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1

Forest restoration increases global forest area and ecosystem services such as primary productivity and carbon storage. How
tree species functional composition impacts the provisioning of these services as forests develop is sparsely studied. We used
10-year data from 478 plots with 191,200 trees in a forest biodiversity experiment in subtropical China to assess the relationship between community productivity and community-weighted mean (CWM) or functional diversity (FD) values of 38
functional traits. We found that effects of FD values on productivity became larger than effects of CWM values after 7 years of
forest development and that the FD values also became more reliable predictors of productivity than the CWM values. In contrast to CWM, FD values consistently increased productivity across ten different species-pool subsets. Our results imply that
to promote productivity in the long term it is imperative for forest restoration projects to plant multispecies communities with
large functional diversity.

F

orests are important ecosystems for life on earth and loss of forest area and forest biodiversity have detrimental effects on the
whole earth system1. Forest restoration and reforestation are
important steps to increase global forest area2, reinstate biodiversity
and maintain forest ecosystem functioning3–5. However, where and
which tree species to plant to achieve various ecosystem services
such as carbon sequestration and provision of food, timber and
water remain questions. At the moment, half of the area pledged
for restoration is planned to become monoculture plantations with
commercial tree species6 mainly for the use of timber and carbon
sequestration. Restoration projects do not sufficiently consider
mixed-species forests7 which potentially promote a broader array of
ecosystem services, among which carbon storage and provisioning
of food and shelter for a diversity of animal and microbial communities above- and below-ground8–13. Therefore, the ability to predict
such services on the basis of species functional traits is of utmost
importance to make a connection between restoration actions and
goals for ecosystem services. While studies have indicated that
mixed-species forests can promote ecosystem services, including
wood production and carbon storage, it remains unclear what kinds
of functional characteristics planted forests should have to do so12–19.
Functional characteristics of forest communities can be represented indirectly by a specific combination of species or, more
directly, by a combination of species-specific functional traits20,21.
These species-based functional traits can be used to estimate community values for each of the traits, notably its community-weighted
mean (CWM) or its functional diversity (FD)22–24. The CWM
value of a functional trait corresponds to the average value of the

functional trait of all species within the community and the FD
value corresponds to the variation in functional trait values among
species. A positive (or negative) relationship of a CWM trait with
community productivity suggests that stands composed of species
with a high (or low) value of a trait will promote productivity, an
idea derived from mass-ratio theory25–27. A positive relationship of
an FD trait with community productivity indicates that the combination of functionally different species living together in a stand
promotes community productivity through resource partitioning,
facilitation or biotic feedbacks28, an idea derived from diversity
theory29,30. Across time, the relative importance of CWM versus FD
values to predict productivity can change because tree–tree interactions intensify when trees get bigger with two contrasting possible
consequences: competition may promote growth of species with
similar trait values and thus increase the relative effect of CWM,
while resource partitioning or facilitation may promote growth of
species with dissimilar trait values and thus increase the relative
effect of FD.
Identifying the relationships between community productivity and community functional characteristics (CWM and FD values) helps to guide foresters in selecting the best combination of
species-specific traits, which goes beyond selecting specific species8,18,31. In addition, functional traits are often measured in similar ways across communities, which potentially helps to generalize
the relationships between communities and their function. For
these relationships to be relevant it is imperative to know (1) how
the effects of community functional characteristics on productivity change with time, (2) if the effects of functional characteristics
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Fig. 1 | Overview of the research method and hypotheses. a, We measured plot productivity (that is, accumulated stand volume and annual stand volume
increment) during 10 years of growth after forest stands were established. Photos are examples of plots within BEF-China in 2009, 2013, 2015 and 2020
taken by B. Yang (2009), X. Liu (2013, 2015) and T. Tang (2020). b, For a total of 10 years we performed linear regressions between productivity and CWM or
FD values for 38 traits using the collective dataset from 478 plots. From these relationships we used slope, as indication of effect size, and R2, as reliability, to
test two hypotheses (H1 and H2). H1, slopes of productivity–CWM and productivity–FD relationships both become stronger with stand age; and H2, R2 values
of productivity–CWM and productivity–FD relationships decrease and increase with stand age, respectively. c, For 10-year-old forest stands we performed
linear regressions between accumulated stand volume and CWM or FD values of 38 traits for each of the ten species-pool subsets (illustrated by different
coloured lines). Using the slopes of these relationships, we tested the hypothesis (H3) that the effects of CWM and FD values on accumulated stand volume
are consistently positive (traits coded such that high CWM values on average correspond to high productivity), independent of species-pool subsets.

to predict productivity are reliable and (3) if these effects are independent of the presence of particular species within the community. Thus, if (1) effects of functional characteristics on productivity
change with time, foresters must consider different characteristics
depending on their short- or long-term goals. If (2) a functional
characteristic explains only a low amount of variation in forest productivity, the observed relationship between productivity and the
functional characteristic may not be the most reliable consideration
to guide species selection. And finally, if (3) the effect of a functional
characteristic on productivity strongly depends on particular species, foresters are confined in their species choices when creating
forest stands promoting productivity.

To explore the potential of using community functional characteristics (CWM or FD values) that promote productivity for reforestation projects, we used 10 years of growth data from a large forest
biodiversity–ecosystem functioning (BEF) experiment in subtropical China (BEF-China). The data were obtained from 478 plots of
25.8 × 25.8 m2 (1 mu, a Chinese area unit) each, planted with 400
trees in communities of one, two, four, eight, 16 or 24 species. These
communities were assembled out of a total of 40 different tree species32,33, with each species having particular functional trait values.
This enforced a large variation of functional characteristics among
species compositions, which was used as the basis of the current
analysis. Species compositions with richness 1–16 were created
Nature Ecology & Evolution | www.nature.com/natecolevol
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Table 1 | Results of mixed-effects models (analysis of variance) testing the influence of CWM versus FD values, linear and quadratic
stand age and interactions on the effect and reliability of CWM and FD values to predict accumulated stand volume
Effect on stand volume
SumSq

NumDF

DenDF

F value

Reliability of predicting stand volume
Pr(>F)

SumSq
(10−3)

NumDF

DenDF

F value

Pr(>F)

CWMvsFD

0.61

1

74

0.07

0.792

1.71

1

74

3.18

0.079

Age

1,044.52

1

74

120.15

<0.001

1.03

1

74

1.92

0.170

Age2

385.14

1

74

44.30

<0.001

3.17

1

74

5.90

0.018

CWMvsFD × age

39.15

1

74

4.50

0.037

27.28

1

74

50.73

<0.001

CWMvsFD × age2

305.04

1

74

35.09

<0.001

3.10

1

74

5.76

0.019

VCCWMvsFD × trait = 115.45

VCCWMvsFD × trait = 7.90 × 10–3

VCCWMvsFD × trait × age = 14.90

VCCWMvsFD × trait × age = 0.66 × 10–3

VCCWMvsFD×trait×age2 = 0.34

VCresiduals = 8.69

VCCWMvsFD×trait×age2 = 0.01 × 10−3

VCresiduals = 0.54 × 10–3

Random intercepts and random slopes with linear stand age and quadratic stand age of CWM and FD values of traits were included and the corresponding variance components (VC) listed, together with
the VC of the residuals, at the bottom of the table. SumsSq, sum of squares (type-I); NumDF, numerator degree of freedom; DenDF, denominator degree of freedom (Satterthwaite’s method); F value,
variance ratio; Pr (>F), probability of type-I error (bold indicates probability below 0.05).

from ten different species pools on the basis of the original design
of the experiment, resulting in ten ‘species-pool subsets’ (Methods).
For the 40 species present in this experiment, we used data of
38 traits that were specifically measured in the BEF-China experiment (Supplementary Table 1). These traits are categorical traits
(two traits) or related to the leaf economics spectrum (six), leaf
structure (six), leaf chemicals (six), stomatal conductance (six) or
stem and leaf hydraulics (nine). Unfortunately, no root traits could
be included because these had not been measured for the 40 species in our experiment. CWM and FD (calculated as functional dispersion) values were calculated per plot for each individual trait34
using the equal species proportions at planting to test the relationship between community productivity and planted community
functional characteristics. We assessed accumulated stand volume
(m3 ha−1) and annual stand volume increment (m3 ha−1 yr−1) as longand short-term proxies of productivity.
For 10 years of the experiment, we tested the linear relationships
between productivity and CWM and FD values of all 38 traits using
the collective dataset with 478 plots (Fig. 1). From these relationships
we extracted the slope and the goodness-of-fit of the relationship
(R2) as ‘metadata’ (Fig. 1b)35. A large slope (measure for effect size)
implies a high importance of the functional characteristic (CWM or
FD value of trait) for community productivity and thus promises a
high gain in productivity if species compositions are assembled in
such a way as to maximize this functional characteristic. Parameter
R2 is used as a measure for reliability of the relationship and high
values indicate a high confidence that productivity can be explained
by the community functional characteristic. With these slope and
R2 values we tested two hypotheses, H1 and H2 (Fig. 1b). First, we
predicted that the effects sizes (indicated by the slopes) of both
productivity–CWM and productivity–FD relationships become
stronger with stand age (H1), due to growth differences among
species with different traits and the increasing diversity benefits
of species with different traits, respectively. Second, we predicted
that the reliability (indicated by R2) of the productivity–CWM and
productivity–FD relationships decrease and increase with stand age,
respectively (H2), for the following reason. Early in development
individual trees do not interact yet and the community productivity
can be represented as the sum of component species and this can
be captured by the average value of all species trait values14,36. But as
stands develop and trees become bigger, interactions among trees
will increase, initiating processes such as light competition, resource
Nature Ecology & Evolution | www.nature.com/natecolevol

partitioning and facilitation; the productivity of the community
will therefore be more strongly influenced by species differences.
Furthermore, to evaluate if the relationships of productivity with
CWM and FD values were species-dependent, we also tested the
productivity–CWM or productivity–FD relationships for each of
the ten species-pool subsets separately (Fig. 1c). We predicted (H3)
that the effect sizes (indicated by slopes) of productivity–CWM and
productivity–FD relationships are consistent across species-pool
subsets, meaning always positive or negative, when productivity
truly depends on community functional characteristics instead of
specific species identities. If community productivity is driven by
the presence of particular highly productive species, the direction
of the effect sizes may change among species pools because these
particular highly productivity species may differ in trait values.

Results

Effects of CWM and FD values on accumulated stand volume
become larger with time. The effects (slopes) of community functional characteristics on accumulated stand volume were overall
not different between CWM and FD values and both became larger
with time (Table 1 and Fig. 2). However, this increase with stand
age was different between CWM and FD values (significant interactions CWMvsFD × age and CWMvsFD × age2 in Table 1). During
the first 7 years of forest growth, the effects of CWM values on
accumulated stand volume were larger than the effects of FD values
but after that FD effects became larger than the CWM effects (Fig.
2a). After 10 years of forest growth, one standardized unit of CWM
value affected the accumulated stand volume with 34.5 ± 6.4 m3 ha−1
(mean ± s.e.m.), while a standardized unit of FD value affected the
accumulated stand volume with 50.2 ± 5.4 m3 ha−1. This means that
towards the end of the experiment the observed difference in stand
volume between plots with the highest and lowest FD values was
higher than the stand volume difference between plots with the
highest and lowest CWM values. For comparison, the effect size
of tree species richness on stand volume also increased with stand
age and after 10 years the effects size was 49.5 m3 ha−1, similar to the
average effect size of FD values (Supplementary Fig. 1). A multivariate FD index and the CWM and FD values of the first axis of
a principle component analysis using all 38 traits also showed the
increasing effects with stand age (Supplementary Fig. 1).
Averaged over time, the effects of CWM values on accumulated
stand volume did not vary among trait groups (Supplementary
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Fig. 2 | CWM and FD effects on accumulated stand volume during 10 years of increasing stand age. a, Mean and s.e.m. values for the effects of CWM or
FD values on accumulated stand volume. Lines represent the fitted second-degree polynomials of effects with stand age, based on a mixed-effects model
(Table 1) using slopes of individual stand volume–trait relationships per CWM and FD trait and year as metadata (n = 760). Per stand age an * indicates
that the effects of CWMs and FDs were significantly different (paired t-tests, d.f. = 37, P < 0.05). b, Mean and s.e.m. values for the trait group-specific
effects on accumulated stand volume per CWM and FD values (Supplementary Table 1 gives the grouping of traits; LES, leaf economics spectrum). Lines
represent the fitted second-degree polynomials of effects with stand age based on a mixed-effects model per CWM and FD values (Supplementary Table
2). (Note that traits were coded in the direction that on average across years and plots the collective dataset produced a positive association between
CWM values and stand volume— therefore effects could be averaged; Methods).

Table 2) and all increased similarly with stand age. In contrast,
averaged over time, the effects of FD values were significantly
different among trait groups and also changed differentially with
age. Multivariate FD indices per trait group and CWM and FD
values of the first principle component axis using the same trait
groups showed similar trait group-specific changes with stand age
(Supplementary Fig. 1). While effects of all trait groups increased
with stand age, the effects of CWM values related to leaf economics spectrum traits showed an optimum around 5 or 6 years. After
10 years of stand growth, CWM values related to leaf structure and
FD values related to plant hydraulics had the largest average effects
on accumulated stand volume (Fig. 2 and Supplementary Fig. 1).
Evaluating the 38 traits individually, we observed that the effects
of CWM values of 30 traits and FD values of all 38 traits became
larger with increasing stand age (Supplementary Fig. 2). The traits
with the largest effect on accumulated stand volume of 10-year-old
stands were CWM values of xylem water potential (163.6 m3 ha−1)
and FD values of maximum xylem hydraulic conductance
(135.7 m3 ha−1).
Reliability of CWM and FD values to predict accumulated stand
volume changes with time. The reliability of community functional
characteristics to predict accumulated stand volume was not different between CWM and FD values when averaged over time (Table
1 and Fig. 3). However, the reliability of CWM traits to predict
accumulated stand volume decreased and the reliability of FD traits
increased with time (significant interaction CWMvsFD × age in
Table 1). The reliability of CWM values to predict accumulated stand

volume was higher for the first 7 years of stand growth but higher for
FD values for the last 3 years (Fig. 3). After 10 years of growth, the
reliability of single-trait FD values to predict accumulated stand volume reached on average 3.2% (with a maximum reliability of 10.2%)
compared with an average reliability of 1.7% (maximum 16.2%) for
single-trait CWM values. For comparison, the reliability of tree species richness to predict accumulated stand volume after 10 years of
growth was 4.6% (Supplementary Fig. 1). A multivariate FD index
and the CWM and FD values of the first axis of a principle component analysis using all 38 traits showed also decreasing and increasing reliabilities with stand age (Supplementary Fig. 1), eventually
resulting in reliability values of 4.2, 1.3 and 3.2%, respectively.
Overall, trait groups did not vary in their reliabilities to predict
accumulated stand volume (Supplementary Table 2). However,
reliabilities of CWM values from different trait groups did change
differently with stand age (significant interaction TRAITgr × age
in Supplementary Table 2 and Fig. 3b). In contrast, the reliabilities
of FD values of all trait groups increased similarly with stand age
(Fig. 3b and Supplementary Table 2). In the first year of stand development, the reliabilities of CWM values to predict accumulated
stand volume was highest for categorical traits (on average 7.3%)
but after 10 years of growth, the reliabilities of FD values to predict accumulated stand volume was highest for hydraulic traits (on
average 5.4%). The reliabilities of the multivariate FD indices and
the FD values of the principal component axis per trait group also
increased with stand age, while the reliabilities of the CWM values of principal component axis to predict stand volume decreased
(Supplementary Fig. 1).
Nature Ecology & Evolution | www.nature.com/natecolevol
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Fig. 3 | The reliability of CWM and FD values to predict accumulated stand volume during 10 years of increasing stand age. a, Mean and s.e.m.
values for the observed reliability of CWM or FD values to predict accumulated stand volume. Lines represent the fitted second-degree polynomials
(back-transformed from angular-transformed proportions) of reliability with stand age, based on a mixed-effects model (Table 1) using R2 values of
individual stand volume–trait relationships per CWM and FD trait and year as metadata (n = 760). Per stand age an * indicates that the reliabilities of
CWMs and FDs were significantly different (paired t-tests, d.f. = 37, P < 0.05). b, Mean and s.e.m. values for the trait group-specific reliability per CWM
and FD values to predict accumulated stand volume (see Supplementary Table 1 for the grouping of traits; LES, leaf economics spectrum). Lines represent
the fitted second-degree polynomials (back-transformed from angular-transformed proportions) of reliability with stand age based on a mixed-effects
model per CWM and FD values (Supplementary Table 2).

Among the 38 individual traits there were 26 CWM traits showing a decreasing reliability with increasing stand age to predict
accumulated stand volume, while 30 FD traits showed an increasing reliability with increasing stand age (Supplementary Fig. 3). On
average, CWM values of leaf toughness had the highest reliability
(14.1%). For 10-year-old stands, the reliability of community functional characteristics to predict accumulated stand volume was
highest for CWM and FD values of xylem water potential with 16.2
and 10.2%, respectively (Supplementary Fig. 3).
Effects and reliabilities of CWM and FD values on annual stand
volume increment. Similar results as above were found for CWM
and FD effects and reliabilities to predict annual stand volume
increment, that is a proxy of yearly productivity (Supplementary
Fig. 4). The effects of both CWM and FD values increased with
stand age (Supplementary Table 3), suggesting that in general
annual stand volume increment increased with stand age. While
the effects were higher for CWM values at early age, effects of FD
values on annual stand volume increment become higher for stands
of 6 years and older. The predicted reliability of CWM and FD values to predict annual stand volume increment initially decreased
and increased with stand age respectively (Supplementary Fig. 4
and Supplementary Table 3). The effects of CWM values on annual
stand volume increment were not significantly different among trait
groups and their change with age was slightly different. Effects of
FD values were different among groups and all increased with age
slightly differently (Supplementary Table 4). Reliabilities of trait
groups were not significantly different in general but the CWM
Nature Ecology & Evolution | www.nature.com/natecolevol

values decreased differently with age while the FD values increased
similarly with age among groups.
Effects on accumulated stand volume of CWM but not of FD values depend on species pool. Only eight out of our 38 single-trait
CWM values had a positive effect on accumulated stand volume
after 10 years in at least nine out of the ten species-pool subsets (Fig. 4): mycorrhiza, leaf dry matter content, leaf toughness,
palisade:spongy ratio, leaf phenolics, stomatal size, xylem water
potential and vein density. For the remaining 30 traits the CWM
effects on the volume of 10-year-old stands varied between positive
and negative among the different species-pool subsets. In contrast,
31 out of 38 single-trait FD values showed a consistently positive
effect and only the remaining seven showed negative relationships
in more than one species-pool subset.

Discussion

The international urge to plant an increasing number of trees for
developing or restoring ecosystem services2,5,6 leads to the question
where to plant, which trees to plant and for what purpose to plant.
Ecosystem services such as carbon sequestration and provisioning
of food, fodder, timber and water depend on different ecosystem
functions and components. Therefore, the ability to predict such
functions and services is of utmost importance to make a connection between restoration actions and goals. Here, we selected
productivity (and related carbon storage) as an example for such
ecosystem functions. We tested if community functional characteristics are relevant indicators in our search to maximize productivity
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subsets) positive effects across the species-pool subsets are indicated by green arrows next to the y axis in both panels.

of planted forests. We found that (1) the average effects of FD values
on productivity became larger than the average effects of CWM values after 7 years of forest development, (2) the FD values became on
average more reliable predictors of productivity than CWM values
and (3) the effects of FD values were not dependent of the particular species within the community while the effects of CWM values
were. In other words, our results demonstrate that using the average
value of the species functional traits as community characteristic is
not sufficient to make reliable predictions of productivity, in contrast to using the diversity of species trait values, especially as stands
grow older. These results align with previous studies showing the
benefit of diversifying ecological strategies for ecosystem functioning37–40 and have large implications for the selection of tree species
to be planted in restoration and other plantings, dependent on the
specific goals (in this case, increase of productivity).
Effects of CWM and especially FD values on cumulative
long-term productivity became larger with stand age, as predicted.
These larger effects may be partly due to growth differences among
species and increasing tree–tree interactions41. A size-related
growth advantage combined with more productive functional traits
may enhance effects of CWM values. The larger and positive effects
of FD values with stand age illustrate that processes such as resource
partitioning, facilitation or trophic interactions may result in more
benefits for tree growth in plots with high FD values than in plots
with low FD values. This is in line with previous studies illustrating that positive effects of species richness on productivity increase
with time12,42–45. However, these previous studies only found increasing statistical complementarity effects over time yet could not
relate these effects to FD. Here, we could show that FD of a large

number of individual traits that underpin productivity increases
over time. After 10 years of forest growth, the average trait effect
of one standardized trait unit of FD was 50.2 ± 5.4 m3 ha−1 while it
was 34.5 ± 6.4 m3 ha−1 for CWM values. This means that the difference in stand volume between plots with the highest and lowest FD
values was bigger than the stand volume difference between plots
with the highest and lowest CWM values. Our model predicts that
beyond 10 years of growth FD could become even more important
relative to CWM values. Less likely, differences between FD and
CWM might level off at a later point in time or extreme weather
events might break the observed trends, which makes predictions
for future decades challenging.
The calculated productivity benefits of FD versus CWM community functional characteristics to a certain extent could have
been affected by the spread of trait values among the locally available 40 tree species used in our experiment. However, the presented
functional trait approach could in principle be applied to any forestry system with sufficient functional variation among a regional
species pool. In addition to this, functional trait effects on productivity should be assessed in each particular context, specifically in
terms of climatic and soil conditions.
Reforestation success, in this case high stand volume, is determined by tree growth and survival and both can be influenced by
functional traits46–48. This means that in addition to considering
functionally diverse species, selection of species with high or low
trait values can improve initial survival and thus forest establishment
and success. In addition, especially for long-term goals, the ability of tree species and the whole community to be resilient against
changing environmental conditions49, influence other ecosystem
Nature Ecology & Evolution | www.nature.com/natecolevol
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functions8,9 and create economic revenue for local livelihoods40
should also be considered in reforestation and restoration projects7,50. Initially, CWM values had a higher reliability for predicting productivity of newly planted forests but with time FD values
achieved a higher reliability of predicting productivity, as suggested.
The occurrence of direct tree–tree interactions is crucial here41. In
young systems with small trees the interactions are still weak and
therefore the community-weighted average of all individuals (that
is, CWM values) explains productivity well, as has also been found
in other young-tree experiments14,15,36,51–53. In older systems, when
trees get bigger and tree–tree interactions get more intense, this
may lead to stronger competition but it may also promote resource
partitioning, facilitation and interactions with other trophic levels41.
The fact that after 10 years of growth more than 75% of the plots
had interacting tree crowns (Supplementary Fig. 5) shows that this
may be happening already in most plots of our study. The increasing
reliability, in addition to the increasing effects, of FD values on productivity in our study means that functional differences between the
species are more important for productivity of species-rich communities over time and suggests that interactions such as resource
partitioning and facilitation outweigh resource competition under
such conditions. Therefore, creating plantations with high FD is
beneficial. Nevertheless, FD is always limited to the extent that environmental filtering requires co-occurring species to be adapted to
the particular site conditions. Yet, within this ‘filtered’ species set,
choosing the most different species can reduce competition and
increase complementarity and potentially facilitation.
The reliabilities of individual CWM or FD traits to predict productivity may be seen as relative low (for example, on average 1.7
and 3.2% of stand volume for 10-year-old stands, respectively).
However, the reliability of species richness to predict stand volume was not much higher (4.6%; Supplementary Fig. 1). Individual
traits, such as the CWM and FD values of xylem water potential,
explained more variation among plots in cumulative stand volume (16.2 and 10.2%, respectively), which suggests that variation
in functional trait values can tell us more about the observed productivity than only the richness of species does. We did not include
multiple traits in the first step of our analysis to obtain R2 values as
metadata. While R2 values from these regressions would have been
higher, there would have been so many possible analyses that some
combinations of traits might have yielded high R2 to some degree
simply by chance. Nevertheless, future studies may perhaps search
for the best combination of explanatory variables in one set of plots
and then test it in another set and repeat this many times to further optimize species selection on the basis of their trait combinations. Although reliability by single functional traits may be low, we
want to emphasize that our study illustrates that when considering
functional trait values, functionally diverse species instead of functionally similar species can promote productivity more reliably. In
addition, considering the community functional trait values for forest management is relevant because it can be more easily manipulated than, for example, environmental conditions. We suggest that
reforestation managers should avoid using functionally similar species that may maximize CWM and instead use communities composed of functionally diverse species to maximize FD within the
limits permitted by the environment and thus promote long-term
productivity and associated ecosystem functions. In addition, forest
managers can also consider guiding existing monoculture plantations towards more functionally diverse plantations by selectively
harvesting and replanting to create and maintain high productivity
over longer time spans.
Although our results suggest that functional diversity (that is,
FD values) among species reliably predicts productivity when plantations get older, observational studies performed in older natural
forests indicate that CWM values may be more reliable than FD
values for prediction26,51,54. However, many of these natural forests
Nature Ecology & Evolution | www.nature.com/natecolevol
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were characterized by low species richness and evenness, allowing dominant species to drive CWM values and productivity and
thus cause a correlation between the two, which is in line with the
mass-ratio theory25–27. Obviously, in this situation functional diversity is low by definition and FD values are even close to zero as in the
case of monoculture plantations—in which only intraspecific variation can contribute to FD—and can therefore not be important in
predicting effects on productivity. For FD values to have effects on
productivity, in line with the diversity hypothesis29,30, a certain species richness and evenness in forest communities is required. Our
study shows that, if this is indeed the case, FD of species trait values
becomes more relevant than the average value of species traits. We
argue that this is mainly due to the intensification of species interactions such as resource partitioning, facilitation and interactions
with other trophic levels41,42.
Against our hypothesis, we observed that effects of CWM values
on productivity differed among the ten different species-pool subsets, while in accordance with our hypothesis, effects of FD values
did not. This is an undesirable feature of CWM values because it
means that communities with the same single-trait CWM value do
not have the same effect on productivity if communities are made
up by different species. A reason for this could be that communities
of different species composition with the same CWM value of a trait
may still vary in the FD value of that trait or even vary in CWM or
FD values of other traits and thus their effect to predict productivity
varies. In other words, trait effects can be trait-context dependent,
meaning that different combinations of trait values can result in
similar successful ecological strategies55 that in this case maximize
productivity. Although multivariate ecological strategies may be
expected to better explain observed performances, we found little
evidence for this (Fig. 2 and Supplementary Fig. 1). In addition, it
could also be that only community functional characteristics are
just not sufficient to predict general patterns of ecosystem functioning, as indicated by findings of van der Plas et al.24. Nevertheless, our
study shows that considering the functional traits of species is still
useful to consistently and reliably predict productivity when focusing on differences rather than average values of species traits.
The effect and the reliability to predict productivity (both accumulated stand volume and annual stand volume increment) varied
among trait groups depending on stand age. The differences were
more pronounced at later stand age, except for reliabilities of CWM
values. After 10 years of growth, FD values of hydraulic traits had
the largest effect and the highest reliability to predict productivity.
Specifically, FD values of maximum xylem hydraulic conductance
had the largest effect (one standardized unit increased stand volume by 135.7 m3 ha−1) and xylem water potential had the highest
reliability (10.2%) to predict accumulated stand volume. In addition, CWM values of xylem water potential had the largest effect
(163.6 m3 ha−1) and the largest reliability (16.2%) to predict the
volume of 10-year-old stands. CWM values of xylem water potential also showed a consistent effect on accumulated stand volume
independent of species pool, in addition to the consistent effect of
their FD values. This suggests that xylem water potential, an indicator of hydraulic drought strategies56,57, can be an important species
trait for forest managers. For example, forests with high FD values
for xylem water potential can reach high productivity when water
availability is fluctuating across years, while high CWM values can
promote productivity when the overall climatic conditions become
drier and species need better hydraulic drought strategies in general. Due to biophysical and evolutionary constraints, it may be
difficult for a single species to apply both strategies. Traits that are
most commonly used across various studies (indicated by ref. 24) did
not predict stand volume better than other traits (Supplementary
Fig. 3), indicating that an unbiased exploration of possible traits
is necessary to discover important traits for forest productivity.
Root traits have not been included in this study, although they may
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greatly affect water and nutrient acquisition that drives productivity58. In future studies it would be good to simultaneously include
above- and below-ground traits to better represent the combination of strategies that can reach high community productivity or
other ecosystem functions. It is conceivable that explanatory power
of multivariate FD would have increased if root traits could have
been included in our analyses. Independent of the traits used in this
study, we suggest to consider species that are functionally different instead of functionally similar for species selection. This goes
beyond the most practiced species richness application (that is, simply increase the number of species) and is in line with recommendations to combine species with diverse ecological strategies37–40.
While studies have investigated the temporal dynamics of the
relationship between species richness and productivity12,42,43,59, the
relationships between forest functional characteristics and productivity and the changes therein during stand development have rarely
been quantified so far. This is highly relevant because functional
traits may convey more general information on the drivers of the
biodiversity–productivity relationships22,60 than species richness
alone. This functional information translates to goal-oriented species selection during restoration and reforestation61,62. In most restoration projects monocultures are planted6 while scientists across
the world have shown that governmental policies will fail in their
endeavour to restore ecosystem functioning and mitigate climate
change if they keep on focusing on monoculture plantations4–6. Our
study emphasizes the need for restoration and reforestation projects to consider functionally different species that together promote
productivity, especially when these projects have long-term goals.
This is in line with increasing evidence that species mixtures, specifically with a diversity of ecological strategies37–40, will provide better
and more stable forest ecosystems than single-species forests8,9,12,63,64.
In addition to naturally regenerate and protect forests6,50, planting
forests with high FD is imperative to improve forests ecosystem
functioning and mitigate climate change.

Methods

Study site and experimental design. This study was carried out at the
Biodiversity–Ecosystem Functioning Experiment China Platform (BEF-China,
www.bef-china.com) at Xingangshan, Dexing, Jiangxi (29°08′–29°11′ N,
117°90′–117°93′ E). The region is typical for the Chinese subtropics with a mean
annual temperature of 16.7 °C and a mean annual precipitation of 1,821 mm. Forest
plots with an area of 1 mu (25.8 × 25.8 m2, 0.067 ha) were established at two sites
(A and B in 2009 and 2010, respectively) by planting 400 individuals in a square
grid design of 20 × 20 trees. From a total set of 40 angiosperm tree species, ten
different species-pool subsets were used to establish replicate ‘subexperiments’,
contrasting other BEF experiments where extinctions were simulated from a
single-species pool32. These pools were originally used to create different extinction
scenarios and were set up to create a high variation of species compositions across
the species richness levels32. Three partly overlapping pools of 16 species per site
were randomly ordered into a sequence and then broken up into halves, quarters
et cetera, according to a broken-stick design12,32,33. This ensured that communities
at the same richness level within species-pool subsets did not overlap in species
compositions and that each species was present once at each richness level. Four
additional species-pool subsets were used to create extinction scenarios driven by
preferential extinction of species with high specific leaf area or locally rare species
(see refs. 32,33 for more information). For these nonrandom extinction scenarios
not all species occur at each richness level. At last, one species composition with
24 tree species per site, combing all species per site, was also planted. Overall, five,
59, two, one, 46 and 64 compositions were replicated six, five, four, three, two or
one time across the two sites. In summary, among the 492 designed plots we used
478 plots, excluding 14 plots due to unsuccessful establishment. This collective
dataset consists of 163 plots with one species and 135, 80, 52, 38 and ten plots
with two, four, eight, 16 or 24 species per plot, respectively. The ten species-pool
subsets consist of unique mixture plots, while monoculture plots were shared
among species-pool subsets per site because these were not replicated per specific
species-pool subset.
Plot productivity. Individual tree volume proxies were estimated as H × π(BR)2
in which H is height and BR is basal radius at the ground, both in metres. These
volume proxies were transformed to more accurate tree volume estimates by
multiplying the proxies with a size-dependent correction factor, estimated and
applied by Huang et al.12. Individual tree data were recorded between 2010 and
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2019 at site A and between 2011 and 2020 at site B. Accumulated stand volume
(m3 ha−1) was calculated each year as the aggregated volumes of the surviving trees
in the central 36 planting positions per plot and represents cumulative long-term
productivity. Annual stand volume increment (m3 ha−1 yr−1), representing
short-term productivity, was calculated as the absolute difference in accumulated
stand volume between two consecutive years. Stand volume increment for
1-year-old stands represents the increment calculated for 2010–2011 for site A and
2011–2012 for site B.
Community functional characteristics. CWM values and functional dispersion
(as measure for functional diversity FD) values were calculated per trait with the
FD package in R (refs. 34,65). Monoculture plots had value zero for FD values and
CWM values were the highest or lowest across the community trait gradient,
because monoculture plots of all 40 species were included. Mixture plots had
FD values higher than zero and CWM values between the lowest and highest
values. We used the functional dispersion measure, which is calculated as the
mean distance of species trait values to the mean trait value of all species and is
less influenced by species richness than other indices34. We calculated FD values
for individual traits instead of one multivariate FD value because reforestation
projects require simple and straightforward recommendations, preferably
based on single characteristics. Nevertheless, as comparison, we also calculated
multivariate FD indices using all 38 traits together or per trait group. CWM
and FD values were calculated on the basis of equal species proportions per plot
because species were planted in equal proportions and were approximately the
same size. Using species mean traits and equally planted proportions has the
additional advantage that it allows foresters to assemble species compositions on
the basis of a-priori rules, whereas realized trait values and species proportions
would require changing species compositions by selective thinning or replanting
during the course of afforestation.
Functional traits. Traits were collected in the BEF-China experiment from 2011 to
201266–68 and were related to the leaf economics spectrum (six traits), leaf structure
(six), leaf chemicals (six), stomatal conductance (nine) or stem and leaf hydraulics
(nine) (see Supplementary Table 1 for an overview of the traits with corresponding
biological meaning and Supplementary Fig. 6 for trait histograms and trait–trait
correlations). In addition, the leaf habit and mycorrhizal associations were also
included as categorical trait and these species values were collected from the
literature18. Unfortunately, we could not include any root traits because these had
not been collected in our experiment for all 40 species. Due to low survival of
Castanopsis carlesii, trait values were calculated by taking the average trait values
from the other Castanopsis species in the dataset. Missing trait data for Quercus
phillyreoides (maximum hydraulic conductance and xylem water potential) and
Sapindus saponaria (lumen area of vessel, roundness of vessel and hydraulically
weighted vessel diameter) were replaced by mean trait values based on all other
species. Leaf area and the palisade:spongy thickness ratio were log10-transformed
because this was done in the original publication and improved the normal
distribution of residual trait values across species. All 38 traits had at least one
significant relationship with standing volume or stand volume increment as
CWM or FD values in the 10 years of the experiment using the collective dataset
of 478 plots. In addition, multiple principal component analyses were performed
to determine one single-trait axis for all 38 traits or per trait group. Through the
trait loadings on these axes the values represent variation in a specific ecological
strategy (Supplementary Fig. 7 for the trait loadings and ecological strategies).
Statistical analyses. In the first step to obtain metadata35, we analysed individual
linear relationships between productivity (accumulated stand volume or annual
stand volume increment) and individual community functional characteristics for
all 10 years of the experiment using the collective dataset that included 478 plots
(see Supplementary Fig. 8 for relationships between stand volume of 5-year-old
and 10-year-old stands and CWM and FD values). From these relationships we
collected the slope of the relationship, as indication of trait effect, and the R2 value,
as measure of reliability. The relationships were fitted with ordinary least square
linear models (lm function in R; ref. 65) and obtained for 38 traits × two functional
measures (CWM or FD) × 10 or 9 yr, yielding a total of 760 or 684 metadata values
for accumulated stand volume or stand volume increment respectively. CWM
and FD values were scaled to minimum and maximum values ranging between
0 and 1 before initial analyses. This means that one slope unit corresponds to
the amount of productivity difference between the lowest and highest values per
CWM or FD trait.
We recoded the following traits to flip their direction such that their overall
association with stand volume became positive: leaf carbon, leaf dry matter
content, carbon:nitrogen ratio, leaf thickness, leaf toughness, epidermis thickness,
palisade thickness, spongy thickness, palisade:spongy ratio, leaf phosphorus, leaf
calcium, stomatal density, vapour pressure deficit (vpd) at maximum conductance,
vapour pressure deficit at point of inflection, xylem pressure at 50% conductivity
loss, vein density and roundness of vessels. The overall association between a trait
and productivity was assessed with the slope of the regression of accumulated
stand volume on the CWM values of the corresponding trait, using all plots and
all years. The recoding was achieved by flipping the slopes in all analyses per
Nature Ecology & Evolution | www.nature.com/natecolevol

Nature Ecology & Evolution
year or species-pool subsets of the mentioned traits. Like this, it was also possible
that slopes from individual analyses were flipped from positive to negative.
Reliability (R2) values were normalized using the angular transformation (arcsine
(square-root(R2))) due to the many values close to zero within the 0–1 interval
allowed for R2 values69.
As a second step, to test hypotheses 1 and 2, we analysed the metadata
collected in the first step using linear mixed-effects models35,70. The influences
of the following fixed-effects explanatory terms on the measured effect sizes
and reliabilities were analysed: type of functional measure (CWM versus FD),
linear age, quadratic age and the interactions. The CWM or FD values per trait
(CWMvsFD × trait identity = 76 values) and its interaction with linear and
quadratic age were used as random factors. Stand age was centred to make sure the
variance components for the random-effects terms CWMvsFD × trait identity was
estimated at mean stand age and not at stand age 0. The addition of the quadratic
age was fitted to account for the nonlinearity of the age effects. Additional linear
mixed-effects models were used to test if effect sizes and reliabilities of trait
groups changed differentially with stand age, using models for the CWM and FD
values separately, with trait group, linear age, quadratic age and the interactions as
fixed factors and trait identity and its interaction with linear and quadratic age as
random factors (again after centring stand age). All reported analyses of variance
were performed with type-I sum of squares due to the orthogonal design of the
metadata, that is for each trait there was one observation per CWM versus FD
value per trait and per year. This orthogonality also meant that all explanatory
terms in the analyses with metadata were uncorrelated and thus variance inflation
factor values were equal to 1, that is the minimal value. Homoscedasticity and
normality of residuals for all linear mixed-effects models were confirmed using
diagnostic plots.
To test if effects of community functional characteristics on long-term
productivity (that is, accumulated stand volume at the end of the study) depended
on the presence of specific species in a community (H3) we analysed the data of the
ten different species-pool subsets separately (Methods above). We determined that
community functional characteristics showed a consistent effect on productivity
if slopes of nine or ten species-pool subsets all showed a positive effect. Due to
the above-described recoding of CWM traits, negative effects were possible but
not expected. Negative effects for nine or ten subsets did not occur for FD traits,
although they would have been possible.
Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The stand-level tree volume data supporting the findings of this study are available
at https://data.botanik.uni-halle.de/bef-china/datasets/640. The species trait data
supporting the findings of this study are available at https://data.botanik.uni-halle.
de/bef-china/datasets/645.

Code availability

The R code used to create the metadata and perform analyses is available at https://
github.com/fjbongers/FD-effects-with-stand-age.
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