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Effects of plant diversity on productivity
strengthen over time due to trait-dependent
shifts in species overyielding

A list of authors and their affiliations appears at the end of the paper

Plant diversity effects on community productivity often increase over time.
Whether the strengthening of diversity effects is caused by temporal shifts in
species-level overyielding (i.e., higher species-level productivity in diverse
communities comparedwithmonocultures) remains unclear. Here, using data
from 65 grassland and forest biodiversity experiments, we show that the
temporal strength of diversity effects at the community scale is underpinned
by temporal changes in the species that yield. These temporal trends of
species-level overyielding are shaped by plant ecological strategies, which can
be quantitatively delimited by functional traits. In grasslands, the temporal
strengthening of biodiversity effects on community productivity was asso-
ciated with increasing biomass overyielding of resource-conservative species
increasing over time, and with overyielding of species characterized by fast
resource acquisition either decreasing or increasing. In forests, temporal
trends in species overyielding differ when considering above- versus below-
ground resource acquisition strategies. Overyielding in stem growth
decreased for species with high light capture capacity but increased for those
with high soil resource acquisition capacity. Our results imply that a diversity
of species with different, and potentially complementary, ecological strategies
is beneficial for maintaining community productivity over time in both
grassland and forest ecosystems.

Plant diversity often increases community productivity in natural and
experimental ecosystems1–4. Higher productivity in diverse plant
communities compared with the average of component species in
monocultures (whichwedefineherein as community overyielding) can
arise through niche differentiation among species (complementarity
effects) and/or dominance of highly productive species (positive
selection effects)5. Community overyielding (or underyielding) is the
net effect of species-level responses to plant diversity due to species
interactions. Individual species may have higher or lower productivity
in diverse communities than in their monocultures, leading to species-
level overyielding or underyielding respectively6. Evidence suggests
that community overyielding in mixtures occurs when strong over-
yielding of a few species overcompensates for underyielding and/or

neutral responses in others6,7, or when most or all species overyield
(neither requires all species to contribute equally5,8,9). Yet, to what
extent changes in species-level contributions (e.g., species over-
yielding) shape temporal dynamics of plant diversity effects on com-
munity productivity remains poorly understood10.

Understanding the temporal dynamics of plant diversity-
productivity relationships can increase our ability to predict the
long-term effects of biodiversity change on ecosystem functioning11–13,
particularly when considering the accelerating loss of species or
introductions of exotic species caused by human activities8,14,15. Posi-
tive biodiversity-productivity relationships in grassland and forest
ecosystems often strengthen over time11,13,16–19. This temporal
strengthening of biodiversity effects on productivity may result from
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an increase in productivity in diverse plant communities, a decrease in
productivity in monocultures, or both13,20,21. Such temporal responses
are likely driven by shifts in plant-plant interactions22, resource
acquisition and use18, plant-soil feedback effects that increase soil
fertility23,24, and biotic interactions with other trophic levels21,25. For
example, thedecreasingperformanceof plantmonocultures over time
might be the result of an accumulation of species-specific soil-borne
pathogens21,25, while the increasing performance of more diverse
communities could be due to increasing complementary resource use
among species11,13,16,17. The magnitude of these shifts may depend on
plant ecological strategies that influence species performance and
interactions between species, and hence, ecosystem functions and
processes10,18,26–28.

One way in which plant diversity can increase the performance of
communities over time is through a shift in the relative abundance of
species representing different ecological strategies10,29. Some of these
strategies can be represented by above- and belowground functional
traits30,31. One important gradient in these traits is the resource eco-
nomics spectrum30,32, which ranges from acquisitive to conservative
plant strategies in terms of resource uptake and tissue turnover. Spe-
cifically, plant species with acquisitive strategies are expected to have
fast rates of resource uptake as well as short-lived leaves or roots, with
high specific leaf area (SLA), leaf nitrogen content (LNC), specific root
length (SRL), and root nitrogen content (RNC), but low leaf dry matter
content (LDMC) and root tissue density (RTD). Alternatively, plant
species with conservative strategies are slow in resource acquisition,
but able to survive and thrive in low-resource conditions30–32. Inmixed-
species communities, acquisitive and conservative species may be
more or less likely to over- or underyield due to their differing abilities
in resource preemption and stress tolerance33. For example, over-
yielding species in young mixed-species communities are usually
adept at acquiring large amounts of nutrients per plant, or are N-fixers
(i.e., legumes)6,29, or intercept more light than underyielding
species34,35. Yet, resource availability at the system scale, per capita, or
both, changes during the development of the plant community36,37,
likely shifting the species-level contributions to community over-
yielding over time. For instance, the dominant species in mixed-
species communities at early stageswere gradually replacedby slower-
growing, deep-rooting species in both grasslands and forests29,38.
These shifts are likely related to differences in plant strategies defined
through functional traits (e.g., differences in plant nutrients
content23,24).

At the early stages of plant community development, above-
ground space and soil volume are largely unoccupied, resources (i.e.,
light, water, and nutrients) are typically abundant (but their availability
might be context-dependent), and competition among individuals for
resources is minimal. Unoccupied above- and belowground spaces
with abundant resources allow acquisitive species to grow faster than
conservative species in mixed-species communities35,39,40. Once indi-
viduals begin interacting, acquisitive species will initially benefit more
from competing with conservative species18. It is possible that over-
yielding in acquisitive species overcompensates for underyielding of
conservative species that have low competitive abilities10,41. The
greater overyielding in acquisitive species is also possible when
resource partitioning in space or time among constituent species
enhances the capture of key resources and growth by acquisitive
species42.

During plant community development, niche differentiation (e.g.,
via resource partitioning) among plant species is expected to promote
greater community-level uptake of limiting resources in diverse plant
communities11,13,16,17. However, resource availability per individual often
decreases through time36. For example, increasing leaf area in diverse
plant communities over time reduces light availability to each indivi-
dual leaf or plant on average (i.e., greater light interception at the top

of the canopy leads to less light transmission to leaves in the lower
strata of the same individual’s crown and those of understory plants43).
Similarly, increased above- and belowground plant growth causes
greater water demand but lower water availability per unit root area36.
Although increases in nitrogen mineralization, driven by plant diver-
sity, can partially compensate for higher nitrogen demand, nitrogen
availability per unit root mass/volume often declines36. Furthermore,
management activities (e.g., repeated biomass harvest or litter
removal) can also cause soil nutrient availability to decrease during
community development29,36. Decreases in resource availability from
any or all of the above sources over time in mixed-species commu-
nities may increase overyielding in conservative species which exhibit
greater advantage for resource acquisition than acquisitive species in
resource-limited environments29, and which often exhibit higher
resource use efficiency (create more biomass per unit of resource
consumed). Overyielding of acquisitive species may either decrease
over time due to their lower capacity to acquire resources as envir-
onments become more resource-limited (due to competition in mix-
tures), or increase slightly due to the decreasing performance of their
plant monocultures (e.g., caused by accumulated soil-borne patho-
gens or intense intraspecific competition13,21). The increased over-
yielding of conservative species over time as communities develop
may either partially, fully or overcompensate for a decrease in species
overyielding of acquisitive species, or lead to community overyielding
in combination with increased overyielding of acquisitive species.

Here, we investigate if the temporal strengthening of plant
diversity effects on aboveground productivity (Fig. 1A) is related to
shifts in contributions of acquisitive and conservative species to
increased productivity in diverse plant communities over time
(Fig. 1B, C). This shiftmay happen simultaneously with other biological
mechanisms through which diversity effects act (e.g., resource
partitioning42,44, interspecific competition leading to the dominance of
species with particular traits29, self-thinning38, feedback on soil
fertility23, or other biotic interactions21). Specifically, we hypothesize
that acquisitive plant species contribute more to overyielding in
mixed-species communities than conservative species during the early
stages of community development (H1), whereas conservative species
contributemore to overyielding than acquisitive species at later stages
(H2). Furthermore, we predict that the timing of shifts in contributions
to community overyielding from acquisitive to conservative species
differs between grassland and forest experimental ecosystems (H3).
Community dynamics in forests are relatively slow compared to those
in grasslands due to the differences in plant physiology and structure,
and longer lifespanofwoody species45,46. In addition, theways inwhich
the species overyielding shifts differ between grasslands (mainly at the
population level, i.e., relatively fast changes in the number of indivi-
duals rather than size47) and forests (mainly at the individual level, i.e.,
relatively slow processes of tree growth, canopy space filling, and
mortality38). We, therefore, expect that temporal shifts in overyielding
from acquisitive to conservative species in forests may be slower than
those in grasslands.

We tested these hypotheses using temporal data from 65 biodi-
versity experiments across the globe that manipulated plant species
richness in grassland (39) and forest (26) communities (Supplemen-
tary Table 1 and Supplementary Fig. 1) including 166 herbaceous and
134 tree species, respectively. To elucidate temporal changes on
diversity effects, we quantified community overyielding, com-
plementarity and selection effects. To capture conservative and
acquisitive resource-acquisition strategies of plant species, we selec-
ted plant economic traits including SLA, LNC, LDMC, SRL, RNC, and
RTD. Trait data were mainly obtained from the Plant Trait Database
(TRY48), the Global Root Trait (GRooT) database49, and site-specific
measurements from certain experiments. We find that the temporal
strength of diversity effects is determined by changes in species
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overyielding, with temporal trends of species-level overyielding
shaped by plant ecological strategies. However, these patterns differ
between grassland and forest experimental systems. In grasslands,
temporal strengthening was associated with increases in the over-
yielding of resource-conservative species and either decreasing or
increasing for fast resource species. In forests, overyielding in stem
growth decreased for species with high light capture capacity but
increased for those with high soil resource acquisition capacity.

Results
Community-level overyielding strengthens over time
The effect of plant species richness on community-level productivity
and overyielding (i.e., species mixture effects on community pro-
ductivity calculated as community log response ratio) increased sig-
nificantly over time inbothgrasslands and forests (Fig. 2). In grasslands
(Fig. 2A, B), this was primarily due to increases in the complementarity
effect, whereas the selection effect decreased over time (Supplemen-
tary Table 2 and Supplementary Fig. 2A, B). In forests (Fig. 2C, D), the
increase in the slope of the species richness-basal area increment over
time was not related to changes in either complementarity effects or
selection effects (Supplementary Table 2 and Supplementary
Fig. 2C, D). When considering the accumulated basal area in forests,
the strengthened positive plant species richness effect was driven by
temporal increases in both complementarity and selection effects
(Fig. 2E, F, Supplementary Table 2 and Supplementary Fig. 2E, F).

Species contribute differently to community overyielding
In both grasslands and forests, species contributions to community
overyielding varied widely across all experimental years (Fig. 3). Yet, in
most cases, community overyielding was attributable either to over-
yielding of about half of the species while the remaining species were
underyielding, or to all of the constituent species overyielding
(Fig. 3A). On average, more than half of the mixed-species commu-
nities exhibited overyielding across all experimental years. Across all
overyielding communities, the highest overyielding species in a com-
munity contributed more than half of proportional community-level
overyielding, regardless of the number of species that overyielded in a
community (Fig. 3B).

Trait-dependent species-level overyielding changes over time
In grasslands, species-level biomass overyielding (calculated as species
log-response ratio) on average increased with plant species richness,
and its effects strengthened over a time of ten years (Table 1 and
Supplementary Fig. 3A). In the early years of grassland community
development, acquisitive species with higher SLA and SRL and lower
RTD (captured by the first principal component of herbaceous species
trait space; Supplementary Table 3 and Supplementary Fig. 4A), and
higher LNC (captured by the second principal component) had higher
biomass overyielding inmixed-species communities than conservative
species with the opposite trait values (Fig. 4A, B, Supplementary
Fig. 8A, B, D, E and Supplementary Table 5). Acquisitive species either
decreased or increased biomass overyielding over time, whereas
overyielding of conservative species constantly increased over time,
and their overall increase exceeded that of acquisitive species (Sup-
plementary Fig. 7A, B). Thebiomass overyieldingof specieswith higher
RTD and lower LNC outpaced that of acquisitive species (i.e., lower
RTD and higher LNC) in later years (Supplementary Fig. 8D, E). This
temporal shift was also observed when we included all of the data
across 18 years (only three experiments > 10 years; Supplemen-
tary Fig. 9).

There was an imbalance in the lengths of the grassland experi-
ments, i.e., many grassland experiments collected data for less than
four years (Supplementary Table 1). Therefore, we conducted further
analyses to test whether the trait-dependent temporal shifts in species
overyielding were consistent among the grassland experiments with
more than four years of data versus all grassland experiments (Meth-
ods). We found that the temporal trends of the restricted longer-term
dataset (i.e., only 6 experiments) yielded similar results (Supplemen-
tary Figs. 12 and 15) as those presented above using the full datasets
(i.e., all 39 experiments). In the restricted longer-term dataset, the
overyielding of conservative species with lower SLA, SRL and LNC
constantly increased over time, although the slopes changed for cer-
tain traits (e.g., Supplementary Fig. 15C–E) due to differences in the
number and identity of species.

In forests, there were no positive effects of increasing tree species
richness on average species-level overyielding (based on either annual
basal area increment or accumulated basal area), and no evidence that
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Fig. 1 | Overview of how temporal changes of plant diversity effects on com-
munity productivity are expected to be related to trait-dependent shifts in
species-level overyielding. A Effects of plant diversity strengthen over time as
productivity increasesmorequickly in diverse plant communities.BAtearly stages,
species-level overyielding in diverse plant communities is higher for acquisitive
(ΔYA) than for conservative (ΔYC) species. Over time, the overyielding of con-
servative species (SPConservative) is expected to increase, whereas the overyielding of

acquisitive species (SPAcquisitive) is expected either to decrease (solid red line) or
increase slightly due to the decreasing performance of monocultures (dotted red
line). C Contributions to community overyielding shift over time, from greater
overyielding for acquisitive species at early stages to greater overyielding for
conservative species at later stages of community development, regardless of
whether overyielding of acquisitive species decreases (solid green line) or slightly
increases (dashed green line).
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the effects of species richness on species-level overyielding increased
over a time of eleven years (neither species richness nor species rich-
ness × year interaction was significant; Table 1). From the early to the
later years, in most mixed-species communities across tree species
richness levels, half of the species overyielded and the other species
underyielded (Fig. 3A and Supplementary Fig. 3B, C). In the early years
of mixed-species community development, acquisitive tree species
with higher LNC and RNC (captured by the first principal component
of tree species trait space; Supplementary Table 3 and Supplementary
Fig. 4C), higher SRL, and lower RTD (represented by the second prin-
cipal component) exhibited higher overyielding than conservative
specieswith theopposite trait values (Fig. 4C,D, SupplementaryFig. 10
and Table 6). Over time, species-level overyielding of annual basal area
increment for species with higher SLA and LNC decreased, while that
for species with lower SLA and LNC increased (Fig. 4C and Supple-
mentary Figs. 10A, B). In contrast, the overyielding in annual basal area
increment for acquisitive tree species with higher RNC and SRL and
lower LDMC and RTD increased over time (Fig. 4D and Supplementary
Fig. 10C–F). In terms of accumulated basal area, species-level

overyielding was greater for acquisitive species with higher LNC,
RNC, and SRL and lower RTD than for conservative species with the
opposite trait values in the early years of tree community develop-
ment, and strengthened over time (Fig. 4E, F and Supplementary
Fig. 11B–D, F).

Discussion
We found that species overyielding in mixed-species plant commu-
nities depends on species-specific traits and shifts over time in both
grassland and forest experimental ecosystems. In grasslands, the
species that contributed most to increased productivity in diverse
plant communities (i.e., greater extent of community-level over-
yielding) shifted over time from acquisitive to conservative. In con-
trast, tree species with root trait values associated with fast soil
resource acquisition drove an increase in community-level over-
yielding in young mixed-species tree communities. This temporal
trend in tree communities reflects the shifting role of acquisitive spe-
cies in contributing to enhanced productivity in diverse communities,
progressing from light capture to belowground soil resource
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munity overyielding over time. A, B Effects on community productivity and
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respective year. Lines are mixed effect model fits across all experiments. For
grasslands, species richness (F1,1317 = 157.8, P <0.001), year (F1,5976 = 21.4, P <0.001),
and the species richness × year interaction (F1,5976 = 8.0, P =0.005) significantly
affected aboveground biomass, while species richness (F1,716 = 78.1, P <0.001) and
the species richness × year interaction (F1,3482 = 40.0, P <0.001) significantly

affected community overyielding. In forests, annual basal area increment was sig-
nificantly affected by year (F1,3474 = 31.9, P <0.001), and the species richness × year
interaction (F1,3474 = 7.6, P =0.006),while community overyieldingwas significantly
affected by the species richness × year interaction (F1,1934 = 12.6, P <0.001). Forest
accumulated basal area was significantly affected by species richness (F1,1348 = 13.6,
P <0.001), year (F1,4023 = 2229, P <0.001) and the species richness × year interaction
(F1,4023 = 12.6, P <0.001), while community overyielding was significantly affected
by species richness (F1,781 = 4.9, P =0.027), and the species richness × year inter-
action (F1,2611 = 19.4, P <0.001). Reported P values were calculated from one-sided
F-tests. Refer to Supplementary Table 2 for more details. Y-axis was trimmed to
enhance resolution comparing model fit lines (5% extreme values are not visible).
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exploitation. Thus, changes in the relative contribution of acquisitive
and conservative species to community overyielding underpins the
increasing strength of positive biodiversity-productivity relationships
through time.

Interspecific interactions among species drive increased pro-
ductivity in diverse plant communities6,16,42,50. Differences in species’
contributions to community overyielding may be driven by

asymmetric competition between plant species in diverse
communities28,33. Some species with specific functional trait values
exhibit greater overyielding by intercepting or using disproportionate
amounts of resources (i.e., resourcepreemption). For example, several
studies show that strong competitors for nitrogen (e.g., C4 grasses) or
nitrogen-fixing plant species overyield more in mixed-species grass-
land communities where nitrogen is the limiting soil resource6.
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Furthermore, taller grasses, which may indicate a greater capacity to
compete for light, tend to overyield51,52. In some young experimental
tree communities, acquisitive shade-intolerant broad-leaved or conifer
species overyield, which is likely due to reduced competition from
neighboring species35,41,50. Notably, this trait-dependent species over-
yielding in mixed-species communities is not only attributable to the
selection of productive species (i.e., overyielding of species in mix-
tures that are productive in monocultures41), but also occurs simulta-
neously with resource partitioning42, facilitation (e.g., nitrogen
fixation6), and biotic feedback effects (e.g., release from
pathogens21,53).

In grasslands, our results showed that temporal increases in
community overyielding were linked to temporal increases in the
positive relationship between species overyielding and species rich-
ness, indicating gradually enhanced complementary resource use
among a greater number of the species in mixed-species
communities11,16,17. Notably, the temporal shifts in the contributions
to community overyielding of acquisitive and conservative species
also contributed to the strengthening of diversity effects over time, as
predicted. Due to decreased resource availability per individual/area
over time36,43, the overyielding of acquisitive species was outpaced by
conservative species that are adapted to low resource availability in
older mixed-species grassland communities. In addition to resource
partitioning, the temporal shift in the contributions to overyielding
associated with contrasting plant ecological strategies might also be
attributed to biotic feedback effects53. Acquisitive species might be
more affected by the accumulation of pathogens over time, while
conservative species may be less vulnerable to pathogens because of
higher carbon allocation to defense compounds and physical
barriers21. Furthermore, the growth of conservative species is less
vulnerable to climate variability and ismore stable over time54,55, which
may also contribute to the increased overyielding of conservative
species over time.

However, we did not find decreases in overyielding for acquisitive
species with high RNC over time in grasslands. Evidence suggests that
although soil NO3–N availability usually decreases during community
development, plant diversity increases plant-derived N inputs to soils
over time23,37. In addition, plant diversity can increase Nmineralization
rate and NH4–N concentration over time and decrease N leaching due

to increased soil microbial biomass and higher N-uptake (with higher
fine root biomass)37,56. These processes may compensate for the initial
depletion of soil NO3–N availability in mixed-species communities36,
and contribute to the N uptake of species with high N demand in later
years29.

In forests, our results showed that community overyielding
increases with species richness over time, and this increase is asso-
ciatedwith increases in species overyielding that overcompensates for
underyielding in others. For example, shade-intolerant acquisitive
species overyielded (in terms of mean annual basal area increment) at
the expense of conservative species during the early years of the
experiments. Viewed through the lens of competition for light,
acquisitive species with a greater ability to capture light and higher
photosynthetic capacity tend todevelop their crowns rapidly inmixed-
species communities to dominate the community and drive above-
ground community overyielding35,41,57. As forest communities develop,
overyielding in stem growth for species with a greater capacity to
capture light may decrease over time, which may be related to their
low tolerance to competition for light, combined with the progressive
expansion of tree crowns and canopy closure34,58. However, over-
yielding of annual basal area increment for tree species with higher
RNC and lower RTD increased over time in our study, indicating that
the greater contributors to community overyielding eventually shift
from light-harvesting to N-exploitative tree species. This underscores
the important role of soil exploitation strategies in determining tree
diversity effects on productivity during forest community
development57,59.

Although we explored the temporal shift in species overyielding
in biodiversity experiments over ten years, tree communities in our
study are still young compared to the lifespan of individual trees45. In
our study, tree species with resource acquisition strategies had
increasing overyielding in the accumulated basal area over time, i.e.,
acquisitive tree species still dominated in young tree plantations,
which is consistent with previous studies18,22,40,57. The greater over-
yielding of acquisitive tree species may have larger effects as the
canopy of young stands develop (~20 years60). We expect that the shift
from greater overyielding of acquisitive to conservative species over
time may occur at a longer temporal scale, e.g., when competition for
available soil resources intensifies or the forest enters the stem

Table 1 | Linear mixed-effects models for effects of plant economics traits (represented by traits PC1 and traits PC2), species
richness (SR), year, and their interactions on species overyielding (or underyielding) of aboveground biomass in grasslands
and annual basal area increment and accumulated basal area in forests

Grasslands Forests

Species log-response ratio (representing species overyieling or underyielding)

Biomass Annual basal area increment Accumulated basal area

df ddf F P df ddf F P df ddf F P

Traits PC1 1 3536 1.68 0.195 1 2430 0.78 0.378 1 2460 0.64 0.423

SR 1 3536 2.35 0.125 1 2430 2.95 0.086 1 2460 2.61 0.106

Year 1 14717 0.41 0.520 1 6028 0.75 0.386 1 7783 2.17 0.140

Traits PC1 × SR 1 3536 0.96 0.327 1 2430 2.50 0.114 1 2460 0.01 0.938

Traits PC1 × Year 1 14717 9.97 0.002 1 6028 6.46 0.011 1 7783 3.98 0.046

SR × Year 1 14717 22.16 <0.001 1 6028 2.56 0.110 1 7783 0.19 0.664

Traits PC2 1 3536 0.34 0.557 1 2430 3.74 0.053 1 2460 0.33 0.567

SR 1 3536 6.16 0.013 1 2430 2.23 0.135 1 2460 2.88 0.090

Year 1 14717 1.95 0.163 1 6028 0.62 0.433 1 7783 2.43 0.119

Traits PC2 × SR 1 3536 6.62 0.010 1 2430 0.19 0.665 1 2460 0.18 0.672

Traits PC2 × Year 1 14717 19.86 <0.001 1 6028 13.18 <0.001 1 7783 11.95 <0.001

SR × Year 1 14717 30.82 <0.001 1 6028 2.10 0.148 1 7783 0.27 0.606

Significant P (P < 0.05) are denoted in bold. Reported P values were calculated from one-sided F-test. Refer to Supplementary Table 4 for variance components of the random effects.
df numerator degrees of freedom, ddf denominator degrees of freedom, F F ratios, P P value of the significance test.
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exclusion (i.e., when intense competition results in mortality) and
recruitment phases of forest stand development59,61. However, several
more decades of data may be needed to uncover the full dynamics of
overyielding in forest diversity experiments. Several studies have
shown that tree diversity promotes tree growth and reduces
mortality38, or has positive effects on growth but no effect on
mortality62, or even leads to higher tree growth and higher mortality63.
Further studies using longer-term inventory data to explore the
mechanisms of how tree diversity influences long-term processes (i.e.,
growth, mortality, and recruitment) during community development
might be necessary. In addition, biotic factors such as initial plant
density (e.g., higher planting density may accelerate ecological pro-
cesses) and abiotic (e.g., soil characteristics, shading) factors may
influence the trajectories of shifts in species overyielding and temporal
dynamics of tree diversity effects on productivity13,60. Studies with
longer temporal scales are needed to further elucidate the context-

dependency of temporal shifts in the contribution of species to com-
munity overyielding during forest community development.

We did not examine trait plasticity in response to plant diversity
over time due to the lack of individual-level trait measurements across
and within experiments. The incorporation of trait plasticity may
improve predictive power in explaining plant diversity-ecosystem
functioning relationships34,64. Several studies have shown similar pat-
terns of trait variation within species in response to plant diversity,
which indicates that plants likely adapt strategies to optimize resource
acquisition or resource use efficiency34,61,64. For example, legumes have
higher SLA in more diverse grassland communities, which increases
light acquisition64. Tree individuals tend to enhance light interception
in mixed-species communities through crown shape plasticity65 and
increase soil resource acquisition through root plasticity (higher RNC
and lower RTD)59. Here, we focus on the differences between species
in their relative contributions to community overyielding within
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Fig. 4 | Species overyielding (or underyielding) in mixed-species communities
in relation to plant economics traits across experimental years in grassland
and forest experimental ecosystems. A, B The relationship between species log
response ratio (lnRR; positive value indicates overyielding and negative value
indicates underyielding) of aboveground biomass with plant economics traits (A:
Traits PC1; B: Traits PC2) in grasslands (n = 39). C-F The relationship between spe-
cies lnRRof annualbasal area incrementwith plant economics traits (C,ETraits PC1;

D, F Traits PC2), as well as the relationship between species lnRR of accumulated
basal area in forests (n = 26). Lines are mixed-effects model fits across experiments
(refer to Supplementary Figs. 5-6 for model fits within each experiment). Points
represent the lnRR for each species and year in each experiment. Y-axis were
trimmed to enhance resolution comparing model fit lines (5% extreme values are
not visible). Refer to Table 1 and Supplementary Table 4 for detailed statistical
analyses.
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mixed-species communities (i.e., interspecific changes in trait-
dependent overyielding over time at the species level). However,
intraspecific trait variation may provide further insights into how the
interception and acquisition of individual resources (e.g., light, water,
N) determines temporal shifts in species overyielding. Future studies
need more extensive trait datasets with both temporal and spatial
variation to test the consequences of trait plasticity on plant diversity
effects over time17,53. The other limitation of this study is the imbalance
in dataset length (mainly in grasslands), which is a source of uncer-
tainty in our analyses. Our results indicate that the analyses of the
experiments with different lengths do not substantively alter the
conclusions based on available data. More extensive synthesis with
longer-term experiments would provide more critical insights into the
generality of how trait-dependent shifts in species overyielding
determine the temporal strength of diversity effects on ecosystem
productivity in the longer term.

Overall, our results show that shifts in trait-dependent species
overyielding are associated with strengthening of the positive plant
diversity-ecosystem productivity relationship over time in both
grassland and forest ecosystems. Considering the potential trade-offs
associated with changes in resource availability over time11,29, plant
species with diverse ecological strategies not only contribute to
interspecific complementary resource use within communities at a
certain point in time, but also play complementary roles over time in
maintaining productivity. This study extends current understanding of
the temporal dynamics of diversity–productivity relationships by
demonstrating how trait-based mechanisms can contribute to species
selection for short- and long-term ecosystem restoration
initiatives23–25,66. Ecosystem restoration using species mixtures with a
diversity of ecological strategies is vital for both the restoration of
ecosystem productivity in the short term, and themaintenance of that
productivity in the long term.

Methods
Data acquisition and description
We assembled a database by combining data from both grassland and
forest biodiversity experimental ecosystems. Experiments included in
this study met the following criteria: (1) plant species richness was
directly manipulated through sowing or planting and contained both
mixtures and correspondingmonocultures, (2) the relative abundance
of species in eachmixture was known, (3) aboveground plant biomass
for both species- and plot-level were available, and (4) the experiment
was conducted for at least three years with measurements performed
in at least twodifferent years. These experiments typically prevent plot
contamination by repeatedly removing non-target species tomaintain
the desired composition and diversity levels. When an experiment
included other treatments (e.g., fertilization), we filtered out data
where other treatments existed. For grassland experiments, we used
up to ten years of data per study with a range in species richness from
one to 16 (if available) to reduce potential bias associated with the
scarcity of experiments that lasted longer than ten years. Similarly, for
forest experiments, we used up to eleven years of data with a range in
species richness from one to eight (if available) and excluded data
from the initial two experimental years.We excluded thefirst two years
to avoid potential biases associated with re-planting that commonly
occurred in the initial two years of some forest experiments. In total,
we useddata from39grassland and 26 forest experiments for themain
analysis (see the details of the experiments included in this study in
Supplementary Table 1).

Plant functional traits
We selected six functional traits to define the resource-use strategies
of the herbaceous and tree species in our dataset: specific leaf area
(SLA; mm2 mg−1), leaf nitrogen content (LNC; mg g−1), leaf dry matter
content (LDMC; %), specific root length (SRL; m g−1), root nitrogen

content (RNC; mg g−1), and root tissue density (RTD; g cm−3). These
traits are associated with the fast-slow economics spectrum and are
important for explaining plant ecological strategies and community
processes30,31. Trait values were obtained from the TRY48, GRooT49, the
Botanical Information and Ecology Network (BIEN)67, and AusTraits68

databases, or from site-specific measurements when available. Even
though plant trait values may differ among experimental sites, inter-
specific trait variation is usually greater than intraspecific variation,
and species-level trait means mainly reflect the acquisition strategies
of plants as an outcome of evolutionary processes69.

We used species mean trait values to define plant resource-use
strategies, and principal component analysis (PCA) was used to
quantify the difference in resource-use strategies among species. As
PCA can only be performed on complete datasets, we filled the gaps in
the trait datasets by imputing missing trait values70, using the mis-
sForest Rpackage71. In order toperformthis process following a robust
protocol, we imputed data only for species with available traits.
Overall, most herbaceous species had more than five available mea-
sured traits and most tree species had more than four available mea-
sured traits (Supplementary Fig. 4 E, F). In cases where trait values
could not be reliably imputed due to a lack of all trait measurements,
we excluded those species from subsequent analyses (17 herbaceous
species and 1 tree species). In this case, we obtained the imputed
herbaceous trait dataset with a total of 166 species (94 species had
complete measured traits). The imputed tree trait dataset included a
total of 134 species (42 species had complete measured traits). The
species-level data for SLA, LDMC, LNC, SRL, RNC, and RTD were
available for 99%, 89%, 92%, 81%, 77%, and 72% of herbaceous species,
respectively (see specific numbers of species with measured and
imputed values for each trait in Supplementary Table 3). The data for
SLA, LDMC, LNC, SRL, RNC, and RTD were available for 99%, 74%, 91%,
72%, 50%, and 60% of the tree species, respectively. In total, 85% of all
trait values in the final imputation dataset for herbaceous species were
gathered from empirical measurements, while the remaining 15% were
imputed. For tree species, 75% of all trait values in the final imputation
dataset were gathered from empirical measurements, with the
remaining 25% of values imputed.

Given that evolutionarily closely related species tend to be similar
in functional traits and many traits display high degrees of phyloge-
netic signal70, we added phylogenetic information into the imputation
algorithms. The phylogeny was obtained using the R package
V.Phylomaker72, with the GBOTB phylogeny as the backbone73. We
then assessed the reliability of the imputationprocedure70 by using the
normalized root mean square error (NRMSE) to estimate the average
distance between real and artificially imputed values of species as a
proportion of the range of trait values of species (Supplementary
Methods 1). The NRMSE for SLA, LNC, LDMC, SRL, RNC, and RTD of
tree species was 0.01, 0.04, 0.05, 0.07, 0.08, and 0.08, respectively.
The NRMSE for SLA, LNC, LDMC, SRL, RNC, and RTD of tree species
was 0.01, 0.06, 0.09, 0.12, 0.13, and 0.14, respectively, indicating that
imputations performed in this study produced low errors and pro-
vided reliable estimates of missing trait values74.

Using the imputed datasets, we constructed trait space for the
herbaceous and tree species (Supplementary Table 3 and Supple-
mentary Fig. 4) with PCA and extracted species scores on the first two
PCA axes to represent conservative to acquisitive species. For the PCA
analysis of the herbaceous species’ traits, the first PC (38% of total trait
variation) represents a gradient from low SLA and SRL and high LDMC
and RTD to high SLA and SRL and low LDMC and RTD. The second PC
(23%of total trait variation) represents a gradient from low to high LNC
andRNC. For the PCA analysis of tree species’ traits, the first PC (35%of
total trait variation) represents a gradient from low SLA, LNC, RNC, to
high SLA, LNC, and RNC. The second PC (22% of total trait variation)
represents a gradient from low SRL and high RTD and LDMC to high
SRL and low RTD and LDMC. For both herbaceous and tree species,
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low values on both PCA axes represent the conservative strategy, and
high values represent the acquisitive strategy.

Productivity
We assembled a database by combining original data on the above-
groundproductivity of each species in every plot fromall experiments.
For grasslands, we used annual peak aboveground live biomass (gm−2)
as ameasureof species-level productivitywithin eachplot of eachyear.
The summedbiomass for all species per plot each yearwas determined
as grassland community-level productivity for each year. In forests, we
used annual basal area increment and the accumulated basal area as
estimates of species-level productivity within each plot of each year
(Supplementary Methods 2). The annual basal area increment of the
specific year is a measure of annual growth rate and is therefore
comparable to annual aboveground biomass in grasslands. Given the
longevity of trees, the accumulated basal area can also be used as a
measure of cumulative productivity as forests develop4, in which
mortality was therefore taken into account. The summed annual basal
area increment and accumulated basal area for all species per plot
were calculated to represent the community-level productivity or
cumulative productivity at a given year in experimental forest
communities.

Species overyielding and community-level overyielding
The term ‘overyielding’ has been used in the literature in different
ways. Here, based on the aboveground productivity of each species in
monocultures and mixtures, we calculated species-level response to
species richness as the log response ratio (lnRR) of a species’ observed
productivity in mixtures divided by its expected value based on
monoculture productivity75:

Species lnRR= ln
Oi

Ei

� �
= ln

Oi

Mi ×pi

� �
= ln Oi

� �� ln Mi ×pi

� � ð1Þ

where Oi is the observed productivity of species i in the mixture, Ei is
the expected productivity of species i in the mixture, Mi is the mono-
culture productivity of species i, and pi is the seeded or planted pro-
portion of species i in the mixture. The species lnRR employed in this
study shares the same interpretation as the proportional deviation of
species i’s productivity in the mixtures from its expected value76

ðDi = ðOi � EiÞ=EiÞ and the classical definition of the relative yield of a
species in the mixture (RY i =Oi=Ei)

77,78. A positive species lnRR indi-
cates species overyielding (i.e., a species exhibits higher productivity
in the mixture than expected based on its monocultural productivity
and its sown or planted proportion in themixture; equivalent to Di > 0
and RY i=pi > 1), whereas negative lnRR indicates species underyielding
(i.e., a species exhibits lower productivity in themixture than expected
based on its monocultural productivity; equivalent to Di <0 and
RY i=pi < 1). Species lnRR approaches infinity when monoculture pro-
ductivity is near zero or negative infinity when the productivity of a
species in the mixture is near zero (establishment failure). Conse-
quently, we excluded data points that were above the 99.5% percentile
and lower than the 0.5% percentile4,11,47.

We calculated community-level response to species richness as
the lnRR of productivity for all species in a mixture divided by the
mean productivity of monocultures of all the component species:

Community lnRR� ln
P

OiP
Ei

� �
= ln

P
OiP

M iPi

� �
= ln

X
Oi

� �
� ln

X
MiPi

� �

ð2Þ

The community lnRR employed in this study has equivalent
properties to the proportional deviation of the observed total pro-
ductivity (DT) from its expected productivity from its corresponding

monocultures (DT = ðΣOi � ΣEiÞ=ΣEi). Here, a positive community lnRR
(equivalent to a positiveDT and a net biodiversity effect in the additive
partitioning method5) indicates community overyielding (i.e., the
observed productivity in a mixture is higher than expected from
monocultures of the constituent species), whereas a negative value
(equivalent to a negativeDT and a net biodiversity effect in the additive
partitioning method) indicate community underyielding (i.e., the
observed productivity in a mixture is lower than expected from
monocultures of the constituent species). Note that the community
lnRR in this study is not equivalent to a relative yield total (RYT) in the
relative yields framework77,78 which is a sum of the relative yields of
each species in making its calculations. The community overyielding
(or underyielding) metric we used in this study is often used to
broadly define positive biodiversity effect on community
productivity18,34,35,42,57,65,75, and is different from the original definition
using RYT framework from De Wit’s work in the 1950s77. Moreover,
some studies have argued that only niche complementarity and posi-
tive species interactions can generate the original concept of com-
munity overyielding7,47,76—which differs from the definition we used.

We also used the additive partitioning method of Loreau and
Hector5 which is also consistentwith the relative yield framework76 and
which defines an overall net biodiversity effect and divides it into two
classes ofmechanisms: a complementarity effect and a selection effect
that quantifies the covariance between species performance in
monocultures and mixtures (Supplementary Methods 3).

The contribution of species-level overyielding to community
overyielding
We detected the overyielding communities (as those with a positive
community-level lnRR), and calculated the proportion of overyielding
species (with a positive species lnRR) in each overyielding community
(PO) in each year, as the number of specieswith a positive lnRRdivided
by the richness of that sown or planted overyielding community. The
proportion valueswere thendivided into three groups: less thanhalf of
all species overyielded (0 < PO<0.5), more than half of all species
overyielded (0.5 ≤ PO< 1), or all constituent species overyielded
(PO = 1) in overyielding communities. Subsequently, we calculated the
proportional contribution of the single highest overyielding species to
community overyielding (COmax), which was the deviation of the
observed productivity of the greatest overyielding species in
the mixture from its expected value divided by the deviation of the
observed total productivity of the mixture from the expected total
productivity:

COmax = ðOiðlnRRmaxÞ �MiðlnRRmaxÞpiðlnRRmaxÞÞ= ΣOi � ΣMipi

� �
ð3Þ

COmax can be larger than 1 when overyielding by some species
overcompensates for underyielding by other species, whereas COmax

values between 0 and 1 occurs when all species overyield in over-
yielding communities. This calculation is not equivalent to the relative
yield framework, but offers a simple way to assess whether the higher
productivity in the mixture compared to the monoculture can be
dominated by those greatest overyielding species. Note that the pro-
portional contribution of all constituent species to the community-
level overyielding should add up to 1.

Statistical analysis
Weused linearmixed-effectmodels to assess how species overyielding
in mixtures was related to plant functional traits and how it changed
over time, which is the interspecific trait-dependent species-level
overyielding changes over time. Each model included plant traits
(traits PC1, traits PC2), experimental year, plant species richness (SR),
traits × SR interaction, traits × year interaction, and SR × year inter-
action as fixed factors. SR was log2-transformed, plant traits were
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log10-transformed, and the experimental year was natural logarithm-
transformed tomeet the assumptions of linearmixed-effectmodels. In
addition, random effect terms were integrated into each model,
including a random intercept for each species in each unique plot (i.e.,
SP_PlotID), a random intercept for each site, and random intercepts
and slopes for SR, traits, and year per site, which indirectly reflects the
effects of the yearly climatic conditions within a given site. Further-
more, we accounted for the temporal autocorrelation due to repeated
measurements of each species in plots over time by using a first-order
autoregressive covariance structure with a temporal covariate in the
residuals.

We also constructed alternative models by including the climate
conditions (mean annual temperature (MAT) and precipitation (MAP)
as well as the standardized precipitation-evapotranspiration index
(SPEI)) of each corresponding year for each experimental site as a
covariate in the models (Supplementary Table 7). The climate data
MAT and MAP were downloaded from ERA5Land79 (monthly averaged
data), and SPEI were accessed from the global SPEI dataset80. We did
not find significant influence of climate variables on the species-level
overyielding in grassland experiments. In forest experiments, despite
the effects of climate covariates on species overyielding, trait-
dependent temporal shifts in species overyielding remained as
expected. The models including year per site as a random factor had
lower Akaike information criterion (AIC) values than the alternative
models with climate conditions of each corresponding year as a cov-
ariate. As quantifying the effects of climate conditions on species
overyielding was beyond our aim, we kept the models including year
per site as a random factor as the final models.

We tested the reliability of using imputed traits in linear mixed-
effect models by comparing the results using datasets with or without
imputed traits, and found that the results of both approaches were
similar (Supplementary Figs. 12–14). In addition, many grassland
experiments collected data for less than four years. Therefore, we
tested whether trait-dependent temporal shifts in species overyielding
were consistent between the grassland experiments with more or less
than four years of data. We found that the temporal trends of both
datasets (i.e., all experiments (n = 39) versus dataset in which experi-
ments that only had threeor four years of datawere excluded (i.e., only
6 experiments left)) yielded similar results (Supplementary
Figs. 12 and 15). Previous studies have reported that the importance of
different species to community overyielding can change by the second
year of establishment29. Hence we reported results for the grasslands
with whole datasets.

For the linear mixed-effect models testing the effects of plant
species richness on community-level productivity and community
overyielding (as well as complementarity and selection effects) over
time, the fixed factors included SR, year, and SR × year interaction,
random factors included random intercept for PlotID, a random
intercept for site, random intercepts and slopes for SR andyear per site
(see details in Supplementary Methods 4). The linear mixed effect
models were fitted with the ‘lme’ function in the nlme package81, and
model assumptions were checked by visually examining residual plots
for homogeneity of variance and quantile-quantile plots for normality
of residuals. All analyses were performed in R 4.2.182.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The information for each experiment, interannual climate data, and
species-level trait data used in this study are archived in Figshare
(https://doi.org/10.6084/m9.figshare.25148690). The public trait data
can be obtained from the TRY Plant Trait Database (https://www.try-
db.org/TryWeb/), the Global Root Trait (GRooT) database (https://

groot-database.github.io/GRooT/), the Botanical Information and
Ecology (BIEN) Network (https://bien.nceas.ucsb.edu/bien/), and Aus-
Traits database (https://austraits.org/). Unpublished productivity data
of grassland and tree biodiversity experiments will be available from
the corresponding author upon request. The unpublishedproductivity
data of the tree diversity experiments within the TreeDivNet could be
reached by contacting the network coordinators (https://treedivnet.
ugent.be).

Code availability
R code of the linear mixed-effects models is provided in the Supple-
mentary Methods.
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