidence for a positive effect of species diversity on the
resilience of different species in dry years (Gillerot et al., 2021; Versace
et al., 2020, 2021; Vitali et al., 2018). To test this observation in fir, we
used parameter estimates that included the climate effect (“species-s-
pecific competition with climate”) and found that fir growth was also
higher in situations where the intensity of competition was greater
(Fig. 4b and Supplementary Material Fig. S3). Furthermore, the growth of
fir peaked under our drier conditions, which further supports the idea
that the width of the gradient used in this study was likely insufficient to
study the sign of the species competitive effects on fir at its warm-dry
limit. Similarly, in beech, we may have captured only the upper part of
the hump-shaped relationship between competitive effects and SPEI,
which could explain why the competitive effects of species did not vary
(Fig. 5¢). Overall, these results highlight the importance of considering
the specific growth conditions of the target species when assessing
competitive interactions.
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5. Conclusions

This study shows that SPEI mediates the species competitive effects
on a target tree, rather than the sensitivity of the target species to
competition. Our modelling approach should prove useful in future
studies to expand our understanding of how competition shapes forest
communities along environmental gradients.

Our study confirms that competition reduction in mixtures and its
strength depends on species identity and can vary along climatic gradi-
ents, as shifts in the species hierarchy of competitive effects were
observed. We found that competition reduction (i.e., interspecific <
intraspecific competition) can occur along the entire gradient, and we
provided additional evidence of a non-linear relationship between
competition reduction and SPEI. Furthermore, we showed that the
strength of the outcome of competitive interactions between species
pairs, becomes less important under more arid conditions, where growth
of target species is low, so that neither competition nor competition
reduction can significantly affect growth. Instead, stronger competing or
competing reduction effects appear to occur at the point of the gradient
where target species growth begins to increase. This suggests that plant
interactions might be more relevant in stands with optimal conditions for
the target species. Consequently, we propose that forest management
strategies should be particularly adjusted to competition dynamics when
the optimal conditions for the target species are met. Overall, the findings
of this study have shed light on the complex relationship between cli-
matic conditions and competition dynamics, offering valuable insights
for developing sustainable forest management practices for maintaining
the stability and productivity of mixed forests in a dynamic environment.
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