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Author for correspondence: e Soil organic carbon (SOC) plays an essential role in carbon sequestration and climate
Xiaojuan Liu change mitigation in forest ecosystems. While experimental studies have shown that plant

Email: liuxiaojuan06@ibcas.ac.cn diversity usually increases SOC, it remains unclear whether this positive relationship holds in

natural ecosystems across varying climatic conditions.
Received: 77 February 2026 e Using a global dataset of 15 large and long-term monitored natural forest sites spanning a
Accepted: 9 April 2026 wide latitudinal range, we assess the relationship between tree diversity and SOC within and
across sites in temperate, subtropical, and tropical regions.
New Phytologist (2026) ¢ We found an overall positive relationship between tree taxonomic diversity and SOC. The
doi: 10.1111/nph.71242 relationships between tree taxonomic or functional diversity and SOC became stronger under
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colder and more arid conditions. Additionally, tree functional composition was linked to SOC
only within a subset of sites in more arid climates.
e These findings suggest that warmer and more humid conditions increase decomposition,

offsetting diversity-driven carbon inputs, while colder and more arid conditions enhance SOC
through low decomposition and increased inputs through abiotic facilitation and biotic inter-
actions in high-diversity communities. Our findings indicate that conserving plant diversity is
critical for enhancing carbon sequestration and mitigating the effects of climatic conditions,
particularly in cold climates and regions facing an increase in arid conditions.

Introduction

Soil organic carbon (SOC) represents a large carbon reservoir in
forests and is crucial for maintaining soil fertility and biodiver-
sity, as well as mitigating global warming (Pan er af, 2011).
However, regional studies have reported declines in SOC stocks
over recent decades (X. Chen ez 4/, 2020; Chen et al., 2023), par-
ticularly in cold regions (Garcia-Palacios er al., 2024), releasing
CO, back to the atmosphere, which reduces the land C sink.
Experimental studies in grasslands and forests have shown that
plant diversity usually increases SOC (Lange ez al., 2015, 2023;
Li et al, 2019; Schnabel er al, 2025). Consequently, the
observed decline in plant diversity could be a key driver reducing
SOC (Lange et al., 2015; Li et al., 2019; Lange ez al., 2023). Yet,
the influence of plant diversity on SOC in natural forests remains
debated, with studies reporting positive (Chen ez al, 2018,
2023), neutral (Lin er al, 2016; Li er al, 2020), or negative
(Adair ez al., 2018) relationships for different carbon fractions.
These divergent outcomes likely reflect both the specific facets of
diversity examined and the climatic contexts of the study sites.
While previous research has mainly focused on identifying cli-
matic drivers of SOC (Davidson & Janssens, 2006; Chen
et al., 2023), an equally critical yet underexplored aspect is how
plant diversicy—SOC relationships are mediated by climatic con-
ditions (Maestre et al., 2012; Loreau & de Mazancourt, 2013).
Unraveling the environmental context dependency of plant
diversity—-SOC relationships in natural forests is crucial for
understanding and predicting ecosystem carbon dynamics under
global change.

Plant diversity is a multifaceted concept, encompassing taxo-
nomic diversity, functional diversity, and functional composi-
tion. Because the particular facet of diversity under study isolates
different aspects of community-trait structure, studies relying on
only one metric may report divergent diversicy—SOC relation-
diversity  (species
abundance-weighted indices) quantifies the number of species

ships.  Taxonomic richness  or
co-occurring without revealing their functional roles (Tilman
et al, 1997). Functional diversity indices such as functional
diversity (FDiv, total branch length of a trait dendrogram;
Petchey & Gaston, 2002) and functional dispersion (FDis, mean
distance of species’ traits to the community centroid; Laliberte &
Legendre, 2010) go further by providing insights into the influ-
ence of the diversity of ecological strategies in the community
and of biotic and abiotic filtering or niche complementarity, for
example via resource partitioning, abiotic facilitation, or biotic
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interactions (Wright ez al., 2014; Barry ez al., 2019), on ecosys-
tem processes. Additionally, functional composition (CWM,
community-weighted mean) reflects whether the dominant trait
syndromes drive ecosystem processes (Garnier et al, 2004).
Because each metric isolates different ecological processes, they
can yield contrasting, yet complementary insights into diversity—
SOC relationships. For instance, higher taxonomic diversity may
correlate with greater overall biomass inputs — boosting SOC via
increased litter and root production (Makkonen ez al., 2013; San-
tonja ¢t al, 2017) — or, alternatively, accelerate SOC loss if
diverse litter mixtures stimulate microbial decomposition (Conti
& Diaz, 2013; Buzzard er al., 2019). Functional diversity and
dispersion can be linked to complementary resource use — species
differing in rooting depth or litter chemistry can spatially and
chemically partition carbon inputs, enhancing stabilization
(Edwards et al, 2018; Chari & Taylor, 2022). Additionally, a
high CWM of recalcitrant-litter traits can slow decomposition
and promote SOC accumulation. However, labile litter inputs
can also contribute to SOC by fueling microbial growth and pro-
moting the formation of mineral-associated organic carbon, espe-
cially when microbial carbon dominates this pool (Hartley
et al., 2012). Thus, integrating multiple facets can contribute to
capturing multiple processes involved in SOC storage, such as
input quantity, niche complementarity, or dominant-species
effects.

The strength of the relationship between plant diversity and
SOC may also vary across climatic conditions, particularly along
temperature and aridity gradients, as demonstrated in grasslands
(Spohn ez al., 2023). Previous studies have suggested that plant
diversity—SOC relationships vary along environmental gradients
(Chen ez al., 2018). The niche complementarity hypothesis pre-
dicts a stronger influence of plant diversity on SOC in
resource-rich environments, where species differ in resource
acquisition strategies and temporal or spatial niches (Tilman
et al, 1997; Loreau & Hector, 2001; Dimitrakopoulos &
Schmid, 2004). Such complementarity can enhance community
productivity and litter and root inputs, thereby increasing soil
carbon inputs and SOC, but at the same time can also enhance
decomposition processes. More recently, studies have also shown
that, despite physiological constraints on plant growth and
resource acquisition in colder and more arid conditions (Spohn
et al., 2023), the influence of plant diversity on SOC may
nevertheless increase under such conditions, due to
reduced competition or increased facilitation between plant
species (Bertness & Callaway, 1994; Callaway er al, 2002;

© 2026 The Author(s).
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Maestre ez al., 2009; Guerrero-Ramirez & Eisenhauer, 2017; Yan
et al., 2022). Diversity effects on SOC may operate through both
abiotic facilitation and biotic interactions (Fig. 1a). Abiotic facili-
tation includes microclimate buffering, which arises from canopy
shading, reduced wind penetration, and increased litter accumu-
lation that moderate local temperature and humidity and reduce
environmental extremes. Biotic interactions consist of plant—
plant interactions (between species competition and facilitation)
(Callaway et al., 2002; Maestre ez al., 2009; Wright ez al., 2014),
as well as other biotic interactions, such as litter quantity and
quality (Guerrero-Ramirez ez al., 2016), decomposer activity,
nutrient cycling, and plant-mediated modifications of soil prop-
erties, as well as the feedbacks of these modifications on plant
performance (Lange e al, 2015; Chen ez al, 2018; X. Chen
et al., 2020).

Recent studies provide a conceptual framework for interpret-
ing how biodiversity—ecosystem functioning relationships may
strengthen under more extreme conditions (Pretzsch
et al., 2010; Wright et al, 2021; Chen et al, 2025). In forest
ecosystems, this may partly arise from abiotic facilitation, parti-
cularly microclimate buffering (Fig. 1a). Higher tree diversity

(a) Concepts

Climatic gradient

Tree diversity—soil organic carbon relationship

Research

K.

can increase canopy structural complexity and maintain higher
air and soil humidity (Wright ez al, 2014, 2015; Seidelmann
et al, 2016; Guimardes-Steinicke ez al, 2021; Zhang
et al., 2022, 2024). Such microclimate buffering may mitigate
negative effects of cold and drought, thereby promoting plant
growth and enhancing plant inputs to SOC in more diverse
forest stands even under colder or more arid macroclimatic
conditions.

Here, we examine the relationship between tree diversity and
SOC in natural temperate, subtropical, and tropical forests across
broad climatic gradients. In addition to taxonomic diversity, we
adopt a functional perspective by using trait data directly mea-
sured at the field sites. Specifically, we obtained data from 15
long-term monitored large forest sites from two continents
(Fig. 2), including forest inventory variables, species functional
traits (specific leaf area (SLA), leaf dry matter (LDM) content,
leaf carbon (LC) content, leaf nitrogen (LN) content, and leaf
phosphorus (LP) content), and soil measurements (SOC and soil
bulk density (SBD) (Supporting Information Table S1)). A
higher CWM indicates that conservative species dominate the
community, that is communities with overall higher LDM and

Tree diversity

v' Taxonomic diversity (SR, Shannon, Simpson)
v Functional diversity indices (FDiv, FDis)
v' Community-weighted mean (CWM)

\~;‘  !

Acquisitive Conservative

Mechanisms under colder

and more arid conditions

Abiotic facilitation

Biotic interactions

(b) Hypothesis

H1: Higher tree diversity are positively
associated with SOC

@ Within sites

1 Plant—plant interactions

Higher LDM and LC
Lower SLA, LN and LP

& Microclimate buffering

Moderate local temperature and humidity, and reduce environmental extremes

* Niche complementarity (reduced competition)
« Facilitation (between tree species)

2 Other biotic interactions (between plants and soil biota and among soil biota)
« Litter quantity and quality
» Decomposer activity
* Nutrient cycling

+ Plant-mediated modifications of soil properties as
well as the feedbacks of these modifications on plant
performance

H2: Tree diversity—SOC relationships are
strengthened under colder and more arid conditions

Across sites

o

. 8]

Fig. 1 Hypothesized relationships between tree Sitet © 28 2

diversity and soil organic carbon (SOC). . ">_, g

(a) Multifaceted tree diversity and mechanisms Site2 © 'g L o

underlying the tree diversity—SOC relationship ) z© ®

under colder and more arid conditions. Site3 ® © o

(b) Hypothesized within- (H1) and across-site 0 Colder e . Warmer
(H2) relationships between tree diversity and soil more arid more humid

organic carbon.
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Fig. 2 Site overview and ridge density plots of soil organic carbon (SOC), tree species richness (SR), functional diversity (FDiv), functional dispersion (FDis),
and community-weighted mean (CWM of first PC axis extracted from principal component analysis of five traits; see the Materials and Methods section).
Locations of the 15 long-term monitored large forest sites (a) and their distribution on Whittaker's classic climate-biomes diagram (b). Ridge density plots
showing the distribution within site and all site together of SOC (c), SR (d), FDiv (e), FDis (f) and CWM (g). The ordering of sites from top to bottom is
according to their latitude from high to low. BDGS, Badagongshan; CBL, Chebaling; DLS, Donglingshan; DV, Danum valley; GTS, Gutianshan; LDW, Lilly
dickey woods; LJ, Lijiang; LS, Liangshui; MLUN, Mulun; MLING, Muling; NBH, Nabanhe; SCBI, Smithsonian conservation biology institute; TRCP, Tyson

research center plot; TT, Tiantong; XSBN, Xishuangbanna.

LC and lower SLA, LN, and LP. SOC refers to the mass of car-
bon per kilogram of soil (g C kg™ '). Our data allow us to test the
within-site tree diversity—SOC relationship across sites and
whether it strengthens as site conditions become colder and more
arid. Given the complementary insights into ecosystem processes,
we test whether the diversity-SOC relationship differs across
facets (taxonomic diversity: species richness and Shannon diver-
sity and Simpson diversity; functional diversity indices: func-
tional diversity and functional dispersion; CWM trait values).
Using meta-regression approaches, we tested two hypotheses.
(H1) Higher taxonomic and functional diversity indices (e.g.
FDis, FDiv) are positively associated with SOC, consistent with
mechanisms of niche complementarity (Fig. 1b). By contrast,
communities with higher CWMs of conservative traits (e.g. high
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LDM or low SLA) have higher SOC due to slower decomposi-
tion and more persistent carbon inputs. (H2) The relationship
between tree diversity and SOC is strengthened under colder and
more arid conditions due to microclimatic buffering and/or
reduced competition and increased facilitation between tree spe-
cies increasing plant productivity and litter inputs and generally
slower decomposition rates.

Materials and Methods

Study sites

We obtained data from 15 large natural forest-dynamics sites

provided by the Forest Global Earth Observatory (ForestGEO,

© 2026 The Author(s).
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Anderson-Teixeira et 2/, 2015) and the Chinese Forest Biodiver-
sity Monitoring Network (CforBio, Feng et al, 2016). These
two networks include long-term monitored forest dynamics sites
spanning major forest biomes of the world. The sites in this study
cover a latitudinal range from 47.18° N (Liangshui, China) to
5.10°N (Danum valley, Malaysia; Fig. 2a,b; Table S1). The
annual mean temperature gradient ranges from 1.3°C (Liang-
shui) to 25°C (Danum valley) and the annual precipitation gradi-
ent from 493 mm (Donglingshan) to 2346 mm (Danum valley).
The area of the sites varies between 9 ha (Liangshui) and 50 ha
(Danum valley). Each site was split into 20 X 20 m plots without
overlap for measurements. All trees with a diameter at breast
height >1 cm across all sites were tagged, identified to species,
measured, and mapped according to the CTFS—ForestGEO pro-
tocol. In total, there were 1214 212 trees from 1872 species, 541
genera, and 128 families included in this study.

Taxonomic diversity, functional diversity, and composition

Taxonomic diversity was represented by Hill number with orders
g=0, 1, and 2 to evaluate species richness, Shannon diversity,
and Simpson diversity, respectively (Jost, 2006; Chao
et al., 2014). The Hill number, expressed as the effective number
of species—a community in which species have equal
abundance —allows for direct comparison of the importance of
rare and dominant species. Here, g =0 (species richness) weights
all species equally, g=1 (Shannon diversity, refer to Shannon’s
entropy index) accounts for species relative abundances, and
g =2 (Simpson diversity, refer to Simpson’s concentration index)
gives greater weight to dominant species. Considering the high
correlation of the three indices, we only include species richness
to represent taxonomic diversity in the analysis of the main text
(Figs S1, S2).

Five species-level functional traits—SLA, LDM, LC, LN,
and LP—were measured at all sites, except at Lilly Dickey
Woods, in which trait values were obtained from measure-
ments of the same tree species in a nearby site within the same
region (the Tyson Research Center plot; Table S2). These
traits can be related to fast and slow resource acquisition stra-
tegies of species, affecting SOC through litter quality and soil
bacterial decomposition (Buzzard ez al, 2019). We obtained
trait measures for most species (90.75% for SLA, 86.30% for
LDM, 86.02% for LC, 88.06% for LN, and 86.54% for LP),
representing the proportion of species with measured traits
among all recorded species. Missing trait values were imputed
using genus-level means across sites (Table S3). We further
used 1000 runs of predictive mean matching of multivariate
imputation from the mice package in R to fill the rest of miss-
ing traits data in which no other species of the same genus
were available for imputation (Groothuis-Oudshoorn, 2011).
We calculated principal component analyses (PCA) for both
imputed traits and measured traits (Fig. S3; Tables S4, S5).
The two types of PCAs gave similar results, and thus, we used
the first component of imputed trait PCA for all further ana-
lyses presented in the main text.

© 2026 The Author(s).
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Functional diversity indices (FDs) and composition were cal-
culated per 20 X 20 m unit area, including functional diversity
(total branch length of the functional dendrogram, FDiv;
Petchey & Gaston, 2002), functional dispersion (distance of all
species traits to the mean traic value, FDis; Laliberte &
Legendre, 2010), and CWM (Laliberte & Legendre, 2010). We
used both FDiv and FDis to represent complementarity effects,
with FDiv emphasizing the overall resource space occupied by a
community and FDis emphasizing the average difference
between species within a community. Note that FDiv generally
increases with species richness while FDis does not (Petchey &
Gaston, 2002; Laliberte & Legendre, 2010). The CWM is the
abundance-weighted mean of the species traits within a commu-
nity. A high CWM value indicates that the community is domi-
nated by species with conservative traits (e.g. low SLA and high
LDM content), whereas a low CWM value indicates dominance
by species with acquisitive traits (e.g. high SLA and low LDM
content). Therefore, CWM captures the mean functional strat-
egy of the dominant species in the community, while
FDiv/FDis reflects the diversity of plant strategies among all
species. The FD indices were calculated with the pICANTE pack-
age (Kembel er al, 2010) and the FD package (Laliberte &
Legendre, 2010) in R (R Core Team, 2023). All functional
diversity indices were calculated using the first principal compo-
nent (PC1) of a PCA that combined five key traits (Fig. S3). In
our dataset, FDiv was more highly correlated with SR than with
FDis (7sr_rpiy = 0.63, rsr_ppis = 0.34), as expected and CWM
was uncorrelated with SR (7sr_cwm = 0.002), indicating that
presumed species loss leading to reduced richness was random
with regard to species traits (Y. Chen ez al, 2020). The correla-
tions between the different indices of FDs were slightly higher
(76Div—rDis = 0.60, 7Epiv-cwm = —0.55, 7pis-cwm = —0.44).

Soil measurements

SOC (g C kgfl) and SBD (g soil cm ™) were measured in the
same 20 X 20 m plots as the diversity indices, following the For-
estGEO soil sampling protocol (John er al, 2007; Zhang
et al., 2011). Cores of the mineral soil were taken after removing
the surface litter (recognizable leaves and twigs). The total num-
ber of plots containing soil carbon data for 15 sites is presented
in Table S1. For 11 sites, all plots had soil measurements, while
four sites not all plots had soil measurements (nine for Lilly
dickey woods, 24 for Smithsonian conservation biology institute,
nine for Tyson research center, and 79 for Danum valley). For
12 sites, SOC was measured, whereas for the remaining three
sites —Smithsonian ~ Conservation ~ Biology Institute  (soil
pH =5.1), Xishuangbanna (soil pH =4.9), and Danum Valley
(soil pH =5.4) — total carbon (TC) in the soil was measured.
Because the soil pH values of these three sites were below 6.2, the
soils were classified as acidic, making it reasonable to assume that
TC and SOC were effectively equivalent (Scholten ez al., 2017).
Considering that the uppermost soil layer was the most active
layer regarding the interaction between plant roots and soil, we
took soil samples for 12 sites at 0-10 cm, for the Lilly Dickey

New Phytologist (2026)
www.newphytologist.com

85U017 SUOWIWIOD BAIIR1D) 8]qedt|dde auy Aq pausenob a1e Ssjpie O ‘8N JO SaINJ 10} Akeid178UUO A8]1M UO (SUOTHPUOD-PUe-SLLBY/WOD"AB | IMAR1q 1 BUUO//:SANY) SUORIPUOD Pue SWB | 8U3 89S *[9202/50/60] U0 Arigiauliuo A(IM * Ariqi] AiseAun Nie L - Usys unyoons Aq zyzT, ydu/TTTT 0T/10p/wod A8 Areiqijutjuo yduy//Sdny Wo1j papeojumoy



G b

Woods and Tyson research center sites at 0—5 cm, and for the
Chebaling site at 0—20 cm depth. Finally, for the eight sites with
SBD data, we calculated SOC stocks as

SOC stocks = SOC(g C kg_l) x soil bulk diversity (g soil cm™)
x sample depth(cm)

Climate data

We extracted mean annual temperature (MAT) from the World
Clim 2.1 database (https://worldclim.org/) for all 15 sites. Arid-
ity data were extracted from the Global Aridity Index and Poten-
tial Evapotranspiration Database (Zomer ez al., 2022). We used
the Aridity Index (AI) calculated as mean annual precipitation
divided by potential evapotranspiration (PET), which increases
with decreasing aridity. Pearson correlations between all mea-
sured variables are given in the Figs S1 and S2. We performed
principal component analysis (PCA) using MAT and Al, with
PC1 representing a ‘Combined temperature and aridity gradient’
in which higher values indicate warmer and more humid condi-
tions and lower values indicate colder and more arid conditions
(Fig. S4; Table S6). Lower MAT and lower Al impose stronger
environmental constraints on plant growth and soil carbon pro-
cesses rather than direct physiological stress on locally adapted
species.

Statistical analysis

First, to investigate the relationship between SR, FDs, or CWM
and SOC within sites (H1), we fitted simple linear regression
models with SOC or SOC stocks as a function of each diversity
index (within-site effects). We extracted the regression slopes to
represent tree diversity effect sizes on SOC or SOC stocks for
each site. We then used these regression slopes as dependent vari-
ables in meta-regression models to assess the overall across-site
relationship for HI. We applied two meta-regression approaches:
a linear mixed effects (LME) meta-regression model and a
meta-regression using the METAFOR package (Viechtbauer, 2010).
In both approaches, site variances are used as weights, and the
residual variance is set to 1. Using both approaches allowed us to
evaluate the robustness of the model results. Additionally, to eval-
uate the contribution of different facets of tree diversity to varia-
tion in SOC, we calculated multiple linear regression models for
each site with SOC or SOC stocks as dependent variables and the
four tree diversity indices (SR, FDiv, FDis, and CWM) as expla-
natory variables for each site. We calculated partial R values by
dividing the sum of squares (SS) for each of the four tree diversity
indices by the total SS. This allowed us to quantify the propor-
tion of SOC variance uniquely explained by each diversity
metric. In the case of multiple linear regression, percent SS corre-
spond to increments of multiple & and can be used to partition
the total variance explained. To quantify the overall contribution
of each facet of tree diversity to SOC or SOC stocks, we fitted a
linear model for each diversity facet, in which the response vari-
able was the proportion of SOC variance uniquely explained by
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each diversity metric. Each model included only an intercept
term; the variance of the linear model within site was used as
weights.

Second, to test whether the relationship between tree diversity
and SOC would strengthen under colder and more arid condi-
tions (H2), we fitted meta-regressions with LME models and the
METAFOR package with each climatic condition as the explanatory
variable. Specifically, the site-level effect sizes of tree diversity on
SOC or SOC stocks—calculated as the slopes from the
within-site linear regressions described previously — were used as
the dependent variable. Climatic conditions (MAT, Al, or Com-
bined temperature and aridity gradient) were included as fixed
effects. Because meta-regressions using the LME model and
meta-regression using the METAFOR package use the same statisti-
cal methodology (Viechtbauer, 2010) yet differ in output features
(F-tests from analysis of variance tables in the LME model vs
likelihood-ratio tests in the METAFOR package), we report the
LME model in the main text, while the meta-regression results
obtained with the METAFOR package are presented in the Support-
ing Information. We used meta-regression in addition to ordin-
ary LME models because the 15 studies did not follow a
common design, thus violating assumptions of homoscedasticity,
that is similar within-site variances across sites. All the analyses
were conducted with R 4.3.2 (R Core Team, 2023).

Results

Relationships between multifaceted tree diversity and SOC
within and across sites

We found an overall positive species richness—SOC relationship,
while the relationships of FDs and CWM with SOC were overall
neutral (i.e. nonsignificant; Fig. 3e—h; Table S7). For example,
doubling species richness, for example from 10 to 20 species, cor-
responds to an increase of ¢. 3.8 gkg71 in SOC (c. 6.2% of the
mean SOC). Within sites, species richness—SOC relationships
were positive at six sites, neutral at seven sites and negative at two
sites (Fig. 3e; Table S8). Results obtained using Shannon diver-
sity or Simpson diversity yielded similar outcomes to species rich-
ness (Fig. S5). Within sites,
composition—SOC relationships were positive at five sites for
FDiv, five sites for FDis, and three sites for CWM; neutral at
eight sites for FDiv, eight sites for FDis, and 10 sites for CWM;
and negative at two sites for FDiv, two sites for FDis, and two
sites for CWM (Fig. 3f~h; Table S9).

Moreover, we found that different facets of tree diversity con-
tributed to SOC variation differently among sites (Fig. 3i). For
each site, although the total variance of SOC explained by the
different facets of tree diversity was modest, multiregression mod-

functional diversity and

els demonstrated significant diversity contributions to SOC varia-
tion at the majority (nine of 15) of sites.

Tree diversity—SOC relationships under climatic conditions

The relationships between tree diversity and SOC strengthened
under harsh climatic conditions (Fig. 4). Specifically, the species

© 2026 The Author(s).
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richness—SOC relationship and FDiv—SOC relationship strength-
ened under colder (Fig. 4a,b), more arid conditions (marginally
for species richness—SOC relationship; Fig. 4e,f), and both colder
and more arid conditions (Fig. 4i,j). For example, doubling spe-
cies richness, for example from 10 to 20 species, corresponds to
an increase of ¢. 6.2% in SOC under colder conditions, but only
¢. 1.5% under conditions that are 5°C warmer, indicating a
weaker diversity effect in warmer environments. Results obtained
using Shannon diversity or the Simpson diversity yielded similar
outcomes to species richness (Table $10). The FDis—SOC rela-
tionship and CWM-SOC relationship strengthened only under
more arid conditions (Fig. 4g,h), but not under colder conditions
(Fig. 4c,d). The FDis—=SOC relationship strengthened under
colder and more arid conditions (Fig. 4k). These results remained
when we used SOC stocks instead of SOC (Figs S6-S8;
Tables S11-S14), when we used measured traits instead of
imputed traits (see the Materials and Methods section; Figs S9—
S12; Tables S15-S17), and in meta-regressions using the META-
FOR package (Tables S18-S20).

Discussion

Assessing the relationship between plant diversity and soil carbon
across large scales, and understanding how it varies with climate
variables, is vital for conservation and carbon sequestration.
However, previous results for this relationship — whether positive,
negative, or neutral — remain unclear and not well-defined. Our
dataset, including census data of over a million trees, functional
traits, and plot-level (20 X20m) soil carbon measurements,
offers an opportunity to explore the generality and context
dependency of tree diversicy—SOC relationships. We found that
the relationships between tree diversity and SOC strengthen as
the environment becomes colder or more arid, suggesting a
potential role of tree diversity in mitigating the impacts of colder
and more arid conditions. Our results provide insights into the
generality and context dependency of tree diversicy—=SOC rela-
tionships, with implications for maintaining SOC and SOC
stocks under colder and more arid conditions.

The relationships between tree diversity and SOC are site-
specific

We found that the tree diversicy—=SOC relationships are site-
specific. This aligns with previous studies, which have shown pre-
dominantly positive (Chen et al., 2018; Chen et al., 2023), occa-
sionally neutral (Lin ez a4, 2016; Li et al, 2020), and rarely
negative effects for a range of soil carbon fractions (Adair
et al., 2018). A positive relationship between taxonomic diversity
(linked to higher species richness or abundance) and SOC can
reflect increased biomass input (Huang ez al., 2018), which pro-
motes litter quantity and quality (Makkonen ez 4l, 2013; San-
tonja et al., 2017) and microbial carbon-use efficiency (Duan
et al., 2023), but still exceeds SOC losses. By contrast, a neutral
or negative relationship may arise when increased diversity accel-
erates decomposition and microbial respiration, leading to higher
carbon losses that offset or even outweigh increased biomass

© 2026 The Author(s).

New Phytologist © 2026 New Phytologist Foundation.

Research

K.

inputs (Handa ez al, 2014; Garcia-Palacios er al., 2021). Adair
et al. (2018) did not quantify SOC directly, focusing instead on
carbon in the organic soil layer and in the aboveground biomass.
Furthermore, differences in our study may also have arisen
because Adair ez al. relied on trait data extracted from databases,
whereas here, we used site-measured trait data. Consistent with
earlier studies from grasslands (Chen ez 4/, 2018; X. Chen ez al.,
2020), our results indicate a broadly positive relationship between
taxonomic diversity and SOC across forests along a large climatic
gradient. Higher tree diversity may influence SOC positively
because of plant—plant interactions (i.e. reduced competition and
increased facilitation) and thus outweigh SOC loss driven by soil
microbial communities, including microbial respiration (Lange
et al., 2015; Palandrani & Alberti, 2019; Duan ez al., 2023).

The relationship between functional diversity indices and
SOC showed greater variability and site-dependence. Positive
relationships of FDs with SOC suggest that trait complementar-
ity in rooting depth and litter chemistry promote SOC via com-
plementary resource use (Laliberte & Legendre, 2010; Chen
et al., 2018; Chen et al., 2023), outweighing carbon losses. Con-
versely, neutral or negative relationships suggest that greater com-
plementarity leads to higher decomposition relative to carbon
inputs (Handa ez al., 2014; Adair et al., 2018). We note that our
set of functional traits likely does not fully capture complemen-
tarity effects relevant for SOC inputs and decomposition; in par-
ticular, we lacked information about additional belowground
root traits (Lin ez al., 2016; Li et al., 2020).

We observed that except for cold or arid sites, where decay
rates of carbon inputs are expected to be low even for acquisitive
species, higher CWM of conservative traits was associated with
higher SOC, which is consistent with previous studies (Lin
et al., 2016; Adair et al, 2018). This indicates that at the more
beneficial side of the climatic gradient, communities dominated
by conservative species tend to accumulate more soil carbon
(Hartley et al., 2012). Conversely, in some cases, acquisitive traits
in communities — those linked to rapid resource uptake —also
contributed to SOC, likely through increased productivity and
greater litter and root density (Cotrufo er 4/, 2015; Chen
et al., 2022; Ridgeway et al., 2023).

While some studies reported predominantly positive (Chen
et al., 2023), occasionally neutral, or rarely negative (Chen
et al., 2022) FDs-SOC relationships, we found a generally neu-
tral relationship. This may be because communities with greater
complementarity enhanced microbial decomposition rates (Hart-
ley et al, 2012; Conti & Diaz, 2013; Buzzard et al, 2019),
potentially offsetting the positive effects of biotic interactions on
soil organic carbon inputs such as greater litter inputs, stronger
root—microbial interactions (Makkonen ez al, 2013; Santonja
et al., 2017; Zhang et al., 2023), and enhanced root exudation
(Edwards et al., 2018; Chari & Taylor, 2022). When using taxo-
nomic instead of functional diversity indices, we found a positive
overall relationship between taxonomic diversity and SOC.
Together, our results suggest that the influence of taxonomic
diversity, functional diversity indices, and composition on SOC
is site-specific, largely driven by abiotic and biotic conditions,
including climatic conditions.
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Our results also revealed that multiple facets of tree diversity
contribute to SOC variation, which highlights the site-specific
nature of SOC dynamics and the multifaceted influence of plant
diversity. The explanatory power of tree diversity as a predictor
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of SOC, measured with R? values, ranged from 0.007 to 0.414
(Fig. 3i). This is understandable given that SOC dynamics are
shaped by numerous variables such as soil conditions, soil micro-
bial activity, and soil-plant interactions (Adair ez al, 2018;

(a) (b) (c) (d)
2004 200- 2004 2004
‘._? 1504 1504 1501 150
El X -3 \
8 100{ 7 100+ 100 1004 o
504 [ — 504 o = 50+ 50+ ' B -
04 0+ 0 0
0 25 5 75 100 2 6 10 14 00 05 170 15 —4 2 0 2
SR FDiv FDis CWM
(e) : U] : (9) : (h) :
LS 1 H-e— ek B =
MLING el ol ek * e
DLS - ek el el % * =
Lowq | e | ; « | et ]
SCBI - e F—fe— e <
TRCP{ —e— —r— =
T * * < e 4
BDGS 1 o % % (=] | Dl
GTS 1 ok o] * = N
LJ - ok LE % % ked
MLUN 1 % %k Lol % ad
CBL 1 ¢ b o e x
NBH 1 ¢ 61 ¢ 51 " 51 ¢ 3t
XSBN - %4 21 ¢ 2l § 2l ¢ 2l
DV ¢ o, i He 5t e 1om
ALL SITE A S ol Fo-| e
6420 2 4 6 & 20 -0 0 10 50 —20 10 40 70 100 —-30-20-10 0 10 20 30
SR-SOC effect size FDiv-SOC effect size FDis-SOC effect size CWM-SOC effect size
(i) %k k %k %k * %k * * %k * % % * %k k %k %k

100

~
o

N
[&)]

o

0.145 0.095 0.081 0.339 0.117 0.414 0.019 OT071 0.267 0.093 0.056 0.070 0.007 0.012 0.061

Variance of SOC explained by diversity (%)
3

SR messsss——

New Phytologist (2026)
www.newphytologist.com

LS MLING DLS LDW SCBI TRCP TT BDGS GTS LJ

FDiv s

MLUN CBL NBH XSBN DV ALLSITE
FDis CWM

© 2026 The Author(s).
New Phytologist © 2026 New Phytologist Foundation.

85U8017 SUOWILWIOD BAIIER.1D) 8|qeot|dde auyy Aq pausenob a1e Ssppie YO 8N JO s3I 104 Akeiq1 78Ul UO 8|1 UO (SUOTHPUOD-PUe-SWLBYW0 A8 | 1M AIq UL UO//:SANY) SUORIPUOD pue SWB 1 843 89S *[9202/50/60] U0 ArigiTauliuo A8|iMm * Ariqi] AisieAlun nie L - usys unyoons Aq zyzT, ydu/TTTT 0T/10p/uoo A8 M Areiqpuliuo yduy/sdny woly pepeojumog ‘0 ‘ZET8697T



New
Phytologist

Research

Fig. 3 Relationship between tree diversity and soil organic carbon (SOC) for each site. Simple linear regressions of species richness (SR), functional diversity
(FDiv), functional dispersion (FDis), and community-weighted mean (CWM) on SOC are shown from a to d. Dashed lines indicate nonsignificant

(P> 0.05) relationships. The effect size within each site, calculated as the slope from the simple linear regressions, is shown from e to h. The overall effect
size across all sites shown in ‘ALL SITE' is calculated as the slope of a meta-regression using a linear mixed effect (LME) model. Error bars represent 95%
confidence intervals (+1.96 SE). Significant relationships with P < 0.05 are indicated with a star (*). The numbers and arrows on the lower right of panels
e-h represent the number of positive (blue arrows), negative (red arrows), and neutral (i.e. non-significant, black lines) relationships between tree diversity
and SOC. The ordering of the sites from top to bottom in panels e-h is according to latitude from high to low. All tests can be found in Supporting
Information Tables S7-S9. The contribution of tree diversity on SOC based on filled traits (i). The ordering of the sites from left to right is according to
latitude from high to low. R?-values are from the multiple regression model of SOC as dependent variable on four diversity facets as explanatory variables
for each site. The percentage explained is calculated with 100% as the total variation in SOC explained by the four explanatory variables together. The
overall variance explained by meta-regression is shown in ‘ALL SITE'. SR, species richness; FDiv, functional diversity; FDis, functional dispersion; CWM,

community-weighted mean. *#* P < 0.001; **, P < 0.01; *, P < 0.05.

Augusto & Boca, 2022). For example, previous studies have
shown that soil conditions and regional climate can influence the
relationship between plant diversitcy and SOC (Augusto &
Boca, 2022; Spohn et al., 2023). Nevertheless, even when tree
diversity explains only a fraction of SOC variation, integrating
multiple diversity facets into forest management and restoration
and conservation planning can help optimize carbon storage and
ecosystem resilience across diverse environmental contexts (X.
Chen et al., 2020; Angst et al., 2025).

Consistent with previous findings (Dawud et al, 2017; X.
Chen et al., 2020), we found that both taxonomic diversity and
functional diversity indices contribute to SOC variation. How-
ever, while prior studies emphasized either taxonomic diversity
(Adair ez al, 2018) or functional diversity indices (Dawud
et al., 2017) as more influential, our research highlights the col-
lective significance of multifaceted diversity on SOC. This under-
scores the importance of considering multifaceted diversity in the
efforts aimed at enhancing soil carbon sequestration. While dif-
ferent facets of tree diversity varied in their contributions across
sites, they played complementary roles in explaining SOC varia-
tion.

Climatic conditions strengthen tree diversity-SOC
relationships

Although our study and previous meta-analyses reported positive
(Chen et al., 2020; Chen er al., 2023; Augusto & Boca, 2022;
Hong ez al., 2022) or negative (Chen er al., 2022) relationships
between tree diversity and SOC, our multisite analysis revealed
that these apparently conflicting results may be explained by dif-
ferent climatic conditions across sites, with the strongest positive
influence of tree diversity on SOC occurring under colder and
more arid conditions.

The underlying mechanisms likely involve both microclimate
(abiotic
Species-rich and structurally complex forests can create warmer
and more humid local environments (Wright ez al., 2014; Seidel-
mann et al., 2016; Zhang er al., 2022; Schnabel ez al., 2025),
thereby buffering colder and more arid conditions and increasing
SOC inputs more than decreasing SOC losses. Such microcli-

facilitation) and biotic interactions.

buffering

mate buffering (abiotic facilitation) may therefore contribute to
the enhanced role of tree diversity in maintaining SOC under
colder and more arid macroclimatic conditions.
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Tree diversity further explains variation in SOC along cli-
matic gradients. Under colder conditions, communities with
greater species richness and higher functional diversity tend to
have higher SOC. Temperature constrains the distribution
range and reproductive success of plant species, indirectly influ-
encing carbon sequestration via changes in species occurrence
and relative abundance (Svenning ez 4/, 2015). In line with pre-
vious studies (Ratcliffe ez al, 2017; Spohn ez al, 2023), we
found higher taxonomic diversity led to marginal increases in
SOC under more arid conditions. Under colder and more arid
conditions, increased tree diversity likely enhanced SOC inputs
through microclimate buffering (abiotic facilitation), reduced
competition, and increased facilitation (Bertness & Call-
away, 1994; He er al., 2013; Yan ez al., 2022), while decompo-
sition rates remained low across all levels of diversity. The lower
slope of this relationship in warm and humid sites could also be
explained by higher decomposition rates at these sites, driven by
stronger complementarity effects under benign conditions
(Dimitrakopoulos & Schmid, 2004; Pretzsch ez al., 2010; Jous-
set et al, 2011). In summary, warm and humid conditions
likely increased decomposition, thereby offsetting the increased
carbon inputs. By contrast, lower temperatures or limited water
availability reduce decomposition (Davidson & Janssens, 2006;
Canessa et al., 2022; Lemoine et al., 2024), while carbon inputs
can still increase in high-diversity communities due to abiotic
facilitation, plant—plant interactions (i.e. reduced competition
and increased facilitation) (Callaway ez al, 2002; Maestre
et al., 2009; Wright ez al., 2014), and other biotic interactions
(Soliveres et al, 2016; O’Brien et al, 2017; Ratcliffe
et al., 2017; Duan et al., 2023).

Under more arid conditions, environmental filtering tends to
favor slow-growing species with sclerophyllous or tough leaves,
which decompose more slowly and prolong carbon residence
time in soils (Cornwell ez al., 2008; Laughlin ez 4/, 2021). How-
ever, in our study, CWM values that reflect the dominance of
conservative strategies were negatively associated with SOC in
more arid regions. This suggests that, although conservative spe-
cies produce decay-resistant litter, they may contribute lower
total biomass and root exudates, providing insufficient carbon
inputs to sustain high SOC values. Alternatively, current trait
composition may be decoupled from soil organic carbon, espe-
cially in forests where SOC reflects long-term processes rather
than present-day trait structure.
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Fig. 4 Relationships between climate and effect sizes of tree diversity-soil organic carbon (SOC) relationships. The relationship between mean annual
temperature (MAT) and effect size of SR-SOC (a), FDiv-SOC (b), FDis-SOC (c), and CWM-SOC (d). The relationship between aridity index and effect size
of SR-SOC (e), FDiv-SOC (f), FDis-SOC (g), and CWM-SOC (h). The relationship between combined temperature and aridity gradient and effect size of
SR-SOC (i), FDiv-SOC (j), FDis-SOC (k), and CWM-SOC (I). Lower values on the x-axes indicate colder, more arid conditions, or both colder and more arid
conditions (Combined temperature and aridity gradient). Solid lines show significant (P < 0.05) relationships and dashed lines show nonsignificant

(P> 0.05) relationships. ***, P < 0.001; **, P < 0.01; *, P < 0.05. The statistical significances were estimated from meta-regression with MAT, Aridity
index or combined temperature and aridity gradient as fixed and site as random term. The black dashed line is y = 0. All tests can be found in Supporting
Information Table S10. CWM, community-weighted mean; FDis, functional dispersion; FDiv, functional diversity; SOC, soil organic carbon; SR, species
richness.
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In general, SOC in topsoil is at high risk of loss under future
climatic conditions, particularly in high-latitude regions (Wang
et al., 2022). This suggests that tree diversity may be critical for
maintaining SOC under changing environmental conditions
(Cowles er al, 2016). Future research should also analyze
biodiversity—-SOC relationships along resource gradients as a
complementary approach to better understand the mechanisms
by which biodiversity influences ecosystem functioning — either
by reducing competition or by enhancing biotic interactions.
Our findings can guide soil carbon restoration strategies by high-
lighting the importance of enhancing tree diversity to mitigate
SOC degradation under changing climatic conditions.

Future perspectives

Our study provides insights for future research on the relationships
between biodiversity and soil carbon, particularly in the context of
varying climatic conditons. First, we relied on species-level func-
tional traits at each site, potentially overlooking site-level variations
in trait expression influenced by local environmental conditions,
such as soil properties and microclimate. Intraspecific trait varia-
tion, which reflects local adaptation or plasticity of species to local
environmental conditions, likely plays a crucial role in fine-scale
responses (Schmid, 1992; Violle e al., 2012; Niklaus ez al., 2017).
Considering this variation may expand our understanding of how
tree species adjust to environmental gradients (Spasojevic
et al., 2016). Second, the role of plant roots in soil carbon seques-
tration is crucial yet understudied. Roots have a direct link to soil
carbon processes and are vital for understanding the complex
dynamics between belowground functional diversity and soil car-
bon relationships (Li ez al, 2019). Roots also contribute to soil
carbon by transferring undecomposed or partially decomposed
organic matter into more stable aggregate-occluded soil organic
matter (Ridgeway et al, 2023). Third, soil organisms including
bacteria, fungi, and archaea need to be considered, because they
are key drivers of SOC decomposition and turnover (Crowther
et al, 2019). Their activity is strongly influenced by abiotic factors,
such as climate, plant communities, and soil characteristics (David-
son & Janssens, 2006). Notably, high temperature increases soil
microbial decomposition rates, leading to a decrease in SOC
(Garcia-Palacios et al., 2021). Fourth, we only had data on SOC
in topsoil, making it difficult to assess SOC stocks. For example, it
is conceivable that tree diversity also increases soil volume; thus,
only by taking soil samples down to the bedrock can we be sure to
assess total SOC stocks; just adjusting for bulk density would be
misleading in this case. Future research should focus on trait plasti-
city, plant root traits and soil organism activity to mitigate uncer-
tainties and enhance predictions of how diversity influences SOC
along environmental gradients. Furthermore, to assess the influ-
ences of tree diversity on SOC stocks, sampling of full soil profiles

will be necessary.

Conclusions

By collecting data from 15 long-term monitored large natural
forest sites across various climatic conditions, our findings

© 2026 The Author(s).
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highlight the significant role of tree diversity in shaping SOC
along environmental gradients. Different facets of tree diversity
play distinct roles in promoting SOC, with generally positive
influence observed across most sites. This highlights the impor-
tance of considering a multifaceted approach to tree diversity
when optimizing strategies for soil carbon preservation and
sequestration. Moreover, our results demonstrate that the positive
relationships between tree diversity and SOC can be strengthened
under colder and more arid conditions. Efforts and strategies
aimed at enhancing belowground carbon sequestration should
integrate multiple aspects of diversity while also considering their
interaction with local climatic conditions to effectively enhance
SOC.
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