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Resource availability enhances positive tree
functional diversity effects on carbon and
nitrogen accrual in natural forests

Xinli Chen 1,2,3 , Peter B. Reich3,4,5, Anthony R. Taylor 6, Zhengfeng An2 &
Scott X. Chang 1,2

Forests harbor extensive biodiversity and act as a strong global carbon and
nitrogen sink. Although enhancing tree diversity has been shown to mitigate
climate change by sequestering more carbon and nitrogen in biomass and soils
in manipulative experiments, it is still unknown how varying environmental
gradients, such as gradients in resource availability, mediate the effects of tree
diversity on carbon and nitrogen accrual in natural forests. Here, we use Cana-
da’s National Forest Inventory data to explore how the relationships between
tree diversity and the accumulation of carbon and nitrogen in tree biomass and
soils vary with resource availability and environmental stressors in natural for-
ests. We find that the positive relationship between tree functional diversity
(rather than species richness) and the accumulation of carbon in tree biomass
strengthens with increasing light and soil nutrient availability. Moreover, the
positive relationship between tree functional diversity and the accumulation of
carbon and nitrogen in both organic and mineral soil horizons is more pro-
nounced at sites with greater water and nutrient availabilities. Our results
highlight that conservingandpromoting functionally diverse forests in resource-
rich environments could play a greater role than in resource-poor environ-
ments in enhancing carbon and nitrogen sequestration in Canada’s forests.

Forests play a pivotal role in the exchange of carbon (C) between the
biosphere and atmosphere, sequestering about 30% of annual global
anthropogenic CO2 emissions1. In addition, nitrogen (N) availability in
forest soils is critical in determining plant growth and associated C
sequestration2. Consequently, enhancing the capacity of forests to
sequester more C in plants and soils while retaining greater soil N to
support C sequestration is an important nature-based climate solution
to help limit global warming to 1.5 °C by the end of this century3.
Recent studies have emphasized that increasing tree diversity is a
powerful nature-based strategy for enhancing C sequestration4, as
forest productivity and soil C and N accumulation are often higher in

species-rich tree communities over monocultures5–8. However, avail-
able evidence, especially for plant diversity effects on soil C and N
accumulation, primarily comes from designed biodiversity manipula-
tion experiments conducted in homogeneous conditions6,8. It remains
unclear how positive biodiversity-ecosystem functioning (BEF) rela-
tionships vary with resource availability (e.g., light, water, and soil
nutrients) and background environmental conditions in hetero-
geneous natural forests9–11. Understanding the role of resource avail-
ability and other background environmental factors in shaping BEF
relationships is necessary to improve predictive BEF models and
inform forest management and conservation.
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The role of ‘facilitation’ and ‘resource (niche) partitioning’—two
major mechanisms that contribute to efficient ecosystem functioning in
species-rich plant communities— might shift with changes in resource
availability and non-resource-related environmental stressors (hereafter
referred to as ‘non-resource stressors’)12 (Fig. 1). Specifically, facilitation
(considered a form of complementarity) occurs when some species in a
plant assemblage enhance resource availability and/or modify the
environment in such a way that it alleviates stress and enhances pro-
ductivity of other species, and thus for the entire plant community12.
Based on the ‘stress-gradient hypothesis,’ the role of facilitation may
become stronger as environmental stresses increase through stress
amelioration13 (Fig. 1). For example, based on the Swiss National Forest
Inventory data, both spruce and fir have been found to be more pro-
ductive in mixtures than in monocultures at sites experiencing high
acidity stress, rather than those with optimum soil pH14. However, the
generality of the stress-gradient hypothesis is contentious, particularly in
its applicability to gradients in resource availability, as it ignores the high
dependence of facilitation on the presence of resource-enrichment
facilitative species10,15. In the absence of such species, resource compe-
tition would come to dominate plant-plant interactions when resources
are more limited15,16. Alternatively, the resource partitioning effect
(another form of complementarity) occurs when coexisting species in a
plant assemblage employ distinct strategies to harvest resources by
partitioning their acquisition in space, time, or chemical form12. Com-
pared with facilitation, resource partitioning would consistently work to
enhance ecosystem functioning12, and might show a hump-shaped pat-
tern as resource availability increases. In extremely resource-limited
environments, the roleof resourcepartitioning is less pronounceddue to
the scarcityof resourcesavailable forpartitioning.As resource limitations
become moderate, resource partitioning likely plays a more significant
role due to the greater availability of resources for diverse plant com-
munities to use in resource partitioning10,15. However, in environments
rich in resources, plant communities are less dependent on resource
partitioning to increase productivity, as resources themselves are no
longer a limiting factor12. In natural high-latitude forests, typically con-
strained bymultiple resources, we expect that positive BEF relationships
would be strengthened with increasing resource availability (Fig. 1).

Manipulative experiments have revealed that the positive effects
of plant diversity on productivity were stronger under resource
enrichment, such as the addition of water and N, and higher levels of

temperature, light, and CO2 availability17–20; however, these experi-
ments are constrained by the size of the experimental unit and scope,
thus limiting the inference space for projecting large-scale patterns.
Recently, large-scale observational studies of natural forests have been
employed to explore the relationship between tree diversity and pro-
ductivity along climate gradients and equivocal results have been
reported21–24. Some studies are aligned with the stress gradient
hypothesis, showing amore pronounced positive association between
tree diversity and productivity in drier than inmore humid regions21,22,
while others reveal increasing positive relationships with rising water
availability23,24. Moreover, relationships between tree diversity and C
and N accumulation on a large scale have rarely been examined within
the framework of both resource availability and non-resource stress
gradients, especially for soil C and N accumulation. Previous large-
scale observational studies generally evaluated relationships between
tree diversity and soil C and N stocks at one point in time, possibly
overlooking the enduring influence of historical plant compositions,
which can shape soil C and N storage for centuries or even millennia25.
Compared with soil C and N stocks that reflect long-term net accu-
mulation over centuries, soil C and N accumulation during recent
decades should better reflect the effects of recent tree diversity and
provide a standardized timeframe for comparison7. Finally, although
temperature is not traditionally considered a resource (as it is not
consumable), it often serves as a surrogate for chemical energy avail-
ability in addition to light since higher temperatures are generally
more favorable for productivity and soil C and N cycling in high-
latitude forests as long as there is sufficient water available as well26–28.

In this study, we investigate how resource availability and non-
resource stressors influence the relationship between tree diversity and
the accumulation of C and N in trees and forest soils (Supplementary
Figs. 1–3). We analyze the decadal accumulation of C in tree biomass,
andCandN in theorganic andmineral soil horizons as a functionof tree
diversity and their interaction with light, water and N availability, air
temperature, and non-resource stressors (i.e., heatwaves and low soil
pH) gradients while controlling for the influence of forest stand age and
tree functional identity. Diversity in functional traits (hereafter referred
to as ‘functional diversity’, FDis) within each inventory plot tree com-
munity is used to represent tree diversity, as it better captures resource
partitioning effects29. In this paper, we specifically hypothesize that the
positive relationship between tree functional diversity and the
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Fig. 1 | A conceptual diagram of environmental context-dependent effects of tree diversity on C and N accumulation in tree biomass and forest soils. Facilitation
and resource partitioning are two primary mechanisms that drive efficient ecosystem functioning in species-rich plant communities.
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accumulation of C in tree biomass and C and N in the soil will be
stronger in resource (light, water, and N)-rich environments and areas
experiencing higher heatwave or acidity stress, due to enhanced
resource partitioning and facilitation, respectively.When assessing how
relationships between tree functional diversity and changes in C and N
accumulation vary with resource availability, we simultaneously con-
sider three resource factors—light (mean annual solar radiation, here-
after solar radiation), water (mean annual climate moisture index,
hereafter CMI), and nitrogen (decadal cumulative N deposition rate,
hereafter N deposition) availability—along with their interactions with
FDis. In addition, soil C/N ratios in both the organic and mineral soil
horizons are used as a surrogate of site nutrient status to replace N
deposition in the full models. When assessing how the relationship
between tree functional diversity and changes in C and N accumulation
vary with non-resource stress variables, we conduct separate analyses
formean annual heatwave intensity (hereafter HI) and soil pH, given the
independence of their effects on soil C and N stocks and the lack of soil
pH data from some sites. Given the high geographical intercorrelation
between solar radiation and MAT (R2 = 0.34, Supplementary Fig. 4), we
take a stepwise approach to disentangling their impacts on C and N
accumulation (see details inMethods). To prevent overfitting, themost
parsimonious models are selected based on the lowest Akaike infor-
mation criterion (AIC) (Fig. 2). These analyses are based on data from
the first (2000–2006) and second (2008–2017) census of the Canadian
National Forest Inventory (NFI) permanent sample plot network,
which offers a broad representation of Canada’s temperate and boreal
forests.

Results
We found that interactions between tree functional diversity and the
environmental drivers affected C accumulation in trees and the accu-
mulation of both C and N in the soil (Supplementary Tables 1–4). Solar
radiation and soil C/N were the main resource variables that modu-
lated relationships between FDis and tree C accumulation in the most
parsimonious (with the lowest AIC) models. In contrast, CMI, N
deposition, and soil C/Nwere themain variables thatmodulated C and
N accumulation in organic and mineral soil horizons (Fig. 2). The HI
was included as the main non-resource stress explanatory variable for
all C and N accumulation variables except the decadal soil C change in
the mineral horizon. In comparison, soil pH was only retained as the
main stress predictor for C accumulation in tree biomass in the most
parsimonious model (Fig. 2).

Resource availability and tree diversity affect tree biomass C
accumulation
With respect to trees, solar radiation was positively related to tree
biomass C accumulation in the most parsimonious model (F = 22.45,
degrees of freedom (df) = 1, P = 0.000003) (Supplementary Table 1,
Fig. 3a). Tree biomass C accumulation was also positively associated
with MAT (F = 32.93, df = 1, P = 1.6 × 10−8) (Supplementary Fig. 5a).
However, we found that solar radiation was still positively correlated
withCaccumulation in treebiomasswhenmodeling the residuals from
the regressionof tree biomass C accumulation onMAT as a functionof
solar radiation and its interaction with FDis (F = 6.64, df = 1, P =0.010,
Supplementary Fig. 5b), indicating thatC accumulation in tree biomass
significantly increases with solar radiation, even after accounting for
the effects of MAT. In addition to solar radiation, C accumulation in
tree biomasswas inversely correlatedwith the organic horizon soil C/N
(F = 14.91, df = 1, P = 0.0001), and pH (F = 6.47, df = 1, P =0.012)
(Fig. 3c, e).

The accumulation of C in tree biomass was positively correlated
with FDis, and this relationship was dependent on environmental
variables (Supplementary Table 1, Fig. 3). In line with our hypothesis,
the increase in tree biomass C accumulation with FDis was more pro-
nounced at sites with high solar radiation and low soil C/N (i.e., rela-
tively N-rich soils), compared to sites with low solar radiation (F = 7.54,
df = 1, P =0.006, Fig. 3b) and high soil C/N (i.e., relatively N-poor soils)
in the organic horizon (F = 8.30, df = 1, P =0.004, Fig. 3d). In addition,
the positive association between tree FDis and the C accumulation in
tree biomassmarginally shifted fromneutral at sites with optimum soil
pH (pH=7.0) topositive at siteswith high acidity (pH=4) (F = 2.88, df =
1, P =0.091, Fig. 3f).

Resource availability and tree diversity affect soil C and
N accumulation
We found that C accumulation in the organic soil horizon did not
increase with tree FDis (F = 2.99, df = 1, P=0.085), but that the accu-
mulation of C in the mineral soil horizon was positively related to tree
FDis (F = 6.69, df = 1, P=0.010) (Supplementary Tables 2, 3). However,
the associations between FDis and the accumulation in soil C were con-
ditional on at least one of several environmental variables (CMI, N
deposition, or HI) (Supplementary Tables 2, 3). The association between
FDis and C accumulation in the organic horizon shifted from negative at
low-CMI sites to positive at high-CMI sites (F = 13.20, df = 1, P=0.0003,
Fig. 4a). In addition, the association between FDis and C accumulation in
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the organic horizonmarginally shifted from neutral at sites with low soil
C/N topositive at siteswith high soil C/N in theorganic horizon (F = 3.76,
df = 1, P=0.053, Fig. 4b). In addition, the C accumulation in the organic
horizon was positively correlated with FDis at sites with low HI, but
negatively correlated with FDis at sites with high HI (F = 8.52, df = 1,
P=0.004, Fig. 4c). Moreover, the positive association between FDis and
C accumulation in the mineral horizon was (significantly or marginally
significantly) more pronounced at N-rich sites that were characterized
by high Ndeposition (F = 9.29, df = 1, P=0.003) and low soil C/N in both
the organic andmineral horizons (F =4.02, df = 1, P=0.046 and F= 2.80,
df = 1, P=0.096, respectively) (Fig. 5).

The N accumulation in the organic soil horizon did not increase
with tree FDis (F = 0.99, df = 1, P =0.321), but that in the mineral soil

horizon was positively related to tree FDis (F = 11.66, df = 1, P = 0.0008)
(Supplementary Table 4). Similar to C accumulation, the N accumula-
tion in the organic and mineral horizon were, respectively, positively
correlated with FDis at sites with low HI (F = 7.25, df = 1, P =0.007) and
high N deposition (F = 10.28, df = 1, P =0.002), rather than sites with
high HI and low N deposition (Fig. 6a, b). In contrast, the relationship
between FDis and N accumulation in the mineral soil horizon margin-
ally shifted from neutral at sites with low HI to positive at sites with
high HI (F = 3.85, df = 1, P = 0.051) (Fig. 6c).

In addition, we also tested the effects of species richness and
evennessonC andN accumulationby replacing the termsof FDis in the
most parsimonious model with species richness and evenness. Our
results revealed significant interactive effects of species evenness and
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several environmental factors (solar radiation, CMI, N deposition, and
HI) on C and N accumulation in tree biomass and soils, largely mir-
roring those of significant interactive effects of functional diversity
and environmental factors (Supplementary Tables 1–5). In contrast,
the interactive effects of species richness with environmental variables
on C and N accumulation in trees and soils were generally non-
significant (Supplementary Table 6), suggesting that equitable dis-
tribution of functional traits, instead of the number of species, drives
changes inC andNsequestration in natural forests across resourceand
non-resource gradients.

Discussion
This study shows that the relationship between FDis and the decadal
accumulation of C and N in tree biomass and forest soils is dependent
on resource availability and non-resource stress variables, under-
scoring the importance of considering the environmental context in
studying biodiversity-ecosystem functioning relationships. Specifi-
cally, we found that the positive association between tree functional
diversity and C accumulation in tree biomass wasmore pronounced in
solar radiation-, and nutrient-rich environments. Additionally, the
positive relationship between functional diversity and C and N accu-
mulation in the organic soil horizon was more pronounced in high-
water and low-heatwave conditions, while in mineral soil horizons,
these relationships were stronger in nutrient-rich and high-heatwave
environments. Our results validate the results from small-scale
experimental studies that manipulate plant diversity, resource avail-
ability, and environmental conditions17,18.

The increased C accumulation in tree biomass with increasing
solar radiation conditions is consistent with previous studies26,30,
suggesting that the productivity of Canada’s forests is a function of
temperature, precipitation, and solar radiation. Given that solar
radiation was significantly correlated with MAT in cold forests
(MAT< 3 °C), but not in warmer forests (MAT ≥ 3 °C) (Supplementary
Fig. 4), the lower C accumulation in tree biomass that we observed in
regions with low solar radiation may result not only from limited
energy for photosynthesis but also from lower MAT31. Thus, the posi-
tive relationship between tree C accumulation and solar radiation
observed here should be interpreted cautiously, especially in cold
regions. Regarding non-resource stress factors, prolonged extreme
warmthwould result in a decline of net photosynthesis, as indicated by
the lower rate of tree C accumulation observed under greater heat-
wave intensity32. Despite the expected aluminum toxicity in low acidic
soils (typically seen in soils with a calcium/aluminum ratio <1), we
observed greater tree C accumulation in highly acidic soils (pH around
2.8) than in optimum soils (pH around 7.0), which collaborates with
results from a US national forest inventory-based study33. The absence
of calcium deficiency in boreal soils, unlike tropical soils may partly
explain why trees in highly acidic soils still exhibit robust growth34. In
addition, decreasing soil pH could enhance the availability of some soil
nutrients (e.g., copper and iron), and promote the establishment of
ectomycorrhizal fungal-associated tree species, resulting in an
increase in forest productivity33,35.

Importantly, our results show that the positive relationship
between tree functional diversity and C accumulation in tree biomass
appears to strengthen under higher solar radiation and N availability
(characterized by low C/N), indicating that the resource partitioning
effect in functionally diverse forests can benefit from increased
resource availability17,19. At sites with relatively higher solar radiation
and available N, the greater light and N capture capacity of more
diverse forests5,36 woulduse the light andNmore completely, resulting
in increased production of tree biomass19.

Our results also showed that functionally diverse tree communities
had greater C accumulation in the organic horizon in humid environ-
ments. Enhanced tree diversity may lead to increased litter input37,
thereby boosting C accumulation in the organic horizon at wetter sites,

where organic matter decomposes more slowly under wetter
conditions38. In comparison, less diverse tree communities had greater C
accumulation in the organic horizon in drier environments. Given that
plant functional diversity could also increase decomposition rates in the
organic horizon37, our results suggest that inmore humid environments,
tree diversity might enhance productivity more than it accelerates
decomposition and mineralization processes, whereas, in drier environ-
ments, tree diversity potentially enhances productivity less than it
accelerates decomposition and mineralization processes, similar to
findings in grasslands39. The wetter condition that slows organic matter
decomposition discussed earlier may also counteract the enhancement
of functional diversity on organic matter decomposition. Moreover, the
morepronouncedpositive associationsbetween tree functional diversity
and C and N accumulation in the mineral horizon at sites with relatively
high N availability indicate that increased soil N availability benefits
resource partitioning in high- than low-diversity tree communities,
enhancing rootproductivity and rhizodeposition40,41, thereby resulting in
higher C and N accumulation in the mineral horizon.

In contrast with our hypothesis, the positive relationship between
tree functional diversity and C accumulation in the organic horizon
wasmarginally stronger at low N sites characterized by organicmatter
with high C/N ratios. It is possible that high C/N ratios in the organic
horizon slow down the decomposition rate and, in so doing, accu-
mulate the C from enhanced litter input in diverse tree communities42.
Given the antagonistic effects between water availability and nitrogen
enrichment on the impact of tree functional diversity on organic
horizon C accumulation, more studies are needed to examine the
interaction effect of precipitation and N addition in regulating the
relationship between tree diversity effects and soil C storage. Our
results collectively suggest that a reduction in tree functional diversity
might lead to greater C and N loss in forest biomass and mineral soils
that are subject to increased nitrogen input in the future.

Regarding non-resource stress factors, we found a more pro-
nounced positive relationship between functional diversity and tree C
accumulation in highly acidic soils (though only marginally sig-
nificant), while N accumulation in the mineral horizon increased with
tree functional diversity in environments with high heatwave stress,
partly validating the stress-gradient hypothesis12. However, function-
ally diverse tree communities had greater C and N accumulation in the
organic horizon in environments with low heatwave stress, while less
diverse tree communities (e.g., monocultures) showed greater C andN
accumulation in the organic horizon under strong and prolonged
heatwave stresses, probably because of the enhanced decomposition
rate of the organic horizon under high heatwave stress43. In addition to
being a stressor, heatwave events can provide energy to enhance
temperature-dependent ecosystem processes43, such as the decom-
position of organicmatter in the organic horizon, thus attenuating the
increased litter input associated with higher tree functional diversity.
We note that functional diversity in Canada’s predominantly boreal
and hemi-boreal forests, with a range of 0–2.4 and an average of 0.7, is
much lower than those in tropical and subtropical forests44. Therefore,
extrapolating our findings to ecosystems with higher functional
diversity should be approached with caution. Since functional redun-
dancy is also higher in tropical and subtropical forests44, C seques-
tration in tree biomass might not change with functional diversity in
ecosystemswith a higher functional diversity45. Moreover, ourmodels’
predictive powers (R2) are relatively low, which might be partly attri-
butable to the relatively small sample sizes and the wide range of
variability in non-measured climate, soil, disturbance regime and
evolutionary history in conducting the measurements46. However, low
predictive power at the individual sample level does not necessarily
indicate the absence of significant relationships.

In conclusion, we show that relationships between tree diversity
and ecosystem functioning are not constant across environmental
gradients. Carbon accumulation in tree biomassmight be substantially
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increased by promoting tree functional diversity in areas with abun-
dant light and nutrients. Similarly, enhancing tree functional diversity
in regionswith highwater and nutrient availabilitiesmight significantly
boost soil C andNaccumulation comparedwith regionswith lowwater
and nutrient availabilities. Moreover, we also highlight the stronger
positive association (although only marginally significant) between
tree functional diversity and tree C accumulation at sites with greater
acidity stress, partly supporting the stress-gradient hypothesis. Given
that N deposition might also result in soil acidification at the global
scale in the future47, our results suggest that reductions in tree diver-
sity may reduce the capacity of forests to store C under N deposition
and soil acidification. Therefore, efforts to promote tree diversity to
enhanceC sequestrationandN retention formitigating climate change
and improving ecosystem sustainability must take into account the
overarching role of local environmental conditions.

Methods
Study area and available data
We used plot-level data from the Canadian National Forest Inventory
(NFI) database48 to determine how tree diversity and environmental
gradients interactively affect C and N accumulation in trees and soils.
The NFI database encompasses a network of permanent ground plots
covering much of Canada’s forests across boreal and temperate
biomes. The permanent plots were established and monitored by
Canadian provincial authorities between 2000 and 2006 (first mea-
surement) and subsequently re-measured between 2008 and 2017
(second measurement) following the same standard ground sampling
guidelines established by the Canadian Forest Inventory Committee49.
For inclusion in our analysis, we selected only those plots situated in
forest stands that were unmanaged and had not been relocated at the
time of sampling, with two measurements conducted and complete
data coverage for forest canopy composition, stand age, tree C accu-
mulation, soil C and N stocks. After excluding missing values for each
horizon, 513 plots for canopy trees (Supplementary Fig. 1), 360 plots
for organic soil horizon samples (Supplementary Fig. 2) and 244 plots
for 0–15 cm mineral soil horizon samples (Supplementary Fig. 3) that
span from 44°00’–64°24’ N to 53°24’–128°36’ W were included in the
statistical analyses (Supplementary Table 7).

In each plot, which comprises several sub-plots, a ‘Large Tree Plot’
was established with a radius of 11.28m and an area of 400m2 (0.04ha).
Within this Large Tree Plot, all canopy trees (tree stems ≥ 9.0 cm in
diameter at breast height) were systematically numbered, tagged, iden-
tified for species, and measured for both height and DBH. The above-
ground biomass of individual trees was estimated using published
Canadian national species-specific DBH-based tree aboveground bio-
mass allometric equations50. We then converted the aboveground bio-
mass to the aboveground C stock of each tree by multiplying
aboveground biomass with biome-level C concentrations of woody
biomass based on Martin, Doraisami, and Thomas51. The decadal C
accumulation in tree biomass due to tree growth (hereafter tree C
accumulation) was calculated as the C increment by the growth of sur-
viving trees and ingrowth by recruited trees between the two censuses52.
In addition to the ‘Large Tree Plot’, four 1m2 “Microplots” were estab-
lished outside of the large tree plot (but within a 15m radius of the Large
Tree Plot center). From each of thesemicroplots, an organic horizon soil
sample was collected that comprised the litter, fabric, and humus layers
(over 17% organic C by mass) using 20 × 20 cm (inside dimensions)
aluminum sampling frames53. Furthermore, seven mineral soil horizon
samples (less than 17% organic C) were collected from each NFI micro-
plot at fixed depths (0–15 cm) using a 10-cm diameter auger. The col-
lected organic and mineral soil samples were dried at 70 °C in an oven
and were subsequently sieved using 8 and 2mm screens to eliminate
gravel and roots, respectively. Soil C content, N content, pH, and bulk
density were measured for each soil sample following standard
protocols49. Soil C andN stockswere calculated bymultiplying soil C and

N content by the soil bulk density of each soil horizon54. Then decadal
changes in soil C andN stocks in theorganic (ΔSoil CO stock andΔSoilNO

stock, kg m−2 decade−1) and mineral horizons (ΔSoil CM stock and ΔSoil
NM stock, kgm−2 decade−1) were calculated as the difference in soil C and
N stock between the two censuses divided by the census length in dec-
ades. We found that soil pH in the mineral horizon did not change with
soil C/N ratios (Supplementary Fig. 6).

Tree functional diversity and functional identity
To calculate functional diversity and identity, we employed five key
functional traits that are linked to tree growth and resource acquisition
abilities: ‘leaf N content per leaf dry mass’ (Nmass, mg g−1), ‘leaf phos-
phorus content per leaf dry mass’ (Pmass, mg g−1), ‘specific leaf
area’ (SLA, mm2 mg−1; i.e., leaf area per leaf dry mass), ‘wood density’
(WD, g cm−3), and maximum height (MH, m)23,55–57. We acquired the
mean trait values for Nmass, Pmass, SLA, WD, and MH by aggregating all
available measurements for each tree species from the TRY Plant Trait
Database58. Functional dispersion was used as an index of tree func-
tional diversity, which considers species relative abundances59. Func-
tional dispersion was calculated as the average distance of individual
tree species to the centroid in the multidimensional trait space of all
tree species weighted by the relative basal area59.

The stand age for each permanent sample plot was determined
according to the date of the last stand-replacing fire or by coring three
dominant/co-dominant trees ineachplot. The standagewas represented
by the mean stand age between the first and second NFI measurements.

The community-weighted means (CWMs) of the five traits, with
weights reflecting basal area, were utilized to estimate the functional
identity of the tree community using principal component analysis
(PCA)60–62. Specifically, the first (CWMPC1, explaining 47% of the varia-
tion) and the second axes (CWMPC2, explaining 23% of the variation) of
the PCA were used as proxies of functional identity. The CWMPC1

represents traits associated with resource acquisitive abilities55,63,64,
and is strongly related to CWMSLA, CWMNmass, and CWMPmass. The
CWMPC2 is related negatively to maximum height (CWMMH) and
positively to wood density (CWMWD) (Supplementary Fig. 7). An
assemblage of species characterized by fast growth rates (higher
CWMPC1) and large biomass stock (lower CWMPC2) is expected to
increase tree productivity and N retention and, therefore, soil C and N
pools via increased tree litter input65,66. On the other hand, traits
representing low resource acquisition abilities, such as low leafN and P
concentrations, specific leaf area, and high wood density, are also
expected to contribute to soil C andN accumulation through the input
of low-quality (recalcitrant) tree litter with slow decomposition
rates29,67. The calculation of FDis and CWMwas conducted using the FD
package in R59. In order to account for the variation in tree diversity
during thesemeasurements,we used themean values of FDis andCWM
across the two censuses as proxies for tree diversity and identity23. The
FDis slightly increased with solar radiation (F = 4.33, df = 1, P =0.038)
and N deposition (F = 6.35, df = 1, P =0.012), but did not change with
water availability (F =0.42, df = 1, P = 0.516) (Supplementary Fig. 8).

Local climate and soil condition
We used decadal mean annual solar radiation (solar radiation, MJ m−2),
meanannual climatemoisture index (CMI, cm)anddecadal cumulativeN
deposition (ND, g m−2) preceding the second census as proxies for
environmental resource availabilities. The solar radiation and CMI were
extracted from the BioSIM software (https://cfs.nrcan.gc.ca/projects/
133), which generates long-term, scale-free climate data based on geo-
graphic coordinates (latitude, longitude, and elevation)68. We used N
deposition data at a 0.5° grid from ISIMIP69,70. The CMI was calculated as
mean annual precipitation minus potential evapotranspiration71. The
decadal mean annual heatwave intensity (HI) preceding the second
census and mean soil pH between the two censuses were used as
environmental non-resource stress indices. Higher HI values indicate
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more intense heatwave events in the past ten years, while sites with low
soil pH (acidity stress) might reduce plant growth by inhibiting the
uptake of essential elements and causing specific-ion toxicities. The HI
wasdefinedasaperiodwith3consecutivedaysor longerwithdailymean
temperatures greater than the 90th percentile of temperature over a 30-
year historical baseline period72. The HI, calculated with the ‘heatwaveR’
package, represents an annual cumulative heatwave intensity value,
where the intensity is determined by the difference between mean
temperatures during each heatwave event and the threshold
temperatures72. In addition to decadal cumulative N deposition, we also
used the corresponding soil C/N ratios in each plot as an index of soil N
condition. These plots were also grouped into two main biomes: tem-
perate forests andboreal forests, following theclassificationof theWorld
Wildlife Foundation (http://worldwildlife.org)73.

Statistical analyses
TheC accumulation in tree biomass, soil organic andmineral horizons,
and the N accumulation in soil organic and mineral horizons were
considered our response variables and analyzed separately. To explore
how the relationships between tree functional diversity and C and N
accumulation in trees and soils varied across environmental resource
gradients after accounting for the effect of stand age and tree com-
munity functional identity, we used the following linear model:

4CTree,4COrganic,4CMineral,4NOrganicor4NMineral =β0 +β1 � SA+β2 � Solar
+β3 � CMI +β4 � ND+β5 � FDis +β6 � CWMPC1 +β7 � CWMPC2

+β8 � Solar × FDis +β9 � Solar ×CWMPC1 +β10 � Solar ×CWMPC2

+β11 � CMI × FDis +β12 � CMI ×CWMPC1 +β13 � CMI ×CWMPC2

+β14 � ND× FDis +β15 � ND×CWMPC1 +β16 � ND×CWMPC2 + ε

ð1Þ

where βi and ɛ are the coefficients to be estimated and the sampling
error, respectively. FDis, CWMPC1, and CWMPC2 are functional diversity
andCWMof the first and seconddimensions of variations in functional
traits. The Solar, CMI, and ND are environmental gradient indices for
solar energy, water availability, and N availability. The stand age (SA)
and forest functional identity (CWMPC1 and CWMPC2) were included as
covariates. As an alternative to ND, we also investigated how the
relationships between tree functional diversity and C and N accumu-
lation in trees and soils varied across a soil N availability gradient by
replacing ND with soil C/N ratios in the organic or mineral horizon.

To explore how the relationships between tree functional diver-
sity and C and N accumulation in trees and soils varied across envir-
onmental non-resource stress factors after accounting for the effect of
stand age and tree community functional identity, we used the fol-
lowing linear model:

4CTree,4COrganic,4CMineral,4NOrganicor4NMineral =β0 +β1 � SA
+β2 � HI=pH +β3 � FDis +β4 � CWMPC1 +β5 � CWMPC2

+β6 � HI=pH × FDis + β7 � HI=pH ×CWMPC1

+β8 � HI=pH ×CWMPC2 + ε

ð2Þ

whereHI and pH are non-resource stress indices for heatwave and soil
acidity. The stand age (SA) and forest functional identity (CWMPC1 and
CWMPC2) were included as covariates.

All explanatory variables were centered and scaled (mean = 0,
SD = 1) before the analysis to permit the proper comparison of the
resultingmodel coefficients. To prevent overfitting74, we selected the
most parsimonious model based on the lowest AIC among all alter-
natives using the ‘dredge’ function in the muMIn package75 (Fig. 2,
Supplementary Tables 1~4). Collinearity among explanatory variables
was tested by variance inflation factors (VIFs). We found that all
predictors had VIF < 5; hence, there was no multicollinearity in the
most parsimonious models76. Thus, we report results for the most

parsimoniousmodels in this paper. However, solar radiation is highly
geographically intercorrelated with MAT (Supplementary Figs. 1, 2),
which is a surrogate for chemical energy and plays a dominant role in
controlling ecological systems and processes. We used a stepwise
approach to disentangle the impacts of solar radiation from tem-
perature. First, we replaced the term solar radiation with MAT in the
initial full models and then included both terms in the initial full
models, yet we did not find any significant interactive effects
between MAT and FDis on C and N accumulation in trees and soils.
Second, we added MAT and its interaction with FDis as a covariate in
the most parsimonious model and found that the models with and
without MAT and its interaction yielded qualitatively similar esti-
mates and trends (Supplementary Table 8). In the model including
both solar radiation and MAT on tree biomass C accumulation, only
solar radiation was significant (F = 10.84, df = 1, P = 0.001, Supple-
mentary Table 8). The linear three-dimensional regression model
that included both solar radiation and MAT also showed that C
accumulation in tree biomass depended not only onMAT, but also on
solar radiation (Supplementary Fig. 5c). Finally, given that solar
radiation was included in the most parsimonious model for C accu-
mulation in tree biomass, we calculated the residuals of C accumu-
lation in tree biomass with respect to MAT and subsequently
modeled these residuals instead of raw data of tree biomass C
accumulation as a function of variables in the most parsimonious
model to avoid problems stemming fromcorrelations and colinearity
between solar radiation and MAT. Even after the MAT effect was
removed, the solar radiation effect on tree biomass C accumulation
was still significant (F = 6.64, df = 1, P = 0.010, Supplementary Fig. 5b).
Even after all plots were grouped into two biomes (temperate and
boreal forests) based on themean annual air temperature, we did not
found significant interactions between FDis and biome on C and N
accumulation in trees and soils (Supplementary Table 9).

We used partial regressions to graphically illustrate the effects of
Solar, CMI, ND, HI, and soil pH on relationships between tree func-
tional diversity and C and N accumulation in trees and soils. We cal-
culated Solar-, CMI-, ND-, HI- and soil pH-dependent functional
diversity effects as β0 + β5·FDis + β2·Solar (or CMI, ND, HI, pH) × FDis for
the mean, and mean plus and minus one standard deviation of Solar,
CMI, ND, HI, and soil pH, respectively. We examined the spatial
dependence of model residuals using Moran’s I test implemented in
the spdep package in R77, revealing no discernible autocorrelation.
Significancewas set atα = 0.05 for all analyses unless otherwise stated.
We used a one-sided F-test to calculate P values. All statistical analyses
were performed in R 4.3.178.

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

Data availability
The data on tree biomass carbon accumulation, soil carbon and
nitrogen accumulation, and local environmental condition generated
in this study have been deposited in the Figshare database at https://
doi.org/10.6084/m9.figshare.25037213. The raw tree and soil data are
available under restricted access for scientific research-only use, and
access can be obtained by application at https://nfi.nfis.org/en/.

Code availability
The code used in this study is available in the Figshare database at
https://doi.org/10.6084/m9.figshare.25037213.
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