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Multispecies forest plantations outyield
monocultures across a broad range of conditions
Yuhao Feng1, Bernhard Schmid1,2, Michel Loreau3, David I. Forrester4,5, Songlin Fei6, Jianxiao Zhu7,
Zhiyao Tang1, Jiangling Zhu1, Pubin Hong1, Chengjun Ji1, Yue Shi8, Haojie Su1, Xinyu Xiong1,
Jian Xiao1, Shaopeng Wang1*, Jingyun Fang1,9*

Multispecies tree planting has long been applied in forestry and landscape restoration in the hope of
providing better timber production and ecosystem services; however, a systematic assessment of its
effectiveness is lacking. We compiled a global dataset of matched single-species and multispecies
plantations to evaluate the impact of multispecies planting on stand growth. Average tree height,
diameter at breast height, and aboveground biomass were 5.4, 6.8, and 25.5% higher, respectively,
in multispecies stands compared with single-species stands. These positive effects were mainly the
result of interspecific complementarity and were modulated by differences in leaf morphology and leaf
life span, stand age, planting density, and temperature. Our results have implications for designing
afforestation and reforestation strategies and bridging experimental studies of biodiversity–ecosystem
functioning relationships with real-world practices.

F
orest plantations are an important means
of restoring degraded land, supplying eco-
system services, and mitigating climate
change (1–4). In recent years, several
global initiatives, such as the Bonn Chal-

lenge (5), the New York Declaration on Forests
(6), and the United Nations (UN) Decade on
EcosystemRestoration (7), have been launched
to restore degraded ecosystems and provide
nature-based solutions to mitigate climate
change by increasing global forest cover in
the coming decades. In the context of these
global initiatives, there is an urgent need to
understand the factors that promote the func-
tions and services of forest plantations to
ensure effective strategic planning of affor-
estation and reforestation practices.
In the hope of maximizing the benefits of

plantations, early foresters explored various
forest plantation strategies (8, 9). One strategy
was to plant several tree species with different
traits, such as legume and nonlegume species
or conifer and broad-leaved trees—i.e., multi-
species plantations (9, 10). Ecological theory
and experiments predict that multiple species

growing together will create more biomass,
called the biodiversity–ecosystem function-
ing (BEF) relationship (11, 12). Biodiversity
can increase biomass production because of
either niche differentiation among species
(complementarity effects) or an increased like-
lihood that highly productive species are pre-
sent (selection effects) (12). Field experiments
in both grasslands (12, 13) and forests (14–16)

have revealed that complementarity effects
generally contributemore than selection effects
to the observed positive BEF relationships and
that these effects change with traits of spe-
cies, time, planting density, and environmental
conditions. The positive effect of biodiversity
on ecosystem productivity has also been doc-
umented by global and regional observational
studies (17, 18). The long history of multispe-
cies plantation practices (10, 19, 20) and the
growing experimental research on tree diver-
sity effects [e.g., the global network of tree
diversity experiments, TreeDivNet (16, 21)]
provide an opportunity for a systematic assess-
ment of the effects of species mixing in forest
plantations and themechanisms that underpin
them. Here, we hypothesize that, as in BEF
experiments with random species selection,
multispecies plantations established by fores-
ters can also increase tree growth and biomass
production through complementarity effects
and that these effects are modulated by biotic
and abiotic factors.
To test our hypotheses, we assembled a

global dataset (Global MixTrees) of single-
species (monocultures) andmultispecies stands
(mixtures or mixed stands) matched by age
and planting density at 255 sites from 273 pub-
lications (22) (figs. S1 and S2). The dataset
contains 243 tree species with diverse func-
tional traits, wide ranges of stand age and
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Fig. 1. Effect sizes of species mixing on height, DBH, and aboveground biomass. (A) Effect sizes at
the species level. (B) Effect sizes at the whole-stand level. In (B), net effect (NE), complementarity effect
(CE), and selection effect (SE) are shown in blue, green, and yellow colors, respectively. Gray bubbles show
the original sample effect size, and the two numbers above each subset graph indicate the number of
samples with effect sizes greater than (blue) or smaller than (red) zero. The colored bars represent
the 95% confidence intervals of mean effect size across samples. *P < 0.05.
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planting density, and spanning a broad cli-
matic gradient. It includes information on
three major stand-level growth variables:
mean tree height (inmeters), mean diameter
at breast height (DBH) (in centimeters), and
aboveground biomass (inmetric tons per hect-
are) (data S1 and S2). We defined a sample as a
set ofmatchedmonocultures andmixed stands

from the same site and with the same stand
age, planting density, and mixing ratio (i.e.,
percentage of each species at planting) (figs.
S3 and S4). Each sample typically had three
to six replicates, which we used to charac-
terize spatial environmental heterogeneity
and estimate the variation of species mixing
effects within the site. In total, our dataset con-

sisted of 5959 samples, including 2323 samples
for mean height, 2362 samples for mean DBH,
and 1274 samples for aboveground biomass.
Most samples had mixed stands consisting of
two species (5439 samples), and the remaining
had 3 to 16 species (520 samples) (fig. S5). We
conducted our analyses at both the species
(i.e., the single target species) and community
(i.e., the whole stand) levels. For species-level
analyses, 4406 samples were used to compare
the growth of a target species inmixed stands
with its growth in monocultures (fig. S3); for
whole-stand–level analyses, the remaining
1553 samples were used to compare the growth
of the whole mixed stands with that of the cor-
responding monocultures (fig. S4).
Using this dataset, we examined the effects

of species mixing on three growth variables
(tree height, DBH, and aboveground biomass)
and explored how biotic (i.e., functional traits,
stand age, and planting density) and abiotic
(i.e., temperature and precipitation) factors
influenced the effects of species mixing. For
each growth variable, we quantified the effect
size of species mixing at the species level using
the logarithmic ratio of the growth variable
in mixed stands versus monocultures of the
target species [eqs. S7 and S8 (22, 23)] and
at the whole-stand level using the relative
difference between the growth variable
in mixed stands and the average of this
variable in the monocultures of the compo-
nent species [eqs. S9 and S10 (22)]. At the
whole-stand level, we further partitioned the
effect size of species mixing (also called net
effect) additively into complementarity and
selection effect to disentangle whether the
mixing effect was caused by niche differenti-
ation or the presence of specific species (13).
Then, we pooled all effect sizes across sam-
ples to derive an overall effect size of species
mixing at both species and whole-stand levels,
as well as for complementarity and selection
effects (23). For all analyses, we conducted
tests of robustness using samples with two-
speciesmixed stands and found that all results
were qualitatively similar (figs. S6 to S9). We
also testedwhether effect sizes increasedwith
species richness beyond two species.
Our analyses showed that, at the species

level, the mean values of the three growth var-
iables were all larger in multispecies stands
than inmonocultures (Fig. 1A). Themean effect
sizes for height, DBH, and biomass were 0.060
(95% confidence interval, 0.047 to 0.073), 0.065
(0.050 to 0.079), and 0.196 (0.160 to 0.232),
respectively, corresponding to a relative in-
crease of 6.2% (4.8 to 7.6%), 6.7% (5.1 to 8.2%),
and 21.7% (17.3 to 26.1%), respectively. Positive
effect sizes for these variables occurred in
70.1, 70.0, and 76.7% of all samples, respec-
tively (Fig. 1A and fig. S10, A to C). The effect
sizes of these growth variables tended to in-
crease with species richness (fig. S11, A to C).
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Fig. 2. Impacts of functional trait composition on the effect sizes of species mixing. (A to C) Impacts
at the species level. (D to F) Impacts at the whole-stand level. (A and D) Tree height. (B and E) DBH.
(C and F) Aboveground biomass. Functional traits are divided into three categories: leaf morphology
[broad-leaved (BL) versus needle-leaved (NL)], leaf life span [deciduous (DE) versus evergreen (EV)], and
nitrogen acquisition strategy [nitrogen-fixing (NF) versus non–nitrogen-fixing (non-NF)]. In (A) to (C),
“BL (BL × NL)” denotes the effect size for the BL species in the mixed stands consisting of BL and NL
species; in (D) to (F), “BL / NL” denotes the mixed stands consisting of only BL or only NL species, and
“BL × NL” denotes the mixed stands consisting of both BL and NL species. Other notations are similarly
defined. Colored dots and shaded bars represent the mean effect sizes and their 95% confidence intervals,
respectively. P values are derived from likelihood ratio tests (22). In (A) to (C), different letters denote
significant differences in the mean effect size between groups. In (D) to (F), NE, CE, and SE are shown in
blue, green, and yellow colors, respectively.
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At the whole-stand level, the three growth
variables were also higher in multispecies
stands than in monocultures (Fig. 1B), with
an increase of 5.4% (3.9 to 6.8%) in height,
6.8% (5.3 to 8.2%) in DBH, and 25.5% (21.2 to
29.8%) in biomass. Positive net effects of these
variables occurred in 71.4, 74.5, and 85.0% of
all samples, respectively (Fig. 1B and fig.
S10, D to F). These positive net effects were
mainly the result of complementarity rather
than selection effects (which were close to zero
or even negative) (Fig. 1B and fig. S10, G to L).
These small selection effects can be understood

by the fact that foresters deliberately use highly
productive tree species (24) and thus exclude
low-performing species that probably represent
most of the species in BEF experiments with
random species selection (14) (if component
species have equal performance in mono-
culture, then selection effects are zero by
definition). As at the species level, the net
and complementarity effects of the growth
variables increased with species richness
beyond two species (fig. S11, D to F), which
supports the conclusions of previous experi-
mental and observational studies (14, 17, 18).

To disentangle the mechanisms underpin-
ning the positive effects of species mixing, we
investigated how combinations of tree spe-
cies with different functional traits influenced
tree size or biomass inmultispecies plantations.
We focused our analysis on three groupings
of species according to functional traits: leaf
morphology (i.e., broad-leaved versus needle-
leaved species), leaf life span (i.e., deciduous
versus evergreen species), and nitrogen ac-
quisition strategy (i.e., nitrogen-fixing versus
non–nitrogen-fixing species). For each of these
three groupings,multispecies plantationswith
opposite functional traits may produce higher
complementarity effects through niche parti-
tioning: Broad-leaved and needle-leaved spe-
cies can partition space in the canopy (25),
deciduous and evergreen species can partition
seasonal time (26), and non–nitrogen-fixing
species and nitrogen-fixing species can parti-
tion the source of nitrogen nutrition (27).
At the species level, target species tended

to benefit more in one or more growth varia-
bles when growing with species in the opposite
functional trait categories comparedwith those
growing with species with similar traits (fig.
S12). Both broad- and needle-leaved species
grew taller and produced more biomass when
growing with species of the other functional
group than when growing with species of
the same functional group (Fig. 2, A and C).
Deciduous and evergreen species also grew
taller when growing with species of the other
compared with species of the same functional
group (Fig. 2A). However, nitrogen-fixing and
non–nitrogen-fixing species performed sim-
ilarly when growing with species of the other
or with species of the same functional group
(Fig. 2, A to C). Analyses at the whole-stand
level corroborated these species-level results.
Multispecies stands containing both broad-
and needle-leaved species had larger net and
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Fig. 3. Changes in the mixing effects with stand
age. (A to C) Changes at the species level. (D to
F) Changes at the whole-stand level. (A and D) Tree
height. (B and E) DBH. (C and F) Aboveground biomass.
Both linear and quadratic mixed-effects models were
fit, and the optimal fits are shown according to the
likelihood ratio tests (22). Shaded areas are 95%
confidence intervals of fitted curves, with dashed lines
indicating P > 0.05. Bubble sizes are proportional to the
weights of samples. In (D) to (F), NE, CE, and SE are
shown in blue, green, and yellow colors, respectively.

Fig. 4. Changes in the mixing effects with tree density. (A to C) Changes at the species level. (D to
F) Changes at the whole-stand level. (A and D) Tree height. (B and E) DBH. (C and F) Aboveground
biomass. The upper limit of planting density is set to 10,000 stems ha−1, and the density values are
log10-transformed before statistical analyses to avoid bias as a result of high leverage of a few sites with
very high densities. In (D) to (F), NE, CE, and SE are shown in blue, green, and yellow colors, respectively.
For other explanations, see the caption of Fig. 3.
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complementarity effects on all three growth
variables than multispecies stands containing
only broad-leaved or only needle-leaved species
(Fig. 2, D to F, and fig. S13). Multispecies stands
containing both deciduous and evergreen spe-
cies had larger net and complementarity effects
on height and DBH than multispecies stands
containing only deciduous or only evergreen
species (Fig. 2, D and E). However, multi-
species stands containing both nitrogen-fixing
and non–nitrogen-fixing species performed
similarly to multispecies stands containing
only nitrogen-fixing or only non–nitrogen-
fixing species (Fig. 2, D to F). Overall, our
results suggest that functional differences in
leafmorphology and leaf life span—but notably
not in nitrogen acquisition strategy—underpin
stronger complementarity effects in mixed
stands (15, 28).
Next, we examined whether stand charac-

teristics (stand age and planting density)mod-
ified the effects of species mixing. At both the
species and whole-stand levels, the effect sizes
of species mixing on height, DBH, and bio-
mass all showed unimodal relationships when
plotted against stand age, which peaked at
~25 years (Fig. 3). These unimodal patterns
were mainly driven by time-dependent com-
plementarity effects, which first increased and
then decreased with stand age (Fig. 3, D to F).
Previous BEF experiments have revealed in-
creasing complementarity and biodiversity
effects with experimental duration but were
limited to a relatively short time span [e.g.,
<15 years (14, 29)]. Our results corroborate
findings from these short-term experiments,
but they also suggest that as stands develop
further, complementarity effects may subse-
quently decrease, possibly as a result of en-
hanced interspecific competition for light or
soil resources (30).
Along a gradient of tree planting density,

the species-level effect sizes for height and
DBHshowed increasing trends (Fig. 4, A andB),
but that for biomass showed a unimodal pat-
tern, peaking at a density of ~2860 stems ha−1

(Fig. 4C). At the whole-stand level, the effect
sizes for all three growth variables showed
similar unimodal patterns along a gradient
of tree density, peaking at ~2500, 2700, and
4100 stems ha−1, respectively (Fig. 4, D to F).
These results support previous findings that
the effect of species mixing increases with
planting density within low-density ranges
[e.g., <2000 stems ha−1 (31)] but that negative
effects can emerge at high densities (32). In
other words, the benefits of multispecies plan-
tations may be reduced at both very low den-
sities, where individuals are far apart and thus
do not interact, and very high densities, where
intense competitionmay inhibit the operation
of complementarity (30).
Climate (temperature and precipitation)may

be a factor that influences the effects of species

mixing (20). At both the species and whole-
stand levels, the effect sizes for the three growth
variables all showed increasing trends along a
gradient of mean annual temperature [fig. S14;
see (22) for climatic data]. This increase was
largely the result of interspecific complemen-
tarity, whereas selection effects were negligi-
ble at the whole-stand level. This suggests that
warmer climates could benefit tree growth
in multispecies stands more than in mono-
cultures, whichmay be because of longer grow-
ing seasons that promote complementarity in
time (33). Compared with temperature, mean
annual precipitation did not significantly in-
fluence the mixing effect sizes (fig. S15), prob-
ably because forest plantationsmainly occurred
in humid areas where precipitation may not
be a limiting factor (34).
Our study demonstrates substantial benefits

of multispecies plantations, which corrobo-
rates and generalizes findings from forest BEF
experiments (14, 16, 21) and helps to show
their implications for real-world forestry ap-
plications. Our analyses offer predictions that
go beyond the conclusions of short-term BEF
experiments with random species selection
and call for more long-term experiments with
deliberate species selection to reveal the time
dependency of biodiversity effects. Our find-
ings also have direct implications for forest
management and afforestation and refores-
tation practices. Foresters often prefer mono-
culture plantations because of their lower
planting and management costs, targeted
special uses of trees (e.g., kind and amount of
timber production and economic value) (35),
and the difficulty in identifying the site char-
acteristics that will give the best result for a
given multispecies plantation (30, 35). How-
ever, a growing body of research is revealing
the benefits of multispecies plantations in
terms of productivity (this study), stability
(16, 36), community structure (15), and bio-
diversity (4). Therefore, we advocate a multi-
functional cost-benefit analysis framework to
identify planting strategies that optimize the
benefits of forest plantations for restoration,
conservation, and climate change mitigation.
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Diversity boosts plantation biomass
Across experimental and natural systems, more diverse plant communities often have higher primary productivity.
This effect can be due to complementarity between different species, which can more effectively use resources
together, or a higher likelihood of more productive species being present. Feng et al. used data from 255 sites to test
whether forest plantations with multiple species have greater productivity than monocultures (see the Perspective by
Gurevitch). They found that multispecies plantings, on average, have taller and thicker trees and greater aboveground
biomass accumulation than monocultures. This effect was mainly due to complementary between species, with
greatest benefits from pairing species with different traits. —BEL
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