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Abstract

1. Forests provide many ecosystem services that strongly depend on species diver-

sity, as illustrated by the repeatedly observed diversity-productivity relationships
(DPRs). These forest DPRs are assumed to result mostly from complementarity
between species at the tree level whilst emerging community-level processes re-

main poorly explored.

. In this study, we propose that the ‘tree packing effect’ (TPE), where species diver-

sity promotes productivity by positively impacting maximum stand density, is an
important determinant of DPRs. We tested the two components of TPE: (i) whether
maximum stand density increases with species richness and (ii) whether this higher

stand density allowed by species richness promotes forest productivity.

. First, relying on national forest inventories of six European countries (NFls, to-

taling 2,367,776 trees), we fitted self-thinning lines to examine whether these
lines were influenced by plot species richness. We showed that maximum stand
density increases with tree species richness in Europe, in all but one country. This

trend was notably stronger in extreme climates.

. Second, we ran a large simulation-based experiment (including 7,024,815 simula-

tions) with an individual-based forest dynamics model able to control for stand-
density effects, to quantify DPRs for more than 1000 sites in Europe. Relying on
an original method to quantify DPRs at the site level, we compared the strength
of DPRs simulated with and without control for stand density. We found positive
DPRs up to 10-times stronger when TPE is at play than when stand density is con-
trolled. This positive effect of diversity on forest productivity through tree pack-

ing is also stronger in extreme climates, especially in warm and dry conditions.

. Synthesis. Highlighting the generality of the TPE in European forests, our results

reveal that the effect of diversity on forest functioning is partly mediated by
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1 | INTRODUCTION

Despite having supplied humanity for millennia with many important
goods and services (Brockerhoff et al., 2017; FAO and UNEP, 2020),
forests have only recently received large international attention re-
garding their role in mitigating both climate change and the biodi-
versity crisis (FAO and UNEP, 2020; Griscom et al., 2017; Pachauri &
Meyer, 2014). Many studies have shown that tree species diversity
can foster forest productivity and carbon sequestration, resulting
in positive diversity-productivity relationships (DPRs) (Brockerhoff
et al.,, 2017; Hooper et al., 2012; Liang et al., 2016). This result is
now well-established in the literature and has been corroborated by
many methodological approaches relating biodiversity and ecosys-
tem functioning (BEF), including studies relying on forest inventories
(Aussenac et al., 2021; Liang et al., 2016; Paquette & Messier, 2011;
Ratcliffe et al., 2016; Toigo et al., 2015) or empirical observations
(Jucker et al., 2014; Pretzsch et al., 2015), experiments (Sapijanskas
et al.,, 2014; Toigo et al., 2022; Williams et al., 2017), and simula-
tions with process-based models (Bohn & Huth, 2017; Maréchaux &
Chave, 2017; Morin et al., 2011).

DPRs have been assumed to result mostly from species comple-
mentarity in resources uptake and use-efficiency (Barry et al., 2019),
thus primarily depending on niche partitioning between species. In
the case of forests, niche partitioning can occur through root spa-
tial stratification (Cabal et al., 2024), but most evidence concerns
light uptake as forest dynamics are generally strongly driven by
light availability (Pacala et al., 1996; Riger et al., 2020), leading to
a size-asymmetric competition (Cordonnier et al., 2019; Schwinning
& Weiner, 1998). Niche partitioning may lead to a more efficient
use of canopy volume in multispecific forests than in monospecific
ones and to an increased light interception at the ecosystem level
(Guillemot et al., 2020; Rissanen et al., 2019; Williams et al., 2021).
This ‘canopy packing’ effect has thus been proposed as a key mech-
anism explaining the positive effect of species diversity on forest
productivity (Morin et al., 2011), and has been evidenced in both
temperate (Jucker et al., 2015; Pretzsch, 2014; Williams et al., 2017)
and tropical forests (Sapijanskas et al., 2014).

The optimization of canopy packing in multispecific stands is usu-
ally explained by two complementary processes: neighbourhood-
driven plasticity in crown shape and volume (Guillemot et al., 2020;
Jucker et al., 2015; Pretzsch, 2014), and a stronger vertical stratifi-
cation of tree crowns in the canopy (Morin et al., 2011). Although

diversity-driven changes in stand density. This mechanism has been long over-
looked in biodiversity—ecosystem functioning studies, but our findings strongly
call for its reconsideration, especially in natural forests. It also opens key perspec-

tives for management and climate change mitigation programmes.

biodiversity, canopy packing, complementarity, ecosystem functioning, forest dynamics model,
forests, stand density, tree packing

crown plasticity has received more attention (Guillemot et al., 2020;
Jucker et al., 2015; Pretzsch, 2014; Williams et al., 2017), evidence
has been provided for both processes, either in observational
data (Jucker et al., 2015) or tree diversity experiments (Williams
etal., 2021).

Yet, crown plasticity and vertical stratification mostly depend
on direct interactions between individual trees. More generally,
the hypotheses used to explain BEF patterns in forests are usually
based on tree-tree interactions (Trogisch et al., 2021), thus at local
scale. This focus may have overshadowed the possible role of com-
plementarity processes on patterns occurring at a larger scale, that
is, the scale of the tree community level. This scale, defined as the
collection of individual trees within a given area, typically between
10° and 10*m?, is often referred to as the stand in the forestry liter-
ature. Here, we hypothesize that a more efficient use of resources
due to niche partitioning between species may increase the carrying
capacity at the stand scale. In other words, species diversity may
raise the maximum stand density, with more trees coexisting in mul-
tispecific forests than in monospecific ones. In this hypothesis, we
therefore assume that diversity effects on tree-tree interactions at
the local scale have also consequences at the stand scale by influ-
encing the number of trees in the community. So far, such a pattern
has only been indirectly suggested, for specific mixtures (Pretzsch
& Biber, 2016). In addition, we make a step further by hypothesizing
that the larger number of trees, resulting from the increased species
diversity, may in turn increase stand productivity. This effect, that
we call the ‘tree packing effect’ (TPE, Figure 1), is thus a consequence
of species complementarity for resource use on spatial coexistence
and ecosystem productivity.

There are several indirect clues in favour of this TPE hypoth-
esis. First, stand density has been known to affect forest produc-
tivity for a long time (Forrester, 2014; Reineke, 1933). Second,
stand density is usually controlled for in tree diversity experiments
(Schnabel et al., 2019; Toigo et al., 2022; Williams et al., 2017) and
in semi-experimental field samplings (Jucker et al., 2015; Pretzsch
et al., 2015) that aim at disentangling the effect of species richness
on ecosystem functioning through tree-tree interactions. In the
same vein, in observational studies, stand density (or proxys for it)
has often been considered as a covariate to be controlled to isolate
putative effects of tree diversity on productivity, rather than a re-
sponse variable driving DPRs (Chisholm et al., 2013; Paquette &
Messier, 2011; Ratcliffe et al., 2016; Vila et al., 2013). Therefore, the
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FIGURE 1 Theoretical scheme representing the effect of
canopy packing (blue path) and tree packing (green path) effects

on stand canopy volume and productivity in response to increasing
tree species diversity. Processes involved in the canopy packing
effect are rather related to tree-tree interactions and do not affect
the number of trees per area, but more the individual allometry and
functioning of neighbouring trees. Processes involved in the tree
packing effect act at the community level, that is, the total number
of trees changes at the stand level.

importance of diversity effects on stand density in driving positive
DPRs remains largely unexplored (Chisholm & Dutta Gupta, 2023).
Yet, if the TPE is confirmed, it implies that a key effect of diversity on
forest productivity has been overlooked in BEF-studies.

The TPE thus relies on two components: (i) on average, species
richness increases maximum stand density and (ii) this higher stand
density enabled by increased species richness promotes forest pro-
ductivity. To the best of our knowledge, these two components have
never been clearly connected and thus tested. Regarding the first
one, the positive effect of species richness on stand density has
been suggested or indirectly mentioned in several studies (Pretzsch
& Biber, 2016; Tatsumi & Loreau, 2023), but has not yet been gener-
ally quantified, especially for a large range of tree species and envi-
ronmental conditions.

The state-of-the-art for the second component of the TPE is
also very incomplete. To the best of our knowledge, although for-
mer studies have provided some insights about the role of stand
density (or proxys for it) on forest functioning in mixed forests (e.g.
Brunner & Forrester, 2020; Paquette & Messier, 2011; Ratcliffe
et al., 2016), the links between species diversity, stand density, and
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forest productivity have not yet been clearly and generally depicted.
Furthermore, testing for this second component is not straightfor-
ward, as higher stand density may be associated with smaller av-
erage tree size and/or younger age, possibly leading to a decrease
in biomass production per tree. Moreover, understanding the links
between tree species diversity, stand density and forest productiv-
ity is challenging because they are impacted by many factors, such
as climate, soils, stand age, or past management.

Here, we test for the existence of the TPE across a wide range
of forest ecosystems and environmental conditions in Europe.
Considering the two components of the TPE, we tested (i) whether
diverse forests have a larger maximum stand density than mono-
specific ones, and (ii) whether this can result in a positive effect of
species richness on forest productivity. We tested these two com-
ponents using two separate but complementary analyses, relying
respectively on an observational dataset and a process-based sim-
ulation experiment.

To test for the first component of the TPE, we analysed the
effect of species richness on the maximum stand density in forest
plots (N

of trees a plot can sustain at a given developmental stage, which is

max LNUMber of trees.ha™}]), defined as the maximum number
a well-known rule in forest ecosystems, also called the self-thinning
boundary (Forrester et al., 2021; Reineke, 1933). We did so by ana-
lysing national forest inventories data from six European countries
(Ratcliffe et al., 2016), thus sampling a large diversity of tree species
assemblages and environmental conditions.

To test for the second component of the TPE, we used a sim-
ulation experiment to explore whether TPE can be involved in
shaping DPRs in European forests. Former studies that quantified
DPRs in large observational datasets (Liang et al., 2016; Paquette
& Messier, 2011; Ratcliffe et al., 2016) did not focus on the link be-
tween species richness and stand density and its implications for
forest productivity. In fact, evaluating the interactive effects of
species richness and stand density on productivity in observational
data cannot be done properly because disentangling these effects
requires comparing forests with similar tree species composition,
in the same environmental conditions but with contrasting stand
densities, which is impossible in practice. This is especially the case
when focusing on a wide range of species and community compo-
sition. Therefore, we tested the significance and strength of the
second component of TPE using a validated forest dynamics model
in which stand density can be controlled. Relying on functional
and demographic processes, such models consider biotic interac-
tions (especially competition for light) and abiotic drivers such as
climate (Bohn & Huth, 2017; Morin et al., 2011), and can provide
robust predictions of ecosystem composition, structure, and func-
tioning (Maréchaux et al., 2021). Their simulations have been already
used to help disentangle the mechanisms behind DPRs especially
how climate conditions may modulate these relationships (Bohn &
Huth, 2017; Maréchaux & Chave, 2017; Morin et al., 2011, 2018).
We thus used the individual-based forest model ForCEEPS (Morin
et al., 2021) to test for the effect of maximum stand density (N

)
max
on DPRs, by simulating forest stands with various species richness
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levels across the whole range of environmental conditions in Europe,

with or without controlling for stand density.

2 | MATERIALS AND METHODS
2.1 | Testing the effect of diversity on tree packing
2.1.1 | Rationale

Demonstrating that stand density increases with increasing species
richness (TPE first component) is not straightforward because a higher
stand density is usually associated with smaller average tree size and/
or younger trees. Therefore, we tested whether maximum stand den-
sity increases with species diversity for a given average tree size. To
do so, we assessed self-thinning boundary lines (Reineke, 1933) that
quantify the maximum number of trees that a stand can hold, for a
given developmental stage, before the appearance of mortality from
competition. This line is classically species-specific, as it was originally

designed for monospecific even-aged stands.

21.2 | Data

NFI data

Forest inventory data came from the FunDivEUROPE inventory
Platform (Ratcliffe et al.,, 2017; www.fundiveurope.eu), and
consisted of harmonized data from National Forest Inventories
(NFls) of six European countries (Spain, Germany, France, Sweden,
Finland, and Walloon region of Belgium; Table A). Using NFI data
brings major advantages: as NFI are systematic over the countries,
their data maximize the types of species assemblages, structure, and
management conditions that are sampled, especially in comparison
with experimental data. The large geographical extent of the
sampling across Europe also maximizes the ranges of climate and
edaphic conditions in the data. The sampled plots have a relatively
small size (Table A), which ensures that each plot encompasses a
single habitat. The dataset includes DBH data for 2,367,776 trees
with a minimum threshold of 7.5 cm in diameter, from 190,335 forest
plots (Table S2).

Climate data

Climate data were extracted from the CHELSA database (Karger
et al., 2017) that provides high-resolution (~1 x 1 km) climate data for
the whole Earth land surface areas. CHELSA provides time-series of
historical climate at a monthly time step covering the period going
from 1979 to 2013. We used annual average temperature and an-
nual sum of precipitation data at a 10-min scale to characterize the
climate in Europe. For each site, we averaged times series of tem-
perature and precipitation over the 34 years. Then, using Martonne
aridity index (de Martonne, 1926), we calculated a mean aridity
index identified as MAI (for mean Martonne aridity index). Note that
high values of MAI correspond to low hydric stress.

2.1.3 | Statistical analyses

The maximum number of trees N

max 8iven by the self-thinning rule is:

IN(Npax) =a+ b xIn(D,) (1)

where Dg is the mean quadratic diameter of the stand, a good proxy for
the development stage. When Dg is close to 7.5cm (i.e. the minimum
threshold considered in NFls), the estimation of N.... can be biased due
to trees that are not counted below the threshold of 7.5cm in DBH. To
avoid this, we kept only plots with a Dg over 10cm, as done in former
studies (Condés et al., 2017).

For each country, we estimated tree packing by fitting a 95th
quantile regression between log-transformed values of stem num-
ber (N) and mean quadratic diameter (Dg), also considering other
co-variables. Quantile regression has many applications in ecology,
linking for instance rate functions to their limiting factors (Cade &
Noon, 2003), but also determining self-thinning boundaries in plants
(Cade & Guo, 2000) and more specifically in forests (Aussenac
et al., 2021; Condés et al., 2017; Toigo et al., 2018). We expected
that stand density would depend on tree species richness and that
this relationship would vary between countries because of changes
in tree species identities and climate conditions. In this study, we fo-
cused on species richness as a main proxy for species diversity. Yet,
itis worth mentioning that other facets of diversity may be impactful
on DPRs, such as species evenness (Hordijk et al., 2023). We also
added a ‘country’ effect in the statistical model to take into account
differences in sampling design (Table A). We thus included a three-
way interaction between Dg (log-transformed), species richness,
and country. In addition, a four-way interaction between Dg (log-
transformed), species richness, mean annual temperature (MAT) and
MAI was added to take into account the fact that climate conditions
may influence the effect of Dg.SR on N. We centered the values of
species richness (ugp=2.1), MAT (i, =10.3°C) and MAI (i, =40.6)
to facilitate the interpretation of the interactions.

The model is summarized below:

In(N) ~In(Dy) x (SR— psg) X country +In(Dy) X (SR— usp)

2
X (MAI = pppy) X (MAT = pipgar) @

where N is the number of stems in the stand; Dg is the mean quadratic
diameter; SR is the species richness; MAI is the mean Martonne arid-
ity index and MAT is the mean annual temperature. We performed
these analyses with R version 4.1.2 (R-Core-Team, 2020) and pack-
age quantreg (Koenker, 2022). Fixed effects were tested using a t-test.
We checked that the variables were not too collinear relying on the
variation inflation factor (VIF; Dormann et al., 2013). We also calcu-
lated the check score (fit estimator for quantile regression Koenker &
Bassett, 1978), with a value of 0.056.

In addition to the main analysis, we had to ensure that our anal-
yses were not strongly influenced by management because most
forests in Europe are managed. We thus tested whether stand den-
sity increased with species richness in an independent dataset for
forests in France, in which management history is known, and with
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managed and unmanaged forests in French Reserve plots. This is

further shown and discussed in Appendix C.

2.2 | Testing the effect of tree packing on stand
productivity

The workflow of this simulation experiment is summarized in
Figure A.

2.21 | Description of the ForCEEPS model

We used the model ForCEEPS to simulate DPRs and test for an

effect of maximum stand density (N on DPRs (TPE second

component). ForCEEPS is an individual-based model that relies

max)

on a limited set of essential assumptions, with low parameter
requirements. Following the standard approach of gap models
(Botkin et al., 1972; Bugmann, 2001), the establishment, growth,
and mortality of trees in multiple forest patches are simulated whilst
considering abiotic and biotic constraints. Vertical stratification can
occur in the model due to differences in shade tolerance between
species. Crown plasticity can also partly occur (i.e. only in the
vertical dimension of the canopy) in response to light exposition of
the tree, with the crown length decreasing with increasing shading.
Properties simulated at the patch scale can be aggregated to derive
forest properties at a larger spatial extent. ForCEEPS was developed
for simulations over a wide range of environmental conditions and
was calibrated for the most widespread tree species in Europe
(Morin et al., 2021), and has already been used to simulate DPRs
Europe (Garcia-Valdés et al., 2020). Here we focused on the 22 most
dominant species (see Table S5). ForCEEPS was implemented in the
Capsis platform (Dufour-Kowalski et al., 2012), a detailed model
description is available in previous work (Morin et al., 2021) and
in Appendix A. However, as we aimed at running the model across
sites in Europe, we checked the model's ability to predict potential
species composition and stand growth at the continental scale using
148 sites across Europe (described in Appendix B).

In this study, we took advantage of the ability of ForCEEPS to
control for stand density, to run simulations without any a priori
constraints on stand density and simulations with a forced value for
stand density. In the first mode (natural regeneration), the number of
coexisting trees varies as the simulation progresses, but is limited by
competition between trees. The number of trees in the stand is thus
not a priori controlled and reaches small or large values depending
on species composition and environmental conditions. The second
mode mimics plantations at a given controlled stand density (Morin
etal., 2020), in which dead trees are replaced by newly planted seed-
lings. In this mode, the realized stand density is thus forced to a spe-
cific value (i.e. 500 or 1500trees.ha™ in this study). Note that the
realized value can be lower in some instances if the local site condi-

tions do not support such a number of trees to coexist in a stand (e.g.
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the new seedlings die just after being planted because of drought or
shade)—as shown in Figure Sé.

A key point to mention is that in the model, the outcome of intra
and interspecific competition for light is directly driven by light
availability at the tree level and environmental conditions. The sim-
ulated realized species richness, stand density, and productivity are
driven by these factors, and not through pre-defined competition
indices. If the simulations are run long enough, there is no reason
that species-rich tree communities should contain a priori more
trees than communities with fewer species. Processes that allow
more trees to coexist and for those trees to be more productive in
species-richer communities thus emerge from the simulations—as
already shown for DPRs in not-controlled stand densities (Morin
et al.,, 2011).

2.2.2 | Simulation design

Number of simulations

We selected 1015 sites across Europe, through a random sampling
in the continental climatic space (see Appendix D for details). In each
site, we considered three scenarios of stand density: not-controlled

stand density (i.e. no control on N__ ), and two forced densities

max

in which N is forced to 500 and 1500trees.ha™ (representing

X
low and high-stand density values for most European forests,
respectively; Ratcliffe et al., 2016). In each site, we simulated DPRs
for each stand-density scenario—see Morin et al. (2011, 2014, 2018)
for previous DPR simulations using a similar model.

These simulations differed in their potential species pools, rang-
ing from 1 to 22 species. Simulating all possible species combinations
would represent more than 4 million combinations per site and stand
density scenario. Therefore, we first chose to run simulations for the
potential species richness levels of SR={1, 2, 3, 5, 8, 11, 14, 17, 20,
21, 22}, as previous studies have shown that simulating all potential
species richness levels (i.e. number of species at the beginning of
the simulation) did not significantly improve the estimation of DPRs
(Morin et al., 2011, 2018). Second, to further reduce simulation time,
we limited the simulation runs for each richness level tested to 300.
More precisely, for the potential species richness levels of SR={1, 2,
20, 21, 22} we were able to simulate all possible combinations: for
SR=22, we ran one simulation with all species; for SR=1 and SR=21,
we ran simulations corresponding to the 22 possible combinations;
for SR=2 and SR=20, we also ran simulations corresponding to the
231 possible combinations. For the levels SR={5, 8, 11, 14, 17}, we
ran 300 simulations for each level, randomly drawn from all possible
combinations of species, respectively. This random choice was the
same for all sites and modalities, to allow non-biased comparison of
tree communities. Therefore, for each site and stand-density sce-
nario, we reach 2307 simulations (22 +231+4+5x300+231+22+1).
In total, we ran 7,024,815 simulations (Figure Sé). The total number
of trees simulated under this scheme (including those that died) ex-
ceeded 400 billion.
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Simulations runs and outputs

Simulations of 3-ha-forests (30 patches of 0.1 ha) started from bare
ground and were run for 2000years with stable climate conditions
so that the simulated forest could reach the pseudo-equilibrium (as
gap dynamics still randomly occurs due to the nature of cyclical suc-
cession on each patch) in terms of species composition, standing
biomass and stand density—a classic simulation method with such
tools (Morin et al., 2011, 2018). Consistent with the observation-
based analysis with NFI data, we used historical conditions between
1979 and 2013 from the CHELSA database to build 2000-year time-
series, by repeating the 34 years randomly.

As the realized species richness was stable in the last 1000years
of simulation (pseudo-equilibrium state), we defined the final species
richness (realized SR) as the species richness at the end of the simu-
lation and we considered a species to be present if its biomass repre-
sented more than 1% of total above-ground biomass. We used mean
site basal area gross increment [BAI] as a classic proxy for productivity
(Morin et al., 2011, 2021; Ratcliffe et al., 2016; Schnabel et al., 2019).

Productivity was obtained by averaging the yearly productivity
of 10years at a 100-year distance (1100, 1200, ..., 2000) to mini-
mize temporal autocorrelation (Morin et al., 2011). A visual repre-
sentation of the outputs for each stand-density scenario is shown
in Figure S6. We also output the simulated final leaf area index (LAI),
the species relative abundances calculated from the basal area, and

the mean number of trees per hectare.

2.2.3 | Analyses

Depicting DPRs with a new method

To properly depict the effect of species richness (realized SR) on stand
productivity amongst the three stand-density scenarios, we analysed
the outputs from the simulations with an original two-step approach.
The aim of this approach was to capture the effect of SR on productiv-
ity with a single parameter 8 corresponding to the productivity benefit
(if positive) or disadvantage (if negative) of having an infinite number
of species compared with monocultures (e.g. #=0.2 means that hav-
ing an infinity of species would represent a 20% productivity increase
compared with monocultures; see example in Figure S7). To do so, we
first developed a mixed-effect model (Zuur et al., 2009) using data
from all the simulations, with stand-density scenario nested within
the site included as a random effect. Second, we analysed these ran-
dom effects to evaluate the link between the stand-density scenario
and the SR effect on productivity.

For each stand-density scenario at a given site, we modelled the
productivity (in terms of BAI) as a function of SR with an exponential
increase or decrease up to an asymptotic value when SR tends to-
ward infinity, as described by Equation 3:

BAI = a <1+ﬂ>< (1-exp'”(%)xff?ff>> 3)

This allowed us to estimate the parameter g (see above), whilst a

is the value of productivity for monocultures (i.e. when SR=1) and y

the value of SR for which the change in BAl is half of the one when SR
tends to infinity. The method is illustrated in Figure S7.

Considering that model convergence of Equation 3 was not pos-
sible due to the large number of levels and the very large number of
simulations, we had to fit the model with the following procedure and
simplifications. First, we fitted Equation 3 with a random site effect
on parameters « and g, but only a fixed effect for the stand-density
scenario variable. This simplification implies that the variability of a
and g between the three stand-density scenarios is ignored in this
first step. From this first model fit, we obtained a value for parameter
y that we will consider as constant for the next steps of the proce-
dure (we checked that the results are not sensitive to this parameter).
Once y was fixed, we were then able to transform Equation 3 into a
linear form. We defined the transformed variable X as:

(SR-1)

X=1- expln(%)>< -1 (4)

Then, we transformed Equation 3 into
BAl=a x (14 fxX)

and then

BAl=a + f x X (5)

with the new parameter f = a x 6.

In this new formulation, a remains the productivity value for a
monoculture and g' is the absolute increase or decrease when SR
tends toward infinity. To come back to the relative value of increase
or decrease, we can calculate g = ' /a. A drawback of this calcula-
tion is that it can provide very large values of g for very unproductive
stands where a is close to zero. The convergence of Eq5 was then
possible including nested stand-density scenario within site random
effects on both parameters « and f'. Finally, we analysed these ran-
dom effects to evaluate the differences amongst the three stand-
density scenarios. Analyses were done with the package nime in R,
version 3.6 (Pinheiro et al., 2020). See Appendix D for more details.

Moreover, to check the consistency of the DPRs depicted with
this original method, we also analysed them under a classic frame-
work (Loreau, 1998), in which the mixture effect is calculated as the
comparison between the productivity of the mixture versus the pro-

ductivity of the monoculture (see Appendix D).

Structural equation model analyses
We used data from the simulations without control on stand density
to assess the relative importance of tree packing and canopy pack-
ing for driving forest productivity as both effects are at play. We
built a structural equation model (SEM) to determine the functional
paths driving forest productivity, considering all drivers (climate, soil
conditions, initial species richness and composition) and main stand
properties (realized species richness, realized stand density, LAl,
community-weighted mean (CWM) in shade tolerance, BAI).

More precisely, the SEM allowed us to assess the relative strength
of paths linking species richness to productivity, that is, through the
TPE or canopy packing effect (CPE). Forest productivity simulated
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in the model is strongly linked to the stand LAI. As tree packing and
canopy packing are both expected to increase LAl at the plot level,
we thus considered the relative role of the number of trees per ha
and the CWM of shade tolerance (see Morin et al., 2011) in driving
LAI as good proxys for TPE and CPE, respectively. In addition, we
also considered the direct effects of the number of trees per ha and
CWM of shade tolerance on forest productivity to account for resid-
ual effects apart from those on LAI. To account for the differences in
climate conditions across sites, we created a latent variable ‘Abiotic’
that depended on MAT, MAI, and SWHC (although the latter was not
significant in the selected model). Given the very large dataset used
here, Bentler's comparative fit index (CFl) was used because it stan-
dardizes for sample size (Bentler, 1990), with a model being relevant
if CFl >0.90 (and with SRMR <0.80). Sites in which no forests were
simulated (i.e. SR=0 and BAI=0) were removed. The SEM analysis
was carried out in R through the lavaan package (Rosseel, 2012).

3 | RESULTS
3.1 | Species richness effects on maximum stand
density (TPE first component)

Consistent with our hypothesis, we found that the average number
of trees per area increased with species richness for in all regional
datasets (Figure S5a), except Wallonia - the smallest dataset with only
0.65% of the plots. Then, we found that N, (maximum stand den-
sity derived from self-thinning lines) increased with species richness
in all regional datasets, again except Wallonia (Figure 2), with variable
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strength between regions (Figure 3a-c). In addition, we found that
this positive effect was stronger in harsh environments (cold/wet and
warm/dry), whilst it became negligible in milder conditions (between
7.5 and 10°C, Figure 3d-f). These results were qualitatively consistent
whatever the mean quadratic tree diameter (Dg, Figure 3 and Table S3).
Yet, it is noticeable that smaller effects were observed in the cold/wet
conditions in the large quadratic diameter classes because there were
fewer observations in such conditions (Figure 3g,h). The fact that the
addition of a species had the largest effecton N, . at the extremes of
the climate space was not due to increasingly poor model performance
in those extreme climate conditions (Figure S4), although there is a
slight pattern in the coldest locations for the smallest trees.
Moreover, using a 5738 additional dataset made of unman-
aged plots in France (Appendix C), we found a significant and
positive relationship between species richness and stand density
(Figure S5b,c, Table S4), which is consistent with the patterns
observed with NFI data mixing managed and unmanaged plots
(Figure 2 and Figure S5a). This also shows that our results are not
biased by possible differences in management intensity between
monospecific and mixed stands, thus reinforcing the generality of

our conclusions.

3.2 | Species richness effects on forest
productivity as a consequence of increased stand
density (TPE second component)

Regarding the simulation experiment to depict DPRs and test for
the possible role of TPE on forest productivity, we found that g (ie.
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FIGURE 2 Self-thinning boundary lines of forest stands for each species richness and each country. Predicted value of the maximal

number of trees per hectare (N, _.

) according to mean quadratic diameter (Dg) (log-log graphical representation) and species richness per

country at a mean value of mean Martonne aridity index and mean annual temperature (observed in each country). The lines span the range
of Dg for each species richness level in each country (the maximum value corresponds to the 99.9% quantile). Ge: Germany (47,274 plots); Sp:
Spain (59,549 plots); Fi: Finland (2330 plots); Fr: France (69,145 plots); Sw: Sweden (10,802 plots); Wa: Wallonia (1235 plots).
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space (top panel—a-d) or climatic space (mean Martonne aridity index vs. Mean Annual Temperature, low panel—e-h), for four quadratic
mean diameters (Dg= 10, 25, 40, 55 cm). Values are linearly interpolated in the geographical space. In the climatic space, predicted values
are averaged by mean Martonne aridity index classes of five points and by temperature classes of 0.5°C. High values of the mean Martonne

aridity index correspond to low hydric stress.

the parameter capturing the effect of SR on productivity) was much
stronger for simulations with not-controlled stand density (with a
mean realized stand density of 976.95 trees.ha™, Figure Sé) than for
simulations with density forced at 500trees.ha™ and 1500trees.
ha™ (Figure 4). The median of f was slightly negative for 500trees.
hat (-7.2%), slightly positive for 1500trees.ha™® (9.0%), and
strongly positive for not-controlled stand density (97.9%) (Figure S7
and Table Sé). Consistently, given the large number of sites, the ab-
solute benefit ' was significantly different from zero for all three
types of stand density levels: slightly negative (-0.015m?%ha™.
year™) for 500trees.ha™?, slightly positive (0.018 m?.ha™.year™) for
1500trees.ha”?, and positive with a higher magnitude (0.224m?.
ha tyear®) for not-controlled stand density. Fixed effects were
highly significant; and regarding the structure of the random ef-
fects, the variance was balanced between the different levels of
the nested effects and the residuals. Furthermore, the results from
the classic framework (Loreau, 1998) produced consistent results
with those of the original method developed here (Appendix D and
Figure S8). These findings thus highlight a TPE resulting in up to
10-times stronger diversity effect on stand productivity when the
stand density is not controlled.

Moreover, $ values were stronger in cold/wet or warm/dry en-
vironments, whilst lower and negative values were found in less
extreme environmental conditions (Figure 5). This is consistent
with our inventory-based results about the interactive effect of
species richness and climate on maximum stand density (Figure 3).

This pattern is also stronger in the simulations with a not-controlled
stand density (Figure 5c,f).

Furthermore, our simulations with controlled stand density allow
an estimation of the canopy packing alone, because in these simula-
tions the effect of species richness on productivity only depends on
changes in species composition in a given number of trees (i.e. change
in tree-tree interactions). On average, a positive f value (i.e. positive
canopy packing) was observed for a majority of sites at 1500trees.ha?,
but not at 500trees.ha™® (Figure 4). The absence of a diversity effect
on productivity in simulations with the smallest controlled density can
be explained by the weak interactions between trees at low density. In
addition, we found that predicted stand basal area also increases with

tree species richness in sites with the highest g values (Figure S9).

3.3 | Assessing the relative role of canopy
packing and tree packing on productivity

The SEM returned a strong fit (CF1=0.923 and SRMR=0.062), espe-
cially regarding the very large number of observations (n=2,217,571).
It showed that increased species richness led to increased productiv-
ity through canopy packing and tree packing, as they both led to an
increased LAI, as expected (Figure 6), but also through residual direct
effects on productivity. Furthermore, the path linking mean shade
tolerance and stand density also showed that canopy packing and
TPE are related in the simulations, as observed in nature. However,
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FIGURE 6 Representation of the SEM tested with not-
controlled stand-density data. Arrows represent causal paths.
Solid and dashed arrows correspond to positive and negative
respectively. All paths shown are significant, and the thickness

of the arrows is proportional to the strength of the related effect
(Table S8). For the sake of clarity, environmental variables and
paths are not represented, but their effects are shown in Table S8.
Error paths are not presented. Green arrows: Paths of the TPE;
blue arrows: Paths of the CPE (canopy packing effect). SR, Species
richness; CWMsh, Community-weighted mean of shade tolerance
of species in the community; LAI, Stand leaf area index; BAI, Stand
basal area increment; SR initial (i.e. potential species pool); SR
realized (i.e. actual species richness at pseudo-equilibrium), Stand
density was log-transformed.

the strength of the TPE, relating species richness, stand density
and LAl to stand productivity, was about two magnitudes stronger
than the strength of canopy packing (0.75x0.51x0.39=0.149 vs.
0.33%x0.04x0.39=0.005 respectively, Figure 6 and Table S8). This
analysis further highlights the central role of TPE in driving DPRs in
forests, and more generally in forest dynamics.

4 | DISCUSSION
4.1 | Tree packing effect mediates DPRs in forests

In this study, we presented evidence for the role of the TPE on the
productivity of mixed forests. We first showed that diverse forests
in Europe tend to have a larger maximum stand density than mono-
specific ones, supporting the first component of the TPE. Second,
our simulation-based experiment validated the second component of
TPE as it suggested that the effect of species richness on maximum
stand density can be key in driving DPRs in tree communities. Overall,

we thus provide a proof of concept for an often overlooked effect of
tree species diversity on forest productivity through an increased
maximum stand density, emerging from both tree- and community-
level processes. Our results highlight that species complementarity
in resource use and response to environmental conditions not only
allows more trees to coexist in a stand but also increases stand pro-
ductivity. This is consistent with the positive effect of stand density
or basal area on forest productivity commonly found in observation-
based studies (Liang et al., 2016; Paquette & Messier, 2011; Ratcliffe
et al,, 2016). However, our findings represent a step further by
clearly highlighting the interdependence amongst species diversity,
stand density, and forest productivity.

In addition, we also found that tree species richness may also in-
crease the maximum stand basal area in some sites (Figure S9), which
may extend the scope of our results on forest carbon storage and its
associated ecosystem services. The ability of species-rich stands to
harbour more trees than species-poor stands, and therefore, to be
more productive and to possibly accumulate more standing biomass,
should be considered as a key asset of multispecific forests regard-
ing ecosystem services and climate change mitigation.

The role of tree packing has probably been overshadowed in
BEF-studies because of the supposed zero-sum game on produc-
tivity between stands with large density and small trees versus
stands with small density and big trees. Our results clearly show
that it is not the case. The magnitude of TPE strongly exceeds the
effects usually found in BEF-studies, which may challenge their de-
sign, either through experimental, observational, or modelling ap-
proaches. In fact, most BEF-experiments were designed to explore
the importance of tree-tree interactions for DPRs, resulting in great
advances (Guillemot et al., 2020; Sapijanskas et al., 2014; Schnabel
et al., 2019; Trogisch et al., 2021). Also echoing recent experimen-
tal findings highlighting the limited attention to the role of stand
density in BEF-studies (Chisholm & Dutta Gupta, 2023; Tatsumi &
Loreau, 2023), our study suggests that future experiments should
broaden their scope and explore the effect of the interaction be-
tween species richness and stand density on ecosystem function-
ing. This would provide a better understanding of the biological and
ecological mechanisms underlying the TPE in different contexts, and

more generally of the effects of diversity on ecosystems.

4.2 | Linking species coexistence and ecosystem
functioning through diversity effects

Our findings also highlight the importance of species coexistence in
ecosystem structure and functioning. First, demonstrating that mul-
tispecific communities include, on average, more trees than mon-
ospecific communities whilst growing in the same conditions, our
results from both observations and simulations thus bring support
to former theoretical hypotheses (Hurtt & Pacala, 1995). Second, by
showing that complementarity between species could increase the
maximum number of coexisting trees in a stand and thus stimulate

forest productivity, our study highlights how coexistence processes
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could be related to BEF patterns (Godoy et al., 2020) in forest eco-
systems whilst this link is still difficult to disentangle (Loreau &
Hector, 2019; Turnbull et al., 2013).

4.3 | Complementarity between canopy
packing and tree packing

We acknowledge that the distinction between canopy packing and
tree packing is a necessary simplification in our study (Figure 1).
However, they represent the two main effects emerging from
above-ground complementarity processes between tree species and
thus driving DPRs in forests. Explaining their differences and rela-
tive impacts on stand productivity is thus key to better understand
these DPRs. The SEM analysis clearly shows the complementarity
of both processes. Furthermore, we also evidenced the importance
of canopy packing when stand density is controlled (Figure 4). This
finding is consistent with recent findings from experimental planta-
tions on the importance of canopy packing in driving DPRs (Duarte
et al., 2021; Guillemot et al., 2020; Schnabel et al., 2019).

4.4 | Alternative hypotheses relating species
richness, stand density, and productivity

The main hypothesis behind the TPE is that stand density increases
with tree species richness. Yet, the direction of the link between
diversity and productivity has been debated for several decades
(Loreau et al., 2001; Waide et al., 1999). For instance, the ‘more-
individuals hypothesis’ (MIH Storch et al., 2018), proposes that
when environmental conditions allow more individual trees to co-
exist, there is a greater chance of finding more species in a stand.
It is similar to a ‘sampling effect’ in which a stand with more trees
has more chances to include more species, at least in the outcome.
Yet, evidence for the MIH from empirical studies is mixed (Storch
et al., 2018), and the possible link between MIH and DPRs remains
unclear so far. Nevertheless, as it may represent an alternative ex-
planation for our observation-based result, we explored whether
MIH or sampling effects could be at play in our results. Regarding
the observation-based results, there is no easy way to test a causal
direction in the link between species richness and stand density with
NFI data, because they are both sampled simultaneously in random
plots. However, if the number of trees in a stand influences its real-
ized species richness, this effect should decrease over time because
of environmental filtering and interspecific competition (Abbas
et al., 2019; Ulrich et al., 2017). The link between species richness
and stand density should thus fade in the most mature and undis-
turbed stands. Yet, our results from French Reserves plots show that
stand density and species richness remain linked, even in old stands
(Figure S5b,c), which indirectly supports our hypothesis rather than
the MIH/sampling effect. Also, in our simulation-based results,
the final species richness did not depend on the number of trees
in the simulations (Table S7). Finally, we tested an alternative SEM,
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in which stand density drives realized species richness (Figure 510),
and this model was inconsistent with data (CF1=0.784, Table S9).
This further shows that MIH or sampling effects are not involved in

our simulation-based results.

4.5 | Methodological aspects

This study illustrates how combining results from observation data
with those from a simulation experiment can be complementary,
echoing recent calls to better mix these two kinds of approaches
(Grainger et al., 2022). Analysing data from national forest inven-
tories has allowed us to test whether species diversity can impact
stand density (the first component of TPE), whilst we relied on the
long-recognized relevance of forest dynamics models (Bugmann &
Seidl, 2022) to explore the consequences on forest functioning (the
second component of TPE). As stated in the introduction, we needed
the simulation approach to be able to properly disentangle the rela-
tionships between species richness, stand density and productivity.
Yet, it was crucial to ensure that species richness positively impacts
stand density in observed data to anchor our TPE hypothesis on
solid grounds.

Regarding the relevance and limits of using the ForCEEPS
model for this study, we may remind that the model depends on
key ecological hypotheses and processes to represent biotic and
abiotic constraints on forest dynamics, but it does not embed all
the complexity of ecological processes occurring in forest ecosys-
tems. Choosing between the generality and precision of models'
predictions is a classic trade-off in ecology (Levins, 1966) and
this study does not pretend to perfectly reflect all facets of for-
est functioning. This is the reason why we present this study as
a proof of concept. However, the ForCEEPS model filled key re-
quirements to be used in this study: it includes many species, it can
simulate forest dynamics along strong climatic gradients without
re-parameterization, and canopy packing and tree packing were
not implemented a priori from specific mechanisms. Nevertheless,
exploring the TPE with more complex models is certainly a per-
spective for future work in order to further depict its biological

and ecological determinants.

4.6 | Perspectives

This study calls for the development of further research on the TPE.
It is noteworthy that the TPE is predicted to be stronger in harsher
climate conditions, that is, cold/wet and warm/dry climates, corre-
sponding to expected conditions for many European forests under
climate change for the latter case, which is consistent with a for-
mer study relating DPRs and climatic effects across Europe (Jucker
et al., 2016). This finding is consistent with the stress gradient hy-
pothesis stating that interspecific interactions become less negative
with increasing environmental stress (Bertness & Callaway, 1994),
also confirming trends from empirical (Aussenac et al., 2021,
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Paquette & Messier, 2011; Toigo et al., 2015) and simulations-based
(Morin et al., 2011, 2018) studies.

Finally, as the advantages of promoting multispecific for-
ests to mitigate climate change impacts are increasingly docu-
mented (Anderegg et al., 2018; Brockerhoff et al., 2017; Pardos
et al., 2021; Sebald et al., 2021; Thom et al., 2019), our finding
has important implications for forest management and conserva-
tion. First, TPE can only emerge from tree interactions through
intimate species mixing in the same stand, and not from a collec-
tion of monospecific stands. Second, whilst many European forest
stands are monospecific, even-aged, and density-controlled, we
show new advantages of promoting species-rich forests as a rel-
evant management option. Increasing forest productivity through
TPE has direct consequences on key ecosystem services, such as
stimulating carbon sequestration in forests, but may also have
consequences on others, such as those related to stand structure
and provision of habitats for biodiversity.
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