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There is compelling experimental evidence and theoretical predictions that
temporal stability of productivity, i.e., the summation of aboveground bio-
mass growth of surviving and recruitment trees, increases with succession.

However, the temporal change in productivity stability in natural forests,

which may undergo functional diversity loss during canopy transition, remains
unclear. Here, we use the forest inventory dataset across the eastern United
States to explore how the temporal stability of forest productivity at multi-
spatial scales changes with stand age during canopy transition. We find that
productivity stability decreases with stand age at the local and metacommu-
nity scales. Specifically, consistent declines in local diversity result in less
asynchronous productivity dynamics among species over succession, conse-

quently weakening local stability. Meanwhile, increasing mortality and the
transition from conservative to acquisitive species with succession weaken
species and local stability. Successional increases in species composition dis-
similarity among local communities cause more asynchronous productivity
dynamics among local communities. However, the decline in local stability
surpasses the rise in asynchronous productivity dynamics among local com-
munities, resulting in lower metacommunity stability in old forests. Our results
suggest lower productivity stability in old-growth forests and highlight the
urgency of protecting diversity at multiple spatial scales to maintain pro-

ductivity stability.

Temporal stability of forest aboveground productivity (i.e., the ratio of
mean productivity, which is the summation of aboveground biomass
growth of surviving trees and in-growth by new recruitment trees, to
its variation in time) is a widely accepted measure of forests’ ability to
maintain productivity over time'”. Traditional succession studies have
focused on the community states, such as biomass and cover, with
recent field experiments showing that their temporal stability increa-
ses with succession at multiple spatial scales**. However, how the
temporal stability of productivity changes during late-successional
stages in natural forests remains unclear at multiple spatial scales.

Elucidating these dynamics will help managers ensure the stable pro-
visioning of ecosystem services and efficient restoration practices
under future conditions®”.

Recently, a multiscale stability framework has shown that tem-
poral stability at the larger scale (i.e., metacommunity stability) can be
decomposed into temporal stability at the smaller scale (i.e., local
stability) and spatial asynchrony, i.e.,, asynchronous productivity
dynamics among local communities under heterogenous spatial
environments®'°, Similarly, local stability can be decomposed into
species stability and species asynchrony, i.e., temporal stability of
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productivity at the population level and asynchronous population
dynamics in local communities. The multiscale stability framework can
capture the scale dependence of ecosystem temporal stability over
succession, i.e., higher stability at larger scales because deterministic
processes (e.g., environmental filtering) dominate community assem-
bly at the metacommunity scale whereas stochastic processes (e.g.,
random dispersal) dominate at the local scale*" . However, change in
temporal stability over stand age at multiple spatial scales has received
little attention, particularly in late successional stages dominated by
conservative species, due to the lack of long-term and nested perma-
nent plot measurements of forest dynamics.

Increasing local species diversity and species composition dis-
similarity among local communities with stand age contributes to
the successional increase in metacommunity stability during early
field succession experiments®*. On the one hand, increasing canopy
complexity with succession strengthens competition for light
resources'*", which promotes the coexistence of conservative species
with high shade tolerance and acquisitive species with an efficient
ability to utilize canopy light resources, resulting in higher local
diversity'®™. Local stability tends to increase with local diversity
because differentiated species functional strategies enable local
communities to exhibit higher species asynchrony, i.e., the pro-
ductivity gain of suitable species compensates for the productivity
loss of unsuitable species (compensatory effects)"'#**, On the other
hand, as stands develop, stochastic processes (e.g., dispersal limitation
and colonization) prompt divergent trajectories over succession
among local communities?**, Meanwhile, initial habitat heterogeneity
among local communities could facilitate or inhibit the colonization
of different species, resulting in higher species composition dissim-
ilarity among local communities’?. Dissimilarity among local
communities stabilizes forest productivity against spatial environ-
mental heterogeneity from the neighborhood scale (tens of meters)
to the landscape scale (tens of kilometers), resulting in higher
spatial asynchrony>**%, However, increasing local diversity and
dissimilarity among local communities during forest succession is not
always expected, especially not until late successional stages,
which leads to uncertainty about the temporal stability of old forests.

Decreasing local diversity and increasing dissimilarity among
local communities make predicting changes in metacommunity sta-
bility during later forest succession difficult. As stands enter the
canopy transition stage, overstory acquisitive species approach their
lifespan and release canopy space after mortality, while understory
conservative species with asymmetric competitive advantages occupy
the forest canopy”**°, Although acquisitive species may experience
increased recruitment in the understory due to their abundant seeds,
their shade intolerance makes it difficult for them to occupy the
canopy under the asymmetric advantage of conservative species when
stand-replacing disturbances are infrequent'”*"*?, This successional
trajectory results in the transition from the coexistence of conservative
species and acquisitive species to the dominance of conservative
species, resulting in lower local diversity**°. This diversity loss will
lead to lower species asynchrony and temporal stability in local
communities*?°. Meanwhile, stochastic mortality of overstory acqui-
sitive species will allow conservative species to dominate the newly
opened gap when stand-replacing disturbances are infrequent,
resulting in higher species composition dissimilarity among local
communities which leads to spatial asynchrony?*". Previous studies
have shown that increasing local stability or spatial asynchrony can
both independently cause successional increases in temporal
stability>*. However, whether reduced local stability or increased
spatial asynchrony contributes more to metacommunity stability is
unclear.

In this work, we used the national forest survey dataset from
the eastern United States to explore how stand age changes
temporal stability in natural forests at multiple spatial scales

(Supplementary Fig. 1). This dataset is well-suited for studying multi-
scale stability because each plot in the FIA program contains
four circular subplots: one in the center and the other three arranged
in a triangular pattern around it (Supplementary Fig. 2). We considered
each subplot as a local community and each plot, comprising
four subplots, as a metacommunity. Given that functional strategies
can effectively capture plant responses to climate change, we used
functional diversity to explore how changing diversity alters temporal
stability with stand age®*. Specifically, we examined 1) whether
older forests exhibit higher temporal stability at the metacommunity
and local scales (Fig. 1); and 2) whether this pattern is attributed to
changes in local functional diversity and functional dissimilarity
among local communities over stand age. We show decreasing
diversity with forest age reduces temporal stability at multiple spatial
scales, suggesting the urgency of protecting old-growth forests to
ensure forest ecosystem services provisioning under climate change
threats.

Results

Stand age weakens temporal stability at multiple scales

We found that temporal stability of productivity at both the meta-
community scale and the local community scale decreased with stand
age, but spatial asynchrony did not show a significant relationship with
stand age (Fig. 2, estimate [+SE]=-0.370 [0.020], t,s;5=-15.538,
P<0.001 for local stability, estimate [+SE]=-0.582 [0.037],
ts75=-15.538, P<0.001 for metacommunity stability and estimate
[+SE]= 0.004 [0.007], tyg43=0.508, P=0.612 for spatial asynchrony).
After decomposing local stability into species stability and species
asynchrony, our results showed that both species stability and species
asynchrony decreased with stand age (Fig. 1, estimate [+SE] = -0.258
[0.015], tyg60=-17.655, P<0.001 for species stability and estimate
[+SE]= -0.022 [0.004], t,s,;8=-5.822, P<0.001 for species asyn-
chrony). Besides spatial asynchrony, stand age was the major driver for
stability at multiple scales (Supplementary Fig. 3A and Supplementary
Table 1). Similar results were found in our sensitivity analysis which
considered detrended stability (Supplementary Fig. 4), different
ecoregions (Supplementary Fig. 5), other confounding variables
(Supplementary Fig. 6A and Supplementary Fig. 7; observational fre-
quency, survey interval, initial survey year, and final survey year), stand
structure (Supplementary Fig. 8), and biomass loss due to mortality
(Supplementary Fig. 8). Decreasing mean productivity and increasing
standard deviation of productivity with stand age jointly contributed
to successional declines in temporal stability (Supplementary Fig. 9
and Supplementary Fig. 10).

Stand age reduce diversity at multiple scales

Functional diversity at both the metacommunity scale and the local
community scale decreased with stand age, but functional dissimilarity
among local communities increased with stand age (Fig. 3, estimate
[+SE]= -0.025 [0.007], tyg77=-3.423, P<0.001 for local functional
diversity, estimate [+SE]= 0.039 [0.015], t,g77=2.613, P=0.009 for
functional dissimilarity among local communities, and estimate
[+SE]= -0.020 [0.009], tyg76 =-2.210, P=0.027 for metacommunity
functional diversity). After considering confounding factors (obser-
vational frequency, survey interval, initial survey year, and final survey
year), the trends of functional diversity with stand age at multiple
spatial scales remained unchanged (Supplementary Figs. 3B, Supple-
mentary Fig. 6B, and Supplementary Table S2). Similar results were
found using the Shannon diversity index, but there was a non-
significant relationship between metacommunity diversity and stand
age (Fig. 3, estimate [+SE]= —0.018 [0.005], tyg78 =—3.364, P<0.001
for local Shannon diversity, estimate [+SE] = 0.063 [0.002],
874 =3.656, P<0.001 for composition dissimilarity among local
communities, and estimate [+SE]= -0.008 [0.008], tygo3=-1.042,
P=0.297 for metacommunity Shannon diversity).
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Fig. 1| A conceptual diagram showing four stages of forest succession and
expected changes in temporal stability with succession. a stand establishment:
After suffering disturbances like fire, high resource availability promotes the
colonization of fast-growing species, usually Pinus in eastern US forests; (b) stem
exclusion: competition for light and canopy space intensifies, and conservative
species grow understory; (c) canopy transition: overstory fast-growing species die
due to lifespan limitation, and shade-tolerant conservative species occupy canopy,

usually Abies and Quercus in eastern US forests; (d) gap dynamics: conservative
species dominate forest canopy, usually Quercus and Carya, and shade-intolerant
trees occupied gaps. Our results about species composition over stand age show
that most plots are in the canopy transition stage (Fig S20) because late-
successional species (Quercus and Acer) are replacing the pioneer species (Pinus
and Liquidambar). Tree images in Fig. 1 were designed by macrovector -
Freepik.com.
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Fig. 2 | Trends associated with stand age and five temporal stability compo-
nents. A local stability, B spatial asynchrony, C metacommunity stability, D species
stability, and E species asynchrony. Dots are the values predicted by partial

Stand age (Year)

regressions with each explanatory variable. The lines and shades are the mean and
95% confidence intervals. Source data are provided as a Source Data file.

Decreasing diversity with stand age reduces temporal stability
We found significant diversity-stability relationships at both local and
metacommunity scales (Fig. 4 and Supplementary Fig. 11). Specifically,
functional and local Shannon diversity were both positively associated
with local stability at the local scale (Figs. 4A and Supplementary
Fig. 11A, estimate [+SE] = 0.253 [0.055], tog44 = 4.570, P< 0.001 for local
functional and estimate [+SE] = 0.287 [0.077], tog33=3.726, P<0.001
for Shannon diversity); functional and composition dissimilarity
among local communities were both positively associated with spatial

asynchrony (Fig. 4D and Supplementary Fig. 11D, estimate [+SE]=
0.030 [0.009], t;757=3.448, P<0.001 for functional dissimilarity
among local communities and estimate [+SE]= 0.025 [0.007],
t2524=3.391, P<0.001 for composition dissimilarity among local
communities); metacommunity functional diversity was positively
associated with metacommunity stability at the metacommunity scale,
but there was no significant relationship between metacommunity
Shannon diversity and metacommunity stability (Fig. 4E and Supple-
mentary Fig. 11E, estimate [+SE] = 0.185 [0.081], tygs4 =2.259, P=0.024
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Fig. 3 | Trends associated with stand age and six diversity components. A local
functional diversity, B local Shannon diversity, C functional dissimilarity among
local communities, D composition dissimilarity among local communities,

E metacommunity functional diversity, and F metacommunity Shannon diversity).
FD functional diversity. Two-sided t test was used to test whether there is a sig-
nificant difference in slope from 0. Dots are the values predicted by partial
regressions with each explanatory variable. The lines and shades are the mean and
95% confidence intervals. Source data are provided as a Source Data file.

for metacommunity functional diversity and estimate [+SE]= —0.078
[0.089], tys53=-0.877, P=0.381 for metacommunity Shannon diver-
sity). Meanwhile, both local functional and Shannon diversity
increased species asynchrony (estimate [+SE]= 0.252 [0.008],
2702 =30.210, P < 0.001 for local functional and estimate [+SE] = 0.433
[0.012], tye9 =40.910, P < 0.001 for Shannon diversity) but decreased
species stability at the local scale (Fig. 4 and Supplementary Fig. 11;
estimate [+SE]= -0.130 [0.039], tyg44=-3.309, P<0.001 for local
functional and estimate [+SE] = —0.314 [0.055], tygs3 =—5.753, P < 0.001
for Shannon diversity). Similar results were found when considering
changes in functional diversity during the survey (Supplementary
Fig.12) and using the functional dissimilarity among local communities
considering effective species number (Supplementary Fig. 13).

Our SEM showed that decreasing local functional diversity with
stand age significantly reduced metacommunity stability by weaken-
ing local stability. Further, increasing functional dissimilarity among
local communities with stand age significantly enhanced meta-
community stability at the metacommunity scale by promoting spatial
asynchrony (Fig. 5A and Supplementary Fig. 14A). Decreasing local
functional diversity with stand age weakened species asynchrony, and
stand age directly decreased species stability, leading to decreasing
local stability with stand age (FigS. 5B and Supplementary Fig. 14B).
Consequently, local functional diversity exhibited stronger stabilizing

effects on local stability than functional dissimilarity among local
communities on spatial asynchrony, resulting in decreasing meta-
community stability with stand age. After aggregating each plot and its
three nearest plots into one community at the larger scale, decreasing
metacommunity stability exceeds the stabilizing effects of spatial
asynchrony from the metacommunity to the larger scale, resulting in
decreasing stability at the larger scale with stand age (Supplementary
Fig. 15). Structural equation modeling based on the Shannon diversity
index produced similar results (Supplementary Fig. 16 and Supple-
mentary Fig. 17). Meanwhile, increased CWMpc; with stand age wea-
kened species stability but strengthened species asynchrony; lower
CWMpc; as stands aged weakened species asynchrony but had no
effect on species stability (Supplementary Fig. 18). Increased mortality
as stands aged weakened species stability and local stability (Supple-
mentary Fig. 19).

Discussion

Our study of forest communities across broad stand age gradients
reveals weakened temporal stability during late forest succession at
multiple spatial scales. Specifically, we found a clear pattern that local
stability decreased but spatial asynchrony marginally increased with
stand age, coupled with stronger stabilizing effects of local stability
than spatial asynchrony on metacommunity stability, which prompted
older forests to exhibit lower temporal stability of productivity at the
metacommunity scale.

As hypothesized, local functional diversity decreased as stands
aged during the later stages of forest succession. Successional theory
typically predicts the highest diversity during mid-successional stages
in temperate forests, as conservative species with high shade tolerance
and pioneer species with high resource acquisition ability simulta-
neously occupy their respective ecological niches”****°. As stands
enter the canopy transition stage, mortality of overstory pioneer
species disrupts this balance. Released light resources and canopy
space from this mortality favor shade-tolerant species in the unders-
tory, as they have accumulated asymmetric competitive advantages
under shade conditions during the stem exclusion stage”’*°*°. Low
recruitment of pioneer species under low light availability cannot
compensate for their mortality, resulting in shade-tolerant species
dominance and lower diversity in old-growth forests compared to mid-
successional forests® >,

Diversity loss with stand age causes old-growth forests to exhibit
low local stability. This negative relationship between functional
diversity and species stability hasn’t been observed in previous tree-
planting experiments'. The discrepancy may arise because increased
functional diversity intensifies heterospecific competition and reduces
the species stability of the dominant species, but the short duration of
planting experiments limits canopy competition’**"**, Asynchronous
population dynamics compensate for this decreasing species stability,
resulting in higher local stability in more diverse communities®.
Therefore, diversity loss over stand age results in lower species asyn-
chrony and local stability under climate change. Moreover, the shift
from coniferous to broad-leaved species in eastern United States for-
ests (Supplementary Fig. 20) facilitates the transition from con-
servative to acquisitive species over succession, as broad-leaved
species typically exhibit higher specific leaf area and leaf nitrogen
content than coniferous species®. This transition weakens species
stability, as acquisitive and broad-leaved species typically exhibit
weaker tolerance to environmental stress than conservative and con-
iferous species*>*°. The shift from stress-intolerant to tolerant species
with succession reduces species asynchrony, as high wood density
increases construction costs and reduces trait plasticity, which weak-
ens compensatory effects under climate change'’*5,

Stand age may also directly weaken species stability through
changes in resource allocation during individual development. Trees
typically allocate more resources for growth before reaching the
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Fig. 5 | The structural equation modelings showing the changes of temporal
stability over succession across spatial scales and how they relate to biodi-
versity. The structural equation modeling shows how changes in functional
diversity with stand age regulate (A) metacommunity and (B) local stability. The
green and yellow arrows show positive and negative significant paths with stan-
dardized coefficients shown (*: P< 0.05, **: P<0.01, and ***: P < 0.001). Conditional
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R? is shown in corresponding boxes. Two-sided Fisher’s C test was used to test
whether significant paths had not been included in the models. The SEMS fit the
data well (A) Fisher’'s C=29.319, df = 42, P=0.93; B Fisher’s C =18.855, df = 18,
P=0.401). The full SEMs with all paths are shown in the supplementary materials
(Supplementary Fig. 10). Source data are provided as a Source Data file.

canopy but shift those resources toward defense and respiration
during late ontogeny; older trees exhibit higher metabolism costs
to maintain complex tissue structures and convert sapwood towards
heartwood*’~*'. Meanwhile, longer water transport paths and stronger
hydrostatic stress also increase the hydraulic costs of old trees’***. This
resource allocation pattern causes a strong sensitivity of older trees
to climate change, especially water availability, leading to declining
species stability as stands age’**. Meanwhile, increasing mortality
with stand age releases canopy space and promotes the growth of
neighboring trees, but this stochastic tree mortality also increases
variation in individual productivity, resulting in lower species
stability®**°,

As we hypothesized, functional dissimilarity among local com-
munities increased with stand age, resulting in stronger spatial asyn-
chrony. Previous studies have shown that dissimilarity among local
communities increases with succession due to stronger stochastic
processes in community assembly mechanisms®'**2, Specifically, older
forests exhibit stronger spatially stochastic mortality patterns due to
density-independent mortality of canopy pioneer trees, resulting in
spatial stochasticity of canopy transitions from acquisitive species to
conservative species”*2%%, Meanwhile, environmental filtering due to
stochastic climatic events and dispersal limitations drive more dis-
similar species composition among local communities, leading to
higher functional dissimilarity among local communities™****, Our
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results also support that functional dissimilarity among local com-
munities contributes to asynchronous productivity dynamics under
spatial environmental heterogeneity, resulting in stronger meta-
community stability>'>*°,

Our study shows that although local stability and spatial asyn-
chrony both promote metacommunity stability, increasing spatial
asynchrony can not compensate for the decreasing local stability as
stands age, which results in lower metacommunity stability in old-
growth forests. We highlight the importance of preserving local
diversity during succession to maintain multiscale temporal stability of
productivity*?*, Our observation of a decline in species diversity
during canopy transition is inconsistent with the increasing diversity
and stability observed with succession in previous studies®**. Even the
60-year old abandoned field experiment is still in the early stages of
forest succession, where pioneer species dominate (e.g., Juniperus
virginiana), making it difficult to detect the local diversity loss due to
the canopy transition from pioneer to shade-tolerant species®".
Weaker stabilizing effects of dissimilarity among local communities on
spatial asynchrony and metacommunity stability may result from small
spatial ranges and low environmental heterogeneity’®*“’. Recent stu-
dies have also shown that greater environmental heterogeneity caused
by larger spatial ranges enhances the stabilizing effect of dissimilarity
among local communities*,

While the FIA dataset provides an opportunity to assess succes-
sional changes in temporal stability across multiple spatial scales, there
are several caveats worth noting. First, the space-for-time approach we
utilized is often criticized for potentially overlooking diverse succes-
sional trajectories across varied environments® % To mitigate this
concern, we conducted separate analyzes for ecoregions character-
ized by similar environmental conditions and potential communities,
which consistently supported our conclusions (Supplementary
Fig. S5). Second, our analysis did not address environmental hetero-
geneity among subplots, which could influence the role of environ-
mental filtering in spatial asynchrony’. Third, temporal stability is
often recommended to be calculated with relatively high temporal
resolution, while the fixed census interval of the FIA dataset is
approximately five years. Although our results show that productivity
fluctuations with a five-year interval contribute to the declining tem-
poral stability over stand age (Supplementary Fig. 9), future research
utilizing shorter intervals, such as two or three years, would be valu-
able for better generalizing our observed patterns. Fourth, while we
demonstrated that temporal stability decreases with forest age across
local and metacommunity scales (Fig. 5 and Supplementary Fig. 15),
future research could incorporate composite plots of varying sizes to
more effectively capture the dynamics of woody species such as tree
mortality.

In conclusion, our findings provide rare evidence for the diversity-
stability relationship at multiple spatial scales in natural forests?, and
extend stability studies from field succession experiments to late
successional stages in natural forests®*. Specifically, we find that after
stands enter the canopy transition stage, local diversity loss due to
community composition towards shade-tolerant species decreases
temporal stability of productivity at multiple spatial scales. Our results
indicate that the decreasing local stability caused by local diversity loss
will extend to the metacommunity and landscape scales, highlighting
the need to restore biodiversity at multiple spatial scales to maintain
ecosystem stability®>. We also suggest the urgency of protecting old-
growth forests to ensure forest ecosystem services provisioning under

network of permanent plots to observe spatial and temporal patterns
of forest resources across the United States, with a sampling intensity
of approximately one plot every 2428 ha. Each plot contains four cir-
cular subplots of a 7.32 mradius, with one subplot located in the center
and the other three subplots 36.6 m apart from the central subplot in a
triangular arrangement (Supplementary Fig. 2). The national hier-
archical framework of ecological units assigned each plot to an ecor-
egion with similar climatic regime and topography, and potentially
similar forest type and other abiotic factors (e.g., soil and
physiography)®. Within each plot, diameter at breast height (DBH) and
species identity were recorded periodically between 1995 and 2022 for
all stems with DBH>12.7cm. FIA calculated the individual above-
ground volume based on species and region-specific DBH-volume
equations and then calculated the aboveground biomass based on
species-specific density information®. The stand age at the plot level
was estimated by counting growth rings on increment cores taken
from two or three dominant or codominant trees in the stand-size class
(three stand-size classes with minimum DBH values of O cm, 12.7 cm,
and 22.9 cm) with the highest canopy cover. If the overstory contained
a wide range of tree species, field crews tried to select the trees
accordingly and calculated the weighted average stand age based on
canopy cover.

We used the following screening criteria: 1) plots followed stan-
dardized production and survey methods; 2) plots were distributed in
natural forests with no artificial (e.g., silvicultural treatments and
selective logging) or natural disturbances (e.g., fire and insect out-
breaks) recorded; 3) trees were present in all four subplots; 4) species
names were recorded for all trees in the plot; 5) there were at least four
measurements (i.e., at least three productivity measurements) with
stand age recorded to calculate temporal stability. This left us with 2,
866 plots (Fig. S21, stand age: 65.6 +22.3 years, mean * s.d.) with 89,
309 trees and 134 tree species (Fig. SI; 25.85°N-48.86°N, 67.13°W-
96.30°W). All plots were situated in the eastern region of the United
States, as longer survey intervals and more frequent natural and arti-
ficial disturbances removed plots in the western region. Among the
2886 plots included in the study, 1893 were measured four times, 940
were measured five times, and 53 were measured six times. The
observational period ranged from 11 to 24 years (17.0 + 2.6 years). The
observational interval was 5.05 + 1.36 years. Mean annual temperatures
(MAT) ranged from 3.2°C to 24.1°C and mean annual precipitation
(MAP) ranged from 51.4 to 150.7 cm.

Temporal stability components

Biomass productivity was calculated as the biomass growth of sur-
viving trees and in-growth by new recruitment trees between two
consecutive censuses divided by interval time. We regarded each
subplot as a local community and each plot containing four subplots as
a metacommunity. Following the multiscale stability theory®™°, tem-
poral stability at the metacommunity scale is equal to the temporal
stability at the local scale times the spatial asynchrony among local
communities.

i kM k

1
Dok 200V kk @
Do) 2o Vi kk

local stability =

) b spatial asynchrony = (2)
climate change threats®*®. \/m
Methods
Study area and forest inventory data metacommunity stability = local stability x spatial asynchrony
We accessed the dataset from the United States Department of Agri- i ki k 3)
culture’s Forest Inventory and Analysis (FIA) program (available at = 5 o
https://www.fia.fs.usda.gov/tools-data/). The FIA program used a Lk 175 kL
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where i, j, k, [ mean species i and j, and local community k and [,
respectively. 1;, means the mean productivity of species i in the local
community k during the survey; >~ (; , means the summing average
productivity of all species in four local communities in a meta-
community; v; i means the productivity covariance between species i
and species j in local community k during the survey; 3=, ;v; ( means
the summing productivity covariance between all species pairs in a
local community k; v, means the productivity covariance between
species i in local community k and species;jin local community [ during
the survey. 3=, ; Uy «,; Means the summing productivity covariance
between all species pairs in a metacommunity. Local stability measures
the degree of productivity fluctuations over time at the local com-
munity scale. It is always greater than 0, with higher values indicating
less fluctuation and greater stability. Metacommunity stability assesses
productivity fluctuations over time at the metacommunity scale. It is
greater than 0, with larger values signifying less fluctuation and more
stability. Spatial asynchrony refers to the variability in productivity
among different local communities within one metacommunity. This
value is greater than or equal to 1, with a value of 1 indicating consistent
changes in productivity across all local communities, while larger
values signify more inconsistent changes. Similarly, local stability
equals species stability times species asynchrony.

ik
> k/Tii kk

species stability = “)

> i kN/Vii, kk 5
Dok 200,V kk )

where p;, means the mean productivity of species i in the local com-
munity k during the survey; v;;» means the productivity variance of
species i in the local community k during the survey. 3, ;. /Uy 1 means
the summing productivity standard deviation of all species in local
community k. Species stability denotes the fluctuational degree of
productivity over time for all species within one local community. It is
always greater than O, with higher values indicating less fluctuation
and greater stability. Species asynchrony denotes the variability in
productivity over time among different species within one local
community. This value is greater than or equal to 1, where 1 represents
a consistent change in productivity over time across all species, and
larger values indicate more inconsistency.

species asynchrony =

Functional traits

We selected five functional traits, which were considered to reflect tree
resource acquisition strategy and how trees respond to climate
change***8, including specific leaf area (SLA, mm? mg?), leaf dry matter
content (LDMC, mg g%, wood density (WD, g m?), nitrogen content
per leaf mass (Nmass, mg g%) and phosphorus content per leaf mass
(Prmasss mg g"). We obtained species mean trait values from the TRY
database®® and then replaced missing trait values with genus-level
means, but 1.5%-11.9% of trait values were still missing. We constructed
the phylogenetic tree for the 134 species in our dataset and obtained
the phylogenetic distance matrix based on the ‘V.PhyloMaker
package®’. We used the random forest algorithm containing the first 10
eigenvectors calculated from the phylogenetic distance matrix to
impute the remaining missing trait values based on the ‘Missforest
package’®. We calculated the community-weighted trait means (CWM),
using the relative basal area as the weighting factor to reflect func-
tional strategies at the plot level'. Subsequently, we performed a
principal component analysis (PCA) based on the CWMs of five traits
(Supplementary Fig. 22A). CWMp¢;, which explained 56.7% of the var-
iation, was positively correlated with CWMs s, CWMpymass, and
CWMpmass, and negatively correlated with CWM, pyvc, indicating traits
associated with acquisitive growth strategies; CWMpc,, which

accounted for 20.4% of the variation, was negatively correlated with
CWMyp, reflecting stress intolerant strategies.

Quantification of biodiversity and environmental drivers

We calculated functional dispersion, i.e., the mean distance of each
species to the abundance-weighted centroid of all species in a func-
tional multidimensional space, as the measure of functional diversity”.
Specifically, local functional diversity was measured as mean func-
tional dispersion based on the above five functional traits in local
subplots across all observation years. Metacommunity functional
diversity was measured as mean functional dispersion at the meta-
community across all observation years. Functional dissimilarity
among local communities was defined as the ratio of metacommunity
functional diversity to local functional diversity®®. Similarly, we also
calculated the Shannon diversity index to strengthen the robustness of
our results.

To control the influence of the regional environment on stability,
we extracted the following environmental variables as covariates to
study the trend of stability with stand age. Monthly mean temperature,
potential evapotranspiration, and precipitation between 1997 and
2022 were derived from a gridded multivariate climate dataset with a
resolution of 0.5° x 0.5°72. We then calculated the long-term average of
climate moisture index (CMI) and mean annual temperature (MAT)
between 1997 and 2022. CMI was equivalent to annual precipitation
minus annual potential evapotranspiration and represented climate
water availability. To measure the interannual fluctuations of climate
during the survey, we also calculated the coefficients of variation of the
annual mean temperature (CVT) and climate moisture index (CVM).
Additionally, plot-level information on key soil properties [pH in H,O
(pH), organic carbon content (g kg’, SOC), total nitrogen (g kg7,
TOTN), cation exchange capacity (cmol kg?, CEC) of the 0-30 cm soil
horizon] was obtained from SoilGrids’. A principal component ana-
lysis was performed using these four soil properties to assess overall
soil conditions (Supplementary Fig. 22B). The first principal compo-
nent (Soilpc;), which explained 69.9% of the variation and showed
positive associations with TOTN, SOC, and CEC, and the second prin-
cipal component (Soilpcy), explaining 18.2% of the variation and
negatively associated with pH, were ultimately selected.

Statistical analyzes

To explore how five temporal stability components (metacommunity
stability, local stability, spatial asynchrony, species stability, and spe-
cies asynchrony) and three diversity components (local and meta-
community functional diversity, and functional dissimilarity among
local communities) change with stand age, we fitted the following
linear mixed effects model using the ‘lme4 package with restricted
maximum likelihood estimation’*:

Stability,/Diversity, = B; x SA; + B, X MAT, + B5 x CMI, + B, X Soilpcy;
+Bs xSoilpcy; + B X CVT; + 7 xCVM; +11;+¢
(6)

where i is ith plot; S is the estimated coefficients in the model; Stability;
means five temporal stability components in ith plot; Diversity; means
three diversity components in ith plot; SA; is the mean stand age of all
observed years in ith plot; MAT;, CMI;, CVT;, and CVM; are mean annual
temperature, climate moisture index, and the coefficients of variation
of the annual mean temperature and climate moisture index in ith plot,
respectively; Soilpc; and Soilpc, are the soil properties in two axes
based on PCA (Supplementary Fig. 22B). m; is a random ecoregion
effect accounting for site-specific regional climate and geology; ¢ is a
random error. Considering the potential non-linear relationship
between stability and stand age, we performed logarithmic and
quadratic transformations on stand age based on Akaike Information
Criteria (AIC; Supplementary Table S3). All transformations indicated
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that multiscale stability decreased with succession (Supplementary
Fig. 23). To maintain the accuracy of the original data, we report the
results without transformation in the main text. All predictor variables
were scaled to facilitate coefficient comparison. Similarly, we also
fitted univariate linear mixed models to test how functional diversity
affects ecosystem stability at multiple spatial scales.

To explore direct and indirect drivers of variation in meta-
community stability with stand age, we fitted the piecewise structural
equation modeling using the ‘piecewiseSEM package based on the
priori theoretical framework (Supplementary Table 4 and Supple-
mentary Fig. 24)°”. Specifically, we examined how stand age directly
affected local functional diversity and functional dissimilarity among
local communities, and indirectly affected five temporal stability
components based on our linear mixed models with the ecoregion as
the random factor. We started with the conceptual model (Supple-
mentary Fig. 24), included potential pathways if these pathways
improved model fit (P<0.05 for Shipley’s d-separation test), and tes-
ted global model fit using Fisher’s C statistic (P> 0.05). Standardized
path coefficients were calculated for coefficient comparisons. Con-
sidering the changes in functional strategies with succession, we
similarly constructed another piecewise structural equation modeling
that emphasizes the effect of functional strategies on stability (Sup-
plementary Fig. 18).

To enhance the robustness of methodology and results, we con-
ducted the following sensitivity analysis: (1) to control the confound-
ing effects of directional trends (reduced productivity over time due to
individual aging and succession), we detrended productivity and cal-
culated corresponding stability components. Specifically, we replaced
the productivity covariance or variance as the standard deviation of
the residuals of the linear regression between productivity and mean
calendar year between two consecutive censuses (Supplementary
Fig. 4)*; (2) to address this limitation of space-for-time approach, we
fitted the relationship between multi-scale stability and stand age
separately in each ecoregion (Supplementary Fig. 5); (3) considering
the impact of time series length on temporal stability’®, we added
confounding variables (survey interval, observational frequency, initial
and final survey years) as fixed effects in the model 6 and evaluated the
relative variable importance using ‘dredge’ function in MuMIn package
(Supplementary Fig. 3, Supplementary Fig. 6, and Supplementary
Table S1); (4) considering the impact of long survey intervals on sta-
bility estimation, we sequentially removed plots with survey intervals
larger than 5 years and fit the relationship between multi-scale stability
and stand age (Supplementary Fig. 7); (5) considering changing tree
diversity during the observations, we fit the stability components with
the diversity in the initial year, the diversity in the middle year and the
diversity in the final year (Supplementary Fig. 12); (6) considering the
dependence of functional diversity on interspecific functional dis-
tance, we also calculated the functional dissimilarity among local
communities considering effective species number and refitted model
6 (Supplementary Fig. 13)”7; (7) we also added stand density and
structural complexity (calculated as the coefficient of variation of
individual DBH in the plot) into our analysis to control the effect of
stand structure on stability (Supplementary Fig. 8); (8) considering the
impact of mortality on productivity estimation, we calculate net bio-
mass change as biomass growth of surviving trees and ingrowth by
new recruitment trees minus biomass loss due to mortality, and fitted
the relationship between stability of net biomass change and forest age
(Supplementary Fig. 8). Meanwhile, we incorporated biomass loss due
to mortality into the structural equation model to study the impact of
mortality on productivity stability. (Supplementary Fig. 19); (9) we
designated each plot as the focal plot, selected its three nearest plots,
and treated these clustered four as a community at the larger scale’®.
Ultimately, we identified 809 communities at this scale, with a distance
of 17.9 £ 7.8 km between the four plots. We then conducted a similar
analysis to assess how temporal stability at the larger scale changes

with stand age (Supplementary Fig. 15). These sensitivity analyzes all
produced similar results to those in the main text. All statistical ana-
lyzes were performed in R (version 4.3.1).

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

Data availability

The the USDA Forest Service Forest Inventory and Analysis Database
were obtained at https://research.fs.usda.gov/products/dataandtools/
tools/fia-datamart. The CRU TS climate dataset were obtained at cru-
data.uea.ac.uk/cru/data/hrg/. The data used in our analyzes are avail-
able at Figshare (https://doi.org/10.6084/m9.figshare.25866238).
Source data are provided as a Source Data file. Source data are pro-
vided with this paper.

Code availability
R codes supporting our analyzes are available at Figshsre (https://doi.
org/10.6084/m9.figshare.25866238).
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