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a Univ. Grenoble Alpes, INRAE, LESSEM, F-38402 St-Martin-d’Hères, France
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A B S T R A C T

Adapting forests to climate change is a major challenge for forest ecology and forestry. Among the management 
options available, encouraging the use of mixtures is a promising way forward. However, this practice requires a 
thorough understanding of how species respond to mixing. In this article, we analyzed species dominant height 
responds to mixing and how species ontogeny and traits drive this response. We compared species observed 
dominant height in mixed even-aged stands with the expected dominant height of the same species in a 
monospecific stand under the same environmental conditions. We then related this dominant height variation 
due to mixing to between-species dominant height difference and to species traits linked to competition (shade 
tolerance, wood density, specific leaf area).

We focused our analyses on 76 pairs of forest tree species. We used data from the French National Forest 
Inventory to calculate species dominant height in 1368 mixed stands. We then used previously developed models 
to estimate the expected dominant height in virtual monospecific stands with the same environmental 
conditions.

We found that mixture had a significant impact on species dominant height for 15 out of 50 species- 
combination considered. Dominant height of a given species was higher in mixture than in pure stands when 
this species had a lower dominant height in pure stands, a lower shade tolerance, a lower specific leaf area or a 
higher wood density than its companion species.

Our results suggest that species dominant height response to mixing depends on how mixture influences the 
competition for light. Our results will help inform strategies aiming to diversify species in forests, and will be 
especially useful in anticipating a given species’ behavior in response to competition for light when it is mixed 
with other species.

1. Introduction

Climate change raises a double challenge for forests: they must adapt 
to rapid changes in their environmental conditions while also ensuring 
their contribution to climate change mitigation. Promoting mixed for
ests, i.e. forests combining different tree species at the stand scale, is a 
relevant adaptation strategy in the face of climate change and its asso
ciated pressures (Messier et al., 2022) due to two main advantages. First, 
mixing species may create an “insurance effect” in case one species 
declines. Second, mixing may create complementarity effects that may 
decrease the impact of biotic and abiotic stresses in the forest stand 
(Jactel et al., 2017). These effects of species mixing are dependent on 

site conditions, on species combinations (Grossiord, 2020; Toïgo et al., 
2015a) and on management (Pretzsch et al., 2017, chapter 9). 
Depending on the species considered, mixing may also influence the 
contribution of forests to climate change mitigation, because the mixing 
strategy can have a positive impact on stand productivity, thereby 
increasing carbon storage (Liang et al., 2016; Zhang et al., 2012).

Trees grow differently in mixed stands than they do in monospecific 
stands (i.e. stands dominated by a single species) due to differences 
between interspecific versus intraspecific competition, and/or to facili
tation effects (Pretzsch et al., 2017). In particular, light distribution 
among coexisting trees, which impacts tree growth, differs between 
monospecific and mixed stands (Jucker et al., 2014). It is therefore 
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crucial to have thorough knowledge of how different species behave in 
mixtures in order to define an efficient adaptation and mitigation 
strategy. More specifically, such knowledge may help managers choose 
compatible species and other aspects of their management strategies, 
and better evaluate carbon sequestration capacity.

In this paper, we focus on even-aged stands, which represent around 
75 % of Europe’s forests (Forest Europe, 2020). In such systems, key 
variables are species dominant heights, defined for each species as the 
mean height of the trees of the species belonging to the largest trees of 
the stand (details in 2.1.1) (del Río et al., 2016). In even-aged mixtures, 
there is a vertical hierarchy among species, which depends on each 
species’ dominant height. This hierarchy influences access to light, thus 
impacting the ability of the species to grow and thrive together (Kothari 
et al., 2021). It is therefore important to have information on species 
vertical hierarchy in mixtures, and this requires assessing the effect of 
mixing species on species dominant height. However, the response of 
species dominant height to mixing has been less studied than the 
response of tree diameter or stand productivity (but see Del Rio et al., 
2019). For example, Toïgo, et al. (2015a) found that mixed stands had 
increased basal area increment at the stand level for five combinations of 
European species, compared to corresponding pure stands. They also 
showed that the effect of mixing species on basal area increment differed 
between the two species involved in the mixture, with a negative impact 
in some cases. Further empirical results on stand productivity can be 
found in Pretzsch et al. (2017) (chapter 4, point 4.2.2.2). The relatively 
low number of large-scale studies on the impact of mixing species on 
height is probably due to scarcer data, due to measurement complexity. 
Moreover, some large-scale studies focus on the effect of competition on 
height and not the effect of mixing species (see for example Lines et al., 
2012).

Because height responds to competition for light in temperate forests 
(Kothari et al., 2021; Lines et al., 2012), it is essential to explore how 
variables linked to light acquisition and light use influence the response 
of species dominant height to mixing species. Herein, for a given stand at 
a given development stage, we consider three important variables that 
influence light acquisition (Fig. 1). First, the between-species difference 
in expected dominant height, defined as the dominant height that would 
be achieved in the same environment in the absence of other species. 
This between-species dominant height difference determines if a species 
will be subject to size-asymmetric competition for light, because this 
type of competition mainly affects smaller species (Biber and Pretzsch, 

2022). Second, the shade tolerance of the dominated species, which 
reflects its ability to survive, grow or reproduce in low light conditions 
(Niinemets and Valladares, 2006). Third, the shading effect of the 
dominant species due to light interception, which reflects its competitive 
effect on smaller trees. The shading effect is positively related to shade 
tolerance (Canham et al., 1994; Kulha et al., 2023) because 
shade-tolerant species develop crowns that intercept more light (Pacala 
et al., 1996; Petrovska et al., 2021). In this paper, we have defined shade 
tolerance and shading effect as intrinsic species traits, independent of 
the species’ position in the stand vertical hierarchy.

Several studies have analyzed the impact of species traits and height 
difference on the response of height to mixing species. By fitting height- 
diameter allometries for 13 species, Rodríguez de Prado et al. (2022)
found that mixture influenced species height in a different direction 
depending on whether the species was deciduous (positive effect) or 
coniferous (negative effect). Del Río et al. (2019) focused on ten 
species-pairs and found that shade-intolerant species had higher height 
in mixtures and that shade-tolerant species had lower height in mix
tures. For even-aged stands, Vallet and Perot (2016) found a “compen
sation effect”, i.e. the taller species of the mixture had a lower height in 
mixture compared to pure stands and the smaller species of the mixtures 
had a higher height in mixture compared to pure stands. They related 
this effect to the fact that mixtures reduce light competition for the 
height-dominant species and increase light competition for the 
height-dominated species. Other functional traits related to light 
competition or integrative of several processes, in particular specific leaf 
area (SLA) and wood density, have been mobilized to study the impact of 
mixture on diameter increment (Kunstler et al., 2016). However, to our 
knowledge, the simultaneous impact of species height difference and of 
traits on the response of height to mixing species remains largely 
unexplored.

In this article, we studied the response of species dominant height to 
mixing species in even-aged two-species mixed stands in France 
(without overseas territories). We focused on interactions linked to light 
acquisition. Taking advantage of the extensive French National Forest 
Inventory dataset, we selected a subset of 1368 even-aged mixed stands 
that covers 76 species–pairs. We explored two questions: (i) how does 
mixing species affect species dominant height in even-aged stands; (ii) 
what is the respective influence of between-species expected dominant 
height difference and species traits on the mixture effect on species 
dominant height?

For a given stand, we refer to the species under scrutiny as the “focal 
species” and to the other species as the “companion species”. We call 
“mixture effect on species dominant height” the response of the focal 
species dominant height to mixing species, and we write “mixture effect” 
if there is no ambiguity.

Using these definitions, we formulated the following hypotheses:

• H1: The mixture effect on species dominant height depends on the 
between-species excepted dominant height difference: (i) the taller is 
the companion species compared to the focal species, the more 
positive is the mixture effect and (ii) the mixture effect is positive 
(resp. negative) when the focal species has a lower (resp. higher) 
expected dominant height than its companion species. We made this 
hypothesis assuming that mixture effect on dominant height is driven 
by access to light and that access to light is strongly linked with 
vertical hierarchy, following Vallet and Pérot (2016);

• H2: Differences in shade tolerance between the companion and the 
focal species should influence the mixture effect on species dominant 
height. In particular, if the focal species has a lower expected 
dominant height than its companion species, a higher difference in 
shade tolerance should increase the mixture effect. We made this 
hypothesis assuming that in mixtures, the focal species would need to 
increase its height to access light even more if (i) it is less shade- 
tolerant than the companion species, and (ii) the companion spe
cies intercepts more light, which can be related to the shade 

Fig. 1. The three variables involved in the acquisition of light in mixtures: 
height difference between species, shading effect of the height-dominant spe
cies, and shade tolerance of the height-dominated species. Shading effect is 
positively linked with shade tolerance.
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tolerance of the companion species (Canham et al., 1994; Kulha 
et al., 2023).

In addition to these hypotheses, we analyzed the impact of differ
ences in wood density and SLA on the mixture effect on species domi
nant height, because Kunstler et al. (2016) found an important role for 
these variables in species interactions.

2. Data and methods

To compute the mixture effect on species dominant height, we fol
lowed Vallet and Perot (2016): for each stand and each species, we 
compared observed dominant height to the expected dominant height in 
case the species had grown in a monospecific stand under the same 
environmental conditions (hereafter, “expected dominant height”). To 
assess this expected dominant height, we used the models calibrated in 
Combaud et al. (2024). Next, we used a stepwise model-selection pro
cedure to model the mixture effect as a function of the between-species 
difference in expected dominant height and of the difference of trait 
value between species. As defined in the introduction, "focal species’’ 
refers to the species for which the mixture effect is evaluated, and 
"companion species” refers to the accompanying species. For each stand, 
we successively considered both species involved in the mixture as the 
focal species.

2.1. Data

2.1.1. Dendrometric data
We used data from the French National Forest Inventory (NFI) 

temporary plots collected between 2006 and 2020 (IGN, 2022). For each 
plot, the NFI protocol defines three concentric circles from the plot 
center, with radii of 6 m, 9 m and 15 m, for a maximum surface area of 
around 700 m2. In each of these circles, NFI data provides diameter 
measurements and species identity for all the trees with a diameter at a 
height of 1.3 m from 7.5 cm to 22.5 cm for the 6 m-radius circle, from 
22.5 cm to 37.5 cm for the 9 m-radius circle, and greater than 37.5 cm 
for the 15 m-radius circle. The NFI also provides the canopy cover (i.e. 
cover having vertical access to light) per species within a 25 m-radius 
circle. The NFI also identifies the six dominant trees in each stand as 
those with the largest diameter among all the measured trees across the 
three circles. The NFI provides age and height measurements for two 
randomly selected dominant trees per plot. If one species represents 
more than 75 % of the canopy cover of the dominant trees, both domi
nant trees selected for age measurement are of this species. If no single 
species reaches 75 % of the canopy cover, one dominant tree of each of 
the two main species is measured. Hereafter, we refer to the dominant 
trees with height and age measurements as “measured dominant trees”, 
and the species of these trees as the “dominant species”. We defined 
stand age as the mean age of the two measured dominant trees.

Herein, we focused on even-aged two-species mixed stands. As in 
Combaud et al. (2024), the even-aged plots we selected were those 
labeled “even-aged” in the NFI database and for which the relative age 
difference between the oldest and the youngest measured dominant 
trees was less than 25 %. Among these plots, we considered mixed 
stands to be the ones where (i) the two measured dominant trees were of 
different species, and (ii) the sum of the canopy cover of the two 
dominant species within the 25 m radius circle was more than 50 % of 
the stand canopy cover. The first criterion ensured that the stand was 
indeed mixed, and the second criterion ensured that the mixture was 
mainly composed of the two species. We kept only the plots for which 
both dominant species were in the list of the 20 species considered in 
Combaud et al. (2024) because our modeling strategy relied on the 
models calibrated in that paper. We also restricted our dataset to stands 
with a relative density index superior to 0.5 to ensure that present and 
past densities were high enough to have a between-species interaction 
effect. The relative density index is defined as the ratio of the observed 

number of trees over the maximum number of trees that could be 
reached due to self-thinning induced by competition (Reineke, 1933). 
We computed this index following the method described by Aussenac 
et al. (2021). Even though the NFI data do not provide explicit local
isation of the species in the mixtures, the small size of the 15 m-radius 
plot for tree measurements (700 m2) allowed us to consider that the 
mixtures were intimate.

In even-aged monospecific stands, dominant height is usually 
defined per hectare as the mean height of the 100 trees with the largest 
diameters (Assmann and Davis, 1970), or, if the plot is less than one 
hectare in size, of n-1 trees where n is the number of 100-m2 subunits in 
the plot (Vallet and Pérot, 2016). For example, for a plot of around 
700 m2, the dominant height in monospecific stands can be estimated as 
the mean height of the six trees with the largest diameters in the plot. In 
mixed stands, to determine the dominant height of each species, del Río 
et al. (2016), citing Zingg (1994), recommend first determining the 
dominant trees without taking into account species identity, and second 
computing the mean height of the dominant trees for each species. To 
apply this method to the selected NFI stands in our study where only one 
tree per dominant species was measured for age and height, we esti
mated the dominant height for each dominant species from the height of 
the measured dominant tree belonging to this species. This is a valid 
proxy for species dominant height sensu del Río et al. (2016) because for 
each dominant species, the measured dominant tree is randomly 
selected among all the dominant trees belonging to this species. Fig. A.1 
in the Supplementary Materials summarizes how we computed domi
nant height.

2.1.2. Environmental data
We used the models provided in Combaud et al. (2024) to assess each 

dominant species’ expected dominant height, therefore we calculated 
the NFI environmental data in the same way as in this latter study. More 
specifically, we used NFI data on soil depth, soil texture, flora, and FYRE 
and Safran climate data (Devers et al., 2020a, 2020b, 2021). The vari
ables we computed included both soil variables (C:N ratio, pH, soil water 
holding capacity) and climatic variables (temperature, precipitation, 
sum of degree-days and climate water balance - defined as the difference 
between precipitation and potential evapotranspiration). We also took 
some environmental variables directly from the NFI database (slope, 
aspect, bedrock type). We restricted our database to NFI mixed stands 
for which the environmental variables were within the calibration range 
of the models for dominant height developed in Combaud et al. (2024).

2.1.3. Trait data and type of mixture
We tested the impact of three species traits that are directly or 

indirectly related to light interception or use: shade tolerance, wood 
density and specific leaf area (SLA, i.e. leaf area per unit of leaf mass). 
We considered these traits as fixed values per species, independently of 
species vertical hierarchy. We analyzed the impact of shade tolerance for 
two reasons. First, this variable provides information on the ability of 
the trees of the species to survive and develop when they are height 
dominated (Valladares and Niinemets, 2008). Second, it is a good proxy 
for the shading effect created by trees of this species when they are 
height dominant, i.e. shade tolerance informs on how the trees of one 
species shade dominated trees of other species (Fig. 1). This positive 
relationship stems notably from the ability of shade-tolerant species to 
develop deeper and denser crowns thanks to a better resistance to 
self-shading (Canham et al., 1994; Kulha et al., 2023; Petrovska et al., 
2021). We also analyzed the impact of SLA and wood density because 
these variables reflect trade-offs between longevity and construction 
costs of some tissues and have proven useful in analyzing species in
teractions (Kunstler et al., 2016). In particular, wood density relates to 
crown shape and the speed of height growth and therefore influence 
resource foraging and competition for resources (Poorter et al., 2012a; 
Woodall et al., 2015). There was no correlation between these three 
traits among the 20 species we studied, except for a negative correlation 
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between wood density and shade tolerance for gymnosperms (correla
tion coefficient − 0.019, p-value = 0.01038 based on a linear model) (cf. 
Supplementary Materials, fig. B.1). We used the shade tolerance index of 
Niinemets and Valladares (2006) (higher values mean stronger 
shade-tolerance), the wood density values from the XyloDensMap 
database (Leban et al., 2022) and the SLA values from Carmona et al. 
(2021). For each species, we retained the mean value in the corre
sponding database. We completed these databases with data from other 
sources for missing species. For Pinus nigra var. corsicana (Loudon, Hyl.), 
we used the shade tolerance provided in Thuiller et al. (2014) and for 
Pinus pinaster subsp. pinaster (Aiton), we used the shade tolerance pro
vided in Poorter et al. (2012a). Table 1 provides trait values for the 20 
species we studied. We also considered the type of mixture, i.e. the 
combination between the group of the focal species (gymnosperm or 
angiosperm) and the group of the companion species. For 19 species out 
of the 20 species considered, the group matches the difference between 
evergreen and deciduous. Only Larix decidua subsp. decidua (Mill.), is a 
deciduous gymnosperm.

2.2. Height variables calculations

For each stand, we focused on each of the two dominant species 
successively. We used the models provided in Combaud et al. (2024) to 
assess the expected dominant height for each species as if it had grown in 
a monospecific stand under the same conditions as in the observed 
environment. We applied these models using the NFI age and environ
mental data for each dominant species. In the rest of this paper, we use 
the term “height-dominated species” (resp. “height-dominant species”) 
to refer to the species having the smallest (resp. highest) expected 
dominant height.

We computed the mixture effect on the dominant height of species i 
in stand k (MEi,k) as in Vallet and Pérot (2016), i.e. as the difference 
between the observed and expected dominant heights of the focal spe
cies, divided by the expected dominant height of the focal species. This 
gave us a relative value (Eq. 1). In Eq. (1), Hobs,i,k is the observed 
dominant height of the focal species i in the mixed stand k, and Hexp,i,k is 
the expected dominant height of species i in a monoculture with the 
same environment as in stand k. It is worth noting that we computed the 
mixture effect on a state variable (dominant height) and not on a flux 
variable (dominant height growth). We also computed the difference 
between the expected dominant height of the companion species and the 
expected dominant height of the focal species. We divided the difference 

by the focal species expected dominant height to obtain a relative value 
(Eq. 2). We called this variable the “between-species expected dominant 
height difference” (ΔHexp,i,k). In Eq. (2), Hexp,c,k is the expected domi
nant height of the companion species c in stand k in a monoculture with 
the same environment as in stand k. 

MEi,k =
Hobs,i,k − Hexp,i,k

Hexp,i,k
(1) 

ΔHexp,i,k =
Hexp,c,k − Hexp,i,k

Hexp,i,k
(2) 

2.3. Final stand selection

To have observation data on tree age and height for the two species 
in the mixture, we focused on stands where both species were present in 
the dominant stratum, as defined by the NFI. However, if mixture 
negatively impacts the growth of the height-dominated species, this 
species may not be observed in the dominant stratum, even though it 
should be found there according to its expected dominant height in 
monospecific stands. To avoid a stand selection biased against stands for 
which mixture has a negative impact on the dominant height of the 
height-dominated species, we restricted our calibration sample to stands 
where the expected dominant height difference between the two species 
was between − 20 % and +20 %. In this range, it is unlikely that the 
mixture effect on species dominant height would exclude a species from 
the dominant stratum. Finally, we kept 1368 plots (Table 1), corre
sponding to 76 species-pairs, and therefore to 76 ×2 = 152 combina
tions of focal / companion species. The distribution of the plots by 
species-pair is provided in the Supplementary Materials (fig. C.1).

2.4. Modeling the mixture effect on species dominant height

2.4.1. General form of the model
For each trait (shade tolerance, wood density, SLA), we modeled the 

mixture effect on species dominant height using a linear mixed model. 
We treated each trait separately to avoid hard-to-interpret interactions 
between the different traits. We included the traits in the model as the 
difference between the trait values for the companion species and the 
focal species.

We included a stand-level random intercept to capture the structure 
of the data because we had two mixture-effect observations per stand 
(one for each species). We considered the following explanatory vari

Table 1 
Number of plots and trait values per species. Each plot is counted twice because two species are measured on each plot. The number of different plots is 1368, and the 
number of observations is 2736. 978 plots are angiosperm-angiosperm stands, 163 plots are gymnosperm-gymnosperm stands and 227 plots are angiosperm- 
gymnosperm stands. The shade tolerance index is taken from (Niinemets and Valladares, 2006), higher values indicate stronger shade-tolerance.

Species in the mixture Number of plots Shade tolerance index Wood density (kg/m3) Specific leaf area (mm2/mg) Group

Abies alba (Mill.), 148 4.60 417 6.1 Gymnosperm
Betula pendula (Roth), 75 2.03 532 17.7 Angiosperm
Carpinus betulus (L.), 107 3.97 615 21.0 Angiosperm
Castanea sativa (Mill.), 161 3.15 506 17.9 Angiosperm
Fagus sylvatica (L.), 360 4.56 607 20.2 Angiosperm
Fraxinus excelsior (L.), 185 2.66 594 18.5 Angiosperm
Larix decidua subsp. decidua (Mill.), 7 1.46 499 15.1 Gymnosperm
Picea abies subsp. abies (L., H.Karst.), 124 4.45 388 4.5 Gymnosperm
Picea sitchensis (Bong., Carrière), 11 3.85 399 9.6 Gymnosperm
Pinus halepensis (Mill.), 3 1.35 537 11.2 Gymnosperm
Pinus nigra subsp. nigra (J.F.Arnold), 15 2.10 524 5.2 Gymnosperm
Pinus nigra var. corsicana (Loudon, Hyl.), 21 2. 491 5.2 Gymnosperm
Pinus pinaster subsp. pinaster (Aiton), 24 1.35 444 4.9 Gymnosperm
Pinus sylvestris (L.), 178 1.67 459 5.1 Gymnosperm
Pseudotsuga menziesii (Mirb., Franco), 22 2.78 456 7.4 Gymnosperm
Quercus petraea subsp. petraea (Matt., Liebl.), 551 2.73 650 16.7 Angiosperm
Quercus pubescens (Willd.), 44 2.31 721 10.3 Angiosperm
Quercus robur var. robur (L.), 659 2.45 630 16.8 Angiosperm
Quercus rubra (L.), 5 2.75 656 16.6 Angiosperm
Robinia pseudoacacia (L.), 36 1.72 640 23.5 Angiosperm
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ables: expected dominant height difference between the two species in 
the mixture, trait difference between the companion and the focal spe
cies, the type of mixture (i.e. whether the companion and focal species 
are angiosperm / gymnosperm), age difference between species and 
stand age. We also tested for interactions between expected dominant 
height difference and all the other variables, because the compensation 
effect emphasized by Vallet and Pérot (2016) suggests that the sign of 
certain types of impact could depend on the species’ vertical hierarchy. 
Finally, we tested the interactions between the traits and the type of 
mixture to account for differences in the distribution of wood density 
and SLA between angiosperm and gymnosperm species (Supplementary 
Materials, fig. B.2). We centered and scaled each quantitative variable 
by subtracting the mean and dividing by the standard deviation 
(Table 2). The general form of the models we tested is provided in Eq. 3, 
and Table 2 provides the mean and standard deviations for the potential 
explanatory variables. 

MEi,k = μ0 + μk +ΔHexp,i,k

× ( ΔTraiti,c,k +ΔAgei,c,k +Agek +TypeMixturei,k )+ΔTraiti,c,k

× TypeMixturei,k + ϵi,k

(3) 

In Eq. (3), k is the stand index: i is the focal species; c is the com
panion species; μ0 is a common intercept; μk is a stand-specific random 
effect assumed to follow a normal distribution, independently and 
identically distributed across stands; ϵi,k is an error term for species i and 
stand k assumed to follow a normal distribution, independently and 
identically distributed across observations; and the “x” symbol repre
sents interactions.

2.4.2. Model selection and parameter inference
For each species trait (shade tolerance, wood density, SLA), we 

combined a k-fold procedure and a stepwise selection procedure to 
select the best variables. First, we randomly divided our sample into five 
groups. Second, we implemented five stepwise model selections, each of 
them based on a calibration subsample composed of four groups 
(therefore based on 80 % of the data), so that each subsample was left 
outside the calibration subsample once. The stepwise procedure was 
both forward and backward. Because the random-effect structure was 
the same for all models and because we were interested only in fixed 
effects, we used the maximum likelihood estimator (Cheng et al., 2010) 
to estimate the parameters; we selected the model with the lowest AIC at 
each step. We stopped the selection process when an Anova test showed 
no significant (pvalue = 0.05) improvement of the model in two suc
cessive steps. Third, we defined the final model for a given trait as the 

model with the variables that consistently appeared in each of the five 
models (one per calibration subsample). This choice was made to ensure 
robustness and the parsimony of our models. To estimate the fixed effect 
of the final model, we used a restricted maximum likelihood estimator 
(Toïgo et al., 2015b). Our model selection strategy is summarized in the 
Supplementary Materials (fig. D.1).

To avoid including highly-correlated variables in the same model, we 
excluded models for which the variance inflation criteria (VIF) (O’Brien, 
2007) was above 2. In the VIF computation, we excluded interaction 
variables and species group (angiosperm / gymnosperm). Indeed, we 
included the “group” variable precisely to account for the correlation 
between group and certain traits. We visually checked the normality of 
the random effects, the normality of the errors, and the homoscedas
ticity of the error of the final model (Pinheiro and Bates, 2006). We used 
the lme function of the R nlme package (version 3.1–157) (Pinheiro et al., 
2023) in version 4.2.0 of the R software (R Core Team, 2022).

3. Results

3.1. Computed mixture effect on species dominant height per species-pair

Out of 50 combinations for which at least 10 observations were 
available (involving 13 species), we found a significant mixture effect on 
species dominant height (pvalue = 0.05) for 15 focal species-companion 
species combinations (involving 9 species): for 12 combinations, the 
focal species dominant height was higher in mixture than in pure stand, 
and for 3 combinations, the focal species dominant height was lower in 
mixture than in pure stands (Fig. 2).

3.2. Models of mixture effect on species dominant height

Between-species expected dominant height difference and stand age 
were selected in the three final models, with respectively positive and 
negative impacts on the response of species dominant height to mixture 
(Table 3). Trait difference was also included in each selection procedure. 
In addition, mixture type was selected in the model based on wood 
density. In this model, the response of the focal species dominant height 
to mixture is higher (less negative or more positive) when the focal 
species is a gymnosperm and lower (more negative or less positive) 
when the companion species is a gymnosperm. The AIC was lower for 
the model involving shade tolerance than those involving SLA or wood 
density (a difference of more than 5 points). We checked that the hy
potheses regarding residuals and random effects were respected for the 
three models (fig. E.1 to E.3 in Supplementary Materials). The models 
selected for the different calibration subsamples are presented in the 
Supplementary Materials (tab. E.1 to E.3).

We found that expected dominant height difference had the strongest 
impact on the mixture effect whatever the model considered: the 
mixture effect varied over around 13 percentage points within the range 
of expected dominant height difference in the calibration sample 
(Fig. 3). This means that in response to mixing, species dominant height 
increases by between 3.2 and 3.4 percentage points when the between- 
species expected dominant height difference increased by 10 percentage 
points. Shade tolerance difference, SLA difference and wood density 
difference had a lower impact: in response to mixing, species dominant 
height increases by +3, +3 and − 7 percentage points, respectively, from 
the 5 % quantile to the 95 % quantile of the variable. For the different 
stand age classes, the graphs are provided in Supplementary Materials 
(fig. F.1 to F.3). The intercept was significantly positive in all the 
models. Fig. 4 illustrates the influence of expected dominant height 
difference, stand age and shade tolerance on the dominant height dy
namics in mixed stands, compared to monospecific stands. Figures G.1 
to G.5 in the Supplementary Materials address the other traits.

Table 2 
Description of the explanatory variables over the 1368 plots (2736 observa
tions). Q5 and Q95 are respectively the quantile at the 5 % and the 95 % levels. 
Mean and standard deviations are used to compute the centered-scaled variables 
used in the model. “difference” refers to difference between the value for the 
companion species and the value for the focal species. For example, if the focal 
species is shade-intolerant (low shade tolerance index) and the companion 
species is shade-tolerant (high shade tolerance index), then the shade tolerance 
difference is positive.

Variable Mean Standard 
deviation

Q5 Q95

Stand age (years) 74.71 27.89 30.00 123.00
Age difference between species 

(years)
0.00 8.59 − 15.00 15.00

Expected DH difference 
(relative)

0.01 0.11 − 0.15 0.18

Specific leaf area difference 
(mm2/mg)

0.00 5.85 − 11.74 11.74

Shade tolerance difference 0.00 1.20 − 1.90 1.90
Wood density difference (kg/ 

m3)
0.00 87.31 − 170.74 170.74
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4. Discussion

4.1. Mixture effect on species dominant height, per species-pair

Our results show that mixture influenced species dominant height for 
a significant proportion of the species combinations (15 out of 50), 
which confirms the importance of taking this effect into account to 
anticipate stand development. The mixture effect on species dominant 

height we found was generally moderate (below 10 % in absolute 
terms), except for the focal species Quercus pubescens with the com
panion species Quercus robur combination (increase of Quercus pubescens 
dominant height in mixtures of +14 %). This contrasts with the response 
of basal area increment to mixing species, where effects above 20 % are 
common and may even exceed 40 % (Toïgo et al., 2018; Toïgo, Toïgo 
et al., 2015a). In some configurations, the predicted mixture effect is 
strong enough to reverse the vertical hierarchy expected in monospecific 

Fig. 2. Mixture effect on species dominant height for species-combinations with more than ten observations. The mixture effect is the relative difference between 
observed dominant height and expected dominant height. Each graph corresponds to a focal species; companion species are on the x-axis. Points are the mean values 
of the mixture effect; segments represent the confidence intervals (Wilcoxon test at the 0.05 level). Stars indicate whether the mean mixture effect is significantly 
different from 0 (no star: non- significant, *: significance level = 0.05, **: significance level = 0.01, ***: significance level = 0.001). Red star: significantly positive 
mixture effect; blue star: significantly negative mixture effect. For example, for the focal species Fagus sylvatica and the companion species Abies alba the mean 
mixture effect is 9 %, which means that the dominant height of Fagus sylvatica is on average 9 % higher in a mixture with Abies alba than when Fagus sylvatica 
grows in a monospecific stand under the same environmental conditions. Seven species are not represented because there were not enough observations: Larix 
decidua, Picea sitchensis, Pinus halepensis, Pinus nigra subsp. nigra, Pinus nigra var. corsicana, Pinus pinaster and Quercus rubra.
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stands. In this case, predictions should be interpreted carefully because 
then the expected dominant height difference is probably an unsatis
factory explanatory variable.

Our results are partly consistent with those obtained by Vallet and 
Pérot (2016), who also used French NFI data to analyze five focal spe
cies. We had enough data to confirm their results for five out of the eight 
species combinations for which they found a significant mixture effect 
on species dominant height. For the three remaining cases, we did not 
find any significant effect. Discrepancies probably come from differ
ences in the mixed stands selected, because we constrained our dataset 
to ensure that expected dominant height difference was between − 20 % 
and +20 %. Our larger set of focal species and including Fraxinus 
excelsior in the list of companion species enabled us to identify signifi
cant mixture effects that Vallet and Pérot (2016) did not capture: in
crease of the dominant height of Quercus robur with four companion 
species, strong increase of the dominant height of Quercus pubescens 
when mixed with Quercus robur, and some responses of the dominant 
height to mixture for Castanea sativa, Fraxinus excelsior and Robinia 
pseudoacacia. These results are interesting for forest management stra
tegies because they show significant mixture effects on economically 
important species in Europe (e.g. Picea abies, Quercus petraea and Quercus 
robur) (Hanewinkel et al., 2013; Ducousso and Bordacs, 2004) or 
potentially well-adapted to upcoming climate change (e.g. Quercus 
pubescens) (Illés and Móricz, 2022).

4.2. Models of mixture effect on species dominant height

4.2.1. Impact of between-species expected dominant height difference on 
the mixture effect on species dominant height

Our results confirm our first hypothesis that the mixture effect on 
species dominant height is more positive (or less negative) when the 
between-species expected dominant height difference increases. This 

effect dominates the effect of other variables, which confirms our hy
pothesis that mixing species tends to increase the dominant height of the 
height-dominated species and to reduce the dominant height of the 
height-dominant species. This result was consistent for all three of the 
final models resulting from our selection processes (one per trait). In all 
cases, we found an increase of dominant height between 3.2 percentage 
points and 3.4 percentage points, for an increase of 10 percentage points 
in expected dominant height difference. These effects in opposite di
rections for the height-dominant and the height dominated species, 
leading to a convergence of dominant height of both species, are 
consistent with the compensation effect found in Vallet and Pérot 
(2016). We can interpret these in relation to the impact of mixture on the 
asymmetric competition for light for both the height-dominated and the 
height-dominant species. Let us consider a mixed stand composed of two 
species with different expected dominant heights and similar traits 
(especially regarding shade tolerance and shading effect). In such a 
stand, the competition for light experienced by the height-dominated 
species is stronger than if this species grew in monospecific stands 
with similar density. Our findings of an increase in the height of this 
species compared to monospecific stands can be interpreted in a way to 
compensate for this increased competition. Such a behavior would be 
consistent with the findings of Lines et al. (2012): they found that for a 
given diameter, height increases when the asymmetric competition in
creases. Their studies used the basal area of the trees with larger 
diameter as the competition index. Our findings complement these re
sults because they show that (dominant) height difference is an impor
tant variable to describe asymmetric competition. Del Rio et al. (2019) 
also found that height increased with asymmetric competition for two 
species out of the four they studied. Conversely, in the same stand, the 
competition for light experienced by the height-dominant species is 
lower than if it grew in monospecific stands. This could explain the 
decrease in the dominant height of this species compared to mono
specific stands, because then resources can be allocated to other func
tions than light foraging (radial growth, water foraging, by allocating 
carbon to roots, reproduction, etc.) (Bebre et al., 2021, Durigan et al., 
2012, Poorter et al., 2012b).

The positive intercept we found implies that, if the focal species has a 
higher expected dominant height, the mixture effect on species domi
nant height becomes negative only when the expected dominant height 
difference is large enough (expected dominant height difference is 
negative in this case).

4.2.2. Impact of traits on the mixture effect on species dominant height
We found that shade-tolerance, SLA and wood-density differences 

between species were useful to explain the mixture effect on species 
dominant height. However, the magnitude associated to these variables 
was lower than the magnitude of the expected dominant height differ
ence. In our sample, there was no correlation between species traits (fig. 
B.1 in Supplementary Materials), except for a negative correlation be
tween shade tolerance and wood density for gymnosperm species. This 
suggests that the traits we studied provide different information. Each of 
the three models we calibrated (one per trait) are useful. The shade 
tolerance index of Niinemets and Valladares (2006) is interesting 
because this index is available for a wide range of species. However, 
shade tolerance may depend on tree age as well as on biotic and abiotic 
factors, and the shade tolerance index can hardly be measured on the 
field because it is an indirect measure of several functional traits 
(Valladares and Niinemets, 2008). In contrast, SLA and wood density 
can be directly measured on the field, albeit with complex procedures 
for wood density. However, the models we calibrated involving these 
latter variables have a higher AIC.

4.2.2.1. Focus on the effect of shade tolerance. According to our results, 
the higher is the shade tolerance of the companion species compared to 
the focal species, the more positive (or less negative) is the mixture effect 

Table 3 
Parameter values and quality indicators for the three final models involving, 
respectively, shade tolerance difference, SLA difference and wood density dif
ference (in columns).

Model with 
shade tolerance

Model with 
specific leaf area

Model with 
wood density

Parameters ​ ​ ​
Intercept 0.019 *** 0.019 *** 0.017 ***
Expected dominant 

height difference
0.034 *** 0.036 *** 0.034 ***

Stand age − 0.012 ** − 0.012 ** − 0.011 **
Shade tolerance 

difference
0.01 *** . .

Specific leaf area 
difference

. 0.008 *** .

Wood density 
difference

. . − 0.018 ***

Mixture type = AG . . − 0.039 **
Mixture type = GA . . 0.054 ***
Mixture type = GG . . 0.005
Standard deviation of 

the error term
0.099 0.099 0.098

Standard deviation of 
the random effects

0.12 0.12 0.121

Quality indicators Shade tolerance Specific leaf area Wood density
AIC − 2971 − 2962 − 2965
r2 0.06 0.06 0.06
RMSE 0.16 0.16 0.16

The explanatory variables are center-scaled (see Table 2). “Mixture type” is a 
discrete variable representing whether the focal species-companion species pair 
was angiosperm-angiosperm (reference case), angiosperm-gymnosperm (AG), 
gymnosperm-angiosperm (GA) or gymnosperm-gymnosperm (GG). r2 is the 
share of variance explained by the model and RMSE is the root mean square 
error. Both were computed with unconditional residuals (i.e. without any 
random effects prediction). Stars indicate whether the parameters are signifi
cantly different from 0 at pvalue = 0.05(*), 0.01(**) or 0.001(***).
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on species dominant height. This finding is consistent with that of del 
Río et al. (2019). The stronger increase of dominant height in response 
to mixing for height-dominated shade-intolerant species (compared to 
shade-tolerant species) is consistent with shade-avoidance, our second 
hypothesis. This behavior consists in prioritizing height growth over 

other functions for shade-intolerant species under cover (Henry and 
Aarssen, 1999). Kothari et al. (2021) identified such a behavior for the 
shade-intolerant Betula papyrifera, for which they found stem elongation 
in case of stronger competition. They did not find the same pattern for 
the shade-tolerant species Tilia americana and Acer negundo. Lines et al. 

Fig. 3. Impact of expected dominant height difference (x-axis) and trait difference on the mixture effect on species dominant height (y-axis) in the model with shade 
tolerance (A), SLA (B) and wood density (C to F). Graphs C to F represent different focal-companion species combinations: angiosperm-angiosperm (“AA”, graph C), 
angiosperm - gymnosperm (“AG”, graph D), gymnosperm - angiosperm (“GA”, graph E), and gymnosperm - gymnosperm (“GG”, graph F). Computations were done 
for a mean age of 75 years. Line types represent different values of trait differences between species. Trait difference is computed as trait value for the companion 
species minus trait value for the focal species. Hence, the 5% quantile (resp. 95% quantile) of trait difference represents a case with relatively high (resp. relatively 
low) shade tolerance of the focal species compared to the companion species. The extreme values for trait differences are the 5 % and 95 % quantiles of the dis
tribution in the calibration sample. Quantile values: for shade tolerance difference, Q5 % = − 1.9, mean = 0, Q95 % = 1.9; for SLA difference, Q5 % = − 11.7 mm2/ 
mg, mean = 0 mm2/mg and Q95 % = 11.7 mm2/mg; for wood-density difference: Q5 % = − 171 kg/m3, mean = 0 kg/m3, Q95 % = 171 kg/m3 (for angiosperm- 
angiosperm mixtures), Q5 % = − 195 kg/m3, mean = − 161 kg/m3, Q95 % = − 47 kg/m3 (for angiosperm-gymnosperm mixtures), Q5 % = 47 kg/m3, mean =
161 kg/m3, Q95 % = 195 kg/m3 (for gymnosperm-angiosperm mixtures), Q5 % = − 68 kg/m3, mean = 0 kg/m3, Q95 % = 68 kg/m3 (for gymnosperm- 
gymnosperm mixtures).
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(2012) found results in the same direction: they show that at a given 
diameter of the focal tree, asymmetric competition tends to increase the 
height of shade-intolerant species more that the height of shade-tolerant 
ones.

We can also interpret our result focusing on the shade-tolerance of 
the companion species. The shade tolerance of the companion-species is 
a good proxy for its shading effect, notably because shade-tolerant 
species can develop deeper, denser crowns due to a better resistance 
to self-shading (Canham et al., 1994; Kulha et al., 2023; Petrovska et al., 
2021). If the focal species is height-dominated, we can hypothesize that 
it needs to grow more in height to access light if the companion species 
has a stronger shading effect. This would be again consistent with a 
shade-avoidance behavior. Another possibility in such situations would 
be the inhibition of height growth of the height-dominated focal species, 
but we did not find this pattern. It is possible that in these situations, the 
height-dominated species dies, so we do not observe this in our data. It is 
also possible that our stand selection excludes such cases, as we only 
consider stands where both species are in the dominant strata, and a 
negative response of dominant height to mixture could lead to the 
exclusion of a species from this stratum. However, we tried to avoid such 
a selection effect by focusing on mixtures for which expected dominant 
height difference is below 20 %.

In case the focal species is height-dominant, we did not expect any 

effect of shade tolerance difference on the mixture effect on species 
dominant height. Therefore, we expected an interaction between the 
effect of shade-tolerance difference and expected dominant height dif
ference, but this was not the case. This suggests that the positive effect of 
shade-tolerance difference also holds for a height-dominant focal spe
cies. However, such a positive effect is counterbalanced by the much 
stronger negative effect of expected dominant height difference. In 
addition, it is possible that the linear interaction framework we used in 
our study masked non-linear interactions between between-species 
shade tolerance difference and between-species expected dominant 
height difference.

4.2.2.2. Focus on the effect of wood density and specific leaf area. We 
found that higher wood-density difference was associated with lower 
mixture effect on species dominant height. This could appear in 
contradiction with our finding that higher shade tolerance difference is 
associated with a higher mixture effect, because studies have empha
sized a positive correlation between wood density and shade tolerance 
for tropical species (Wright et al., 2010). However, we did not observe 
this correlation between wood density and shade tolerance in our 
dataset, after controlling for species group (angiosperm / gymnosperm). 
On the contrary, we observed a negative correlation for gymnosperm 
species (fig. B.1 in Supplementary Materials). This negative correlation 

Fig. 4. Simulated dominant height dynamics for two virtual species in monospecific (solid line) and mixed stands (dashed line), for two virtual species (species 1 in 
black, species 2 in grey), depending on expected dominant height difference (ΔHp) and shade-tolerance difference (ΔST), where differences are computed as the 
value for species 2 minus the value for species 1. Hence, the 5% quantile (resp. 95% quantile) of trait difference represents a case with relatively high (resp. relatively 
low) shade tolerance of species 1 compared to species 2. Columns represent different values of the expected dominant height difference (-20 %, 0, 20 %). Rows 
represent different values of shade-tolerance difference (5 % quantile, mean, 95 % quantile, over the calibration sample). For example, the top left graph corresponds 
to the case where species 1 had a higher expected dominant height and a higher shade tolerance than species 2. Dominant height in monospecific stands for species 1 
was computed from the parameters for Quercus petraea in Combaud et al. (2024), in the mean environment. Dominant height in monospecific stands for species 2 
was computed as the dominant height of species 1 corrected by the expected dominant height difference. Dominant heights in the mixture for species 1 and 2 were 
computed as expected dominant height corrected by the mixture effect predicted by the model from shade tolerance difference. ΔHp: expected dominant height 
difference; ΔST: shade-tolerance difference. Quantile values for shade-tolerance difference: Q5 % = − 1.9, mean = 0, Q95 % = 1.9. The maximum age represented 
corresponds to the 95 % quantile of the distribution in the calibration sample (123 years).
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was also found on a larger set of Northern-hemisphere coniferous species 
(Tucker et al., 2024). Our findings on the effect of wood density could 
reflect a relationship between wood density and shade tolerance for 
gymnosperms. It could also reflect other processes, because wood den
sity is an integrative trait of diverse properties. For example, it relates to 
the resources required to creating wood fiber (Kunstler et al., 2016). In 
our model with wood density, the type of mixture was also among the 
selected variables. This accounts for the fact that wood density is very 
different in gymnosperms and angiosperms (fig. B.2 in Supplementary 
Materials), and therefore including the mixture type corrects for this 
difference. The negative impact of gymnosperm companion species on 
the mixture effect could be due to the fact that they keep their leaves all 
year long (except for Larix decidua), thus preventing the species below 
from benefitting from easy access to light in the early spring. The pos
itive impact of gymnosperm focal species could relate to the ability of 
gymnosperms to photosynthesize in early spring in case of favorable 
temperatures, once again due to the fact that they are evergreen.

Our finding of a positive effect of SLA difference on the mixture effect 
on species dominant height is difficult to interpret because SLA is inte
grative of different processes and because it provides information on 
light interception at the leaf level, but not at the tree or stand level. In 
particular, for mature trees, light interception is determined by tree 
architecture rather than by SLA (Poorter et al., 2008). Therefore, it is 
difficult to directly interpret SLA as a proxy for competitive pressure.

Kunstler et al. (2016) focused on the competition effect on diameter 
increment and found effects of SLA and wood density. For temperate 
forests, they found that the companion tree’s SLA negatively related to 
the competitive pressure exerted by the companion tree, meaning that a 
higher SLA of the companion tree favored diameter growth. They also 
found a positive impact of focal-species wood density and a negative 
impact of companion-species wood density on diameter growth. It is 
worth noting that Kunstler et al., (2016) found no significant effect of 
SLA difference or wood-density difference on competition, after sepa
rately taking into account the effects of the focal-species and the 
companion-species trait. This suggests that individual traits may be 
more important than trait differences. However, we chose not to analyze 
individual trait to ensure a more robust k-fold model selection 
procedure.

4.2.3. Impact of stand age on the mixture effect on species dominant height
We did not expect stand age to be selected as an explanatory vari

able. However, it appeared consistently in the three models, albeit with 
a weak magnitude comparable to the one for shade-tolerance difference 
and specific-leaf-area difference. This may reflect how the impact of 
species interactions on growth can vary with stand age (Forrester et al., 
2011). Plaga et al. (2023) found that the response of species diameter to 
mixture was stronger in early development phases. This could be due to 
greater competition pressure during these phases and to variations in the 
efficiency of light-harvesting with age (Niinemets, 2010). It is surprising 
that the age impact did not depend on the vertical hierarchy: if age 
modulates the amplitude of the mixture effect on species dominant 
height, we would have expected an interaction between age and ex
pected dominant-height difference to capture the “compensation effect” 
mentioned above. Residual variability in our data may have masked this 
interaction.

4.2.4. Comparison with the impact of mixture on radial growth
The mixture effect on species dominant height that we found do not 

necessarily have the same sign as effects on radial increment found in 
the literature. The effect we found has the same sign as the one found by 
Toïgo et al. (2015a) on radial growth for Fagus sylvatica (mixed with 
Abies alba) or Abies alba (mixed with Picea abies). However we found 
opposite signs for Quercus petraea (mixed with Fagus sylvatica), and for a 
large number of combinations we did not find significant effect while 
they found some, and conversely. Under increased light competition, 
some species may prioritize height growth over diameter growth due to 

shade-avoidance behavior (Henry and Aarssen, 1997; Kothari et al., 
2021), which could result in an opposite response of species diameter 
and height to mixing species. In other situations, increased light 
competition could decrease carbon assimilation so much that the 
response to mixing species of both diameter and height would be 
negative, even after carbon reallocation in favor of height growth. To get 
further insights on carbon allocation in response to mixing species, it 
would be useful to simultaneously analyze the impact of certain traits on 
the response to mixing species of both diameter and height growth.

4.3. Interest of our approach and working perspectives

Our results apply to mixtures that are effectively observed on the 
field; they do not reflect cases where the mixture effect on species 
dominant height leads to the death of one of the two species. Neither do 
our results apply in mixtures where the expected dominant-height dif
ference is above 20 %, because we excluded such stands from our cali
bration sample to avoid potential bias linked to the NFI protocol (cf. 
Section 2.3). Extending our results to this latter category of stands would 
be interesting, but applying our approach to such stands would require 
age data for trees that are not necessarily in the dominant stratum.

One should keep in mind some caveats when interpreting our results. 
First, the independent variable in our model and one of the explanatory 
variables were computed based on simulated expected dominant height 
at the age of observation. Any uncertainty on the parameters used to 
simulate this variable affects the computation of the mixture effect. 
However, a sensitivity analysis shows that our main conclusions on the 
sign and the magnitude of the effects are robust to variations in the 
values of the parameters used to determine expected dominant height in 
mixtures (supplementary material H). Second, part of the mixture effect 
on species dominant height that we observe in our data may have been 
due to management choices. In particular, thinning can be designed to 
promote access to light for a given species, and stand density history 
may affect the competition for light experienced by the observed trees. It 
would therefore be useful to account for management history (del Río 
et al., 2019), but this would require stand level data unavailable from 
the French NFI. However, our focus on stands with a relative density 
index superior to 0.5 ensures that each stand has remained quite dense 
for a large part of its history. Third, we did not consider intraspecific 
trait variability because we lacked field measurements for traits. Studies 
confirm the existence of this variability depending on environmental 
conditions and tree age (Niinemets and Valladares, 2006; Valladares and 
Niinemets, 2008). The second and third points illustrate the trade-off 
between obtaining detailed stand data and the number of observa
tions. One strength of our study is to take into account a large number of 
stands.

The large unexplained variability in our models is due to three main 
aspects. First, the mixture effect on species dominant height is a second 
order effect, because the main driver of species dominant height in 
mixed stands is species dominant height in monospecific stands, which 
depends on species ontogeny and environmental conditions (Combaud 
et al., 2024). Second, NFI data provides a high number of observations 
covering a wide range of species and environmental conditions, but at 
the cost of a low number of measurements per plot: in this study, we had 
only one height and age measurement per species for each stand. Third, 
it would be interesting to analyze the impact of the environment on the 
mixture effect on species dominant height to reduce the unexplained 
variability in our models. Analyzing environmental impact would 
require taking into account how the mixture effect is influenced by the 
environment depending on the nature of species interactions (Forrester 
and Bauhus, 2016). Dealing with all species-pairs together would 
therefore require more data, especially on traits, to control for varying 
interactions across species-pairs.

Despite these caveats, our study provides an interesting method to 
explore the consequences of mixing species on dominant height growth 
in even-aged stands. Using a large NFI database enabled us to cover a 
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large number of species-pairs and environments, ensuring the genericity 
of our results in the context of European forests, which at least partly 
compensates for the above-mentioned drawbacks. In addition, our trait- 
based approach makes it possible to compute the mixture effect on 
species dominant height for European species not present in our data
base, provided the value of expected dominant height difference is 
available. Also, we contributed to the empirical literature on asymmetric 
competition by quantifying the role of height difference, while the 
majority of the papers on asymmetric competition focus on the basal 
area or volume of larger trees (Lines et al., 2012, Kothari et al., 2021).

Mixing species through species-diverse plantation, enrichment 
plantation or management favoring species-diverse natural regeneration 
is an important path to adapt forest to climate change (Kolström et al., 
2011). Our results may help design management strategies to adapt 
forest to climate change, especially regarding the choice of species to 
favor in mixtures. First, our results contribute to better anticipate tree 
growth and therefore carbon sequestration and wood production, which 
is an important aspect for managers wanting to diversify forests. Second, 
our results inform on the species dominant height response to asym
metric competition for light. This can help assessing the ability of two 
species growing in the same stand to have sufficient access to light.

5. Conclusion

The response of species dominant height to mixture is important to 
take into account when anticipating how species react to changes in the 
light competition induced by mixing species. This mixture effect on 
species dominant height is linked to species characteristics involved in 
the acquisition of light (height difference and trait difference). Our re
sults may help design and implement strategies to diversify tree species 
in European forests, which is an important avenue toward adapting 
forests to climate change.
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