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ECOLOGY

Scale-dependent changes in ecosystem temporal
stability over six decades of succession

Yani Meng', Shao-peng Li'*, Shaopeng Wang?, Scott J. Meiners?, Lin Jiang*

A widely assumed, but largely untested, tenet in ecology is that ecosystem stability tends to increase over suc-
cession. We rigorously test this idea using 60-year continuous data of old field succession across 480 plots
nested within 10 fields. We found that ecosystem temporal stability increased over succession at the larger
field scale (y stability) but not at the local plot scale (a stability). Increased spatial asynchrony among plots

Copyright © 2023 The
Authors, some

rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

within fields increased y stability, while temporal increases in species stability and decreases in species asyn-
chrony offset each other, resulting in no increase in a stability at the local scale. Furthermore, we found a notable
positive diversity-stability relationship at the larger but not local scale, with the increased y stability at the larger
scale associated with increasing functional diversity later in succession. Our results emphasize the importance of
spatial scale in assessing ecosystem stability over time and how it relates to biodiversity.

INTRODUCTION

Unraveling the temporal dynamics of plant communities over suc-
cession has been a central goal of ecology over the last century (1-4).
Classical ecological theories posit that, as succession proceeds, plant
communities would develop toward a more steady state where eco-
system functions are relatively constant despite perturbations (5).
As a result, ecosystem temporal stability, a crucial dimension of
stability that quantifies the invariability of ecosystem properties
over time (6-8), has generally been assumed to increase during suc-
cession. This idea holds a central position in theories of succession
and the field of restoration ecology (9-12). However, despite its
widespread acceptance and intuitive appeal, this assumption
remains largely untested, in large part due to a paucity of long-
term continuous successional data.

Recent advances in succession research have highlighted that tra-
jectories and rates of succession may depend on the spatial scale
considered, as the ecological mechanisms responsible for succes-
sional processes vary across spatial scales (13—15). At larger
spatial scales, community dynamics tend to follow a deterministic
and predictable path, converging to steady-state conditions over
time (9). At smaller scales, probabilistic processes, such as dispersal
and demographic stochasticity, may dominate community assem-
bly, resulting in considerable community instability, even in later
successional stages (I, 14, 16). Thus, we hypothesize that ecosystem
temporal stability is less likely to increase with succession at the fine
local scale but more likely to increase over succession at sufficiently
larger scales.

Recently, a hierarchical framework has been developed to parti-
tion ecosystem temporal stability to its lower-level components (17,
18). Within this framework, community stability at the larger scale
(i.e., y stability) is determined by the average stability of all local

'Zhejiang Tiantong Forest Ecosystem National Observation and Research Station,
Institute of Eco-Chongming, School of Ecological and Environmental Sciences, East
China Normal University, Shanghai, 200241, China. 2Institute of Ecology, College of
Urban and Environmental Science and Key Laboratory for Earth Surface Processes
of the Ministry of Education, Peking University, Beijing, 100871, China.
3Department of Biological Sciences, Eastern lllinois University, Charleston, IL,
61920, USA. *School of Biological Sciences, Georgia Institute of Technology,
Atlanta, GA, 30332, USA.

*Corresponding author. Email: spli@des.ecnu.edu.cn

Meng et al., Sci. Adv. 9, eadi1279 (2023) 6 October 2023

communities (i.e., a stability) and spatial asynchrony across local
communities. Spatial asynchrony refers to the degree of asynchrony
in community dynamics across localities. This compensation effect
acts as a stabilizing mechanism, enhancing overall stability at the
larger scale. Similarly, a stability at the local scale is determined
by two components: species stability and species asynchrony.
Species stability reflects the average temporal stability of all
species within a local community, while species asynchrony repre-
sents the asynchronous population dynamics among these species.
This framework has been applied to various ecological systems, fa-
cilitating our understanding of the underlying processes of tempo-
ral stability across spatial scales (19-22). However, this framework
has rarely been applied to understand the stability of successional
systems (23).

Diversity has long been considered a major determinant of eco-
system temporal stability (24-26). A growing number of studies
have shown that increasing species diversity tends to increase eco-
system stability in various habitats (7, 27-31), although neutral and
negative effects have also been reported (32, 33). Classical succes-
sion theories predict a temporal increase in diversity potentially
leading to increased stability in later successional stages (5).
However, recent research has revealed that plant diversity does
not always increase over succession and may vary across spatial
scales (14, 34). Therefore, it remains largely unknown to which
extent changes in plant diversity across scales would contribute to
changes in temporal stability over succession. Furthermore, previ-
ous studies on biodiversity-stability relationships have focused
largely on taxonomic diversity, particularly species richness. Ecolo-
gists have recently begun to explore whether phylogenetic and func-
tional diversity are better predictors of community stability than
taxonomic diversity, as they are better at capturing the evolutionary
and ecological differences among species (35-37). If phylogenetical-
ly and functionally dissimilar species tend to co-occur more fre-
quently in later successional stages (38—40), then this could lead
to greater asynchronous dynamics among species and, in turn, in-
creased temporal stability. Conversely, if phylogenetically and func-
tionally similar species dominate later in succession (41), then we
might expect reduced asynchrony and temporal stability.
However, it remains unknown how changes in taxonomic,
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phylogenetic, and functional diversity over time relate to changes in
ecosystem stability over succession.

In this study, we use the long-term data from the Buell-Small old
field succession study to investigate how ecosystem temporal stabil-
ity across spatial scales changes with succession. Our study includes
10 abandoned agricultural fields, each containing 48 regularly dis-
tributed plots (of 1 m?) that were continuously monitored for over
60 years (fig. S1). This provides a unique opportunity to examine
changes in temporal stability from the local plot scale to the
larger field scale. We aim to examine (i) whether plant communities
become more stable during succession at both local and larger
spatial scales, and (ii) how the changes in taxonomic, phylogenetic,
and functional biodiversity affect the temporal stability over succes-
sion at the two spatial scales.

RESULTS

Temporal stability over succession across spatial scales
Ecosystem temporal stability, measured as the inverse of the coeffi-
cient of variation of plant cover for sequential 10-year rolling
windows, showed contrasting trends over succession at the two
spatial scales. Specifically, temporal stability increased with time
at the larger field scale (y stability) but not the local plot scale (a
stability) (Fig. 1, P = 0.018 for y stability and P = 0.429 for a stabil-
ity). The increased vy stability at the field scale was mainly driven by
an increase in spatial asynchrony among plots within the same field
over time (Fig. 2, A and B, P = 0.001). Conversely, at the plot scale,
the temporal increase in species stability (Fig. 2D, P = 0.004) was
offset by a decrease in species asynchrony (Fig. 2C, P = 0.009), re-
sulting in the nonsignificant relationship between a stability and
time. These results are robust to the use of either rolling windows
with different lengths of time intervals (from 8 to 14 years; fig. S2) or
non-overlapping time windows (fig. $3). Similar results were found
when data were detrended (figs. S4 and S5) and when different asyn-
chrony indices were used (fig. S6). Results were also qualitatively
similar when using successional age instead of the calendar year
(figs. S7 and S8). Moreover, by arranging the 480 plots into quadrats
of varying sizes, we found that the increase in temporal stability over
succession became more pronounced at larger quadrat scales, con-
firming the scale-dependent changes in ecosystem temporal stabil-
ity over succession (fig. S9).

Diversity-stability relationship across spatial scales

Atboth plot and field scales, species richness peaked at the mid-suc-
cessional stage (fig. S10, A, D and G). In contrast, phylogenetic di-
versity [measured as incidence- and abundance-based mean
pairwise phylogenetic distance (MPD and MPD,,)] and functional
diversity [measured as incidence- and abundance-based mean pair-
wise functional distance (MFD and MFD,;,)] significantly increased
over time (fig. S10, B, C, E, F, G, and H). Therefore, fewer, but phy-
logenetically and functionally more dissimilar species, co-occurred
later in succession (fig. S10). However, the diversity-stability rela-
tionships varied between the plot and field scales. At the field
scale, functional diversity consistently increased ecosystem tempo-
ral stability (Fig. 3, A and D) and was identified as a better predictor
of y stability than taxonomic and phylogenetic diversity in both uni-
variate and univariate models (tables S1 and S2). This result indi-
cates that high temporal stability of the fields in late successional
stages is strongly associated with their high functional diversity in
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these stages. Similarly, we found general positive relationships
between spatial asynchrony and { diversity of the 48 plots within
each field (Fig. 3, B and E), and functional { diversity was identified
as a better predictor of spatial asynchrony than taxonomic and phy-
logenetic B diversity (table S1), indicating the strong stabilizing
effects of the increased functional dissimilarity among plots later
in succession. In contrast, at the plot scale, changes in a stability
were not associated with changes in a diversity over succession, re-
gardless of whether taxonomic, phylogenetic, or functional diver-
sity measures were used (Fig. 3, C and F). Specifically, the
opposing effects of a diversity on species stability and species asyn-
chrony generally cancelled each other out, resulting in a nonsignif-
icant relationship between diversity and stability at the plot scale
(fig. S11 and table S1).

We then constructed a structural equation model (SEM) to elu-
cidate the influences of biodiversity changes over succession on eco-
system temporal stability across spatial scales. Our SEM showed
that, at the field scale, increasing functional P diversity later in suc-
cession significantly enhanced y stability primarily by promoting
spatial asynchrony among plots (Fig. 4C and fig. S12). In contrast,
at the plot scale, an increase in functional a diversity led to higher
species stability, but this stabilizing effect was counteracted by
reduced species asynchrony as functional a diversity increased in
later successional stages, resulting in a weak relationship between
functional diversity and stability at the plot scale (Figs. 3F and
4C). Consequently, the stronger stabilizing effects of functional
diversity on spatial asynchrony, coupled with the weaker stabilizing
effects of functional a diversity on a stability, led to the emergence
of a positive diversity-stability relationship at the field scale but not
at the plot scale.

DISCUSSION

Ecosystem temporal stability has long been a central topic in
ecology, due to its vital role in maintaining sustainable ecosystem
functioning and services to humanity. Although there is growing
interest in understanding how stability varies across time and
space, there remains a dearth of data available to directly assess
the changes in temporal stability over long time periods. In addi-
tion, much research on temporal stability across spatial scales has
relied on the artificial aggregation of separate local communities
(19-21), and empirical studies sampling at nested spatial scales
data have been rare [but see (42, 43)]. By leveraging the well-repli-
cated and fully nested time series on 60 years of succession, we
provide unequivocal evidence that ecosystem temporal stability in-
creased with succession at the larger field scale but did not system-
atically increase at the local plot scale. These results highlight the
necessity of considering spatial scale to better understand ecosystem
dynamics over time.

At the larger scale, we found that y stability monotonically in-
creased with succession (Fig. 1A), primarily due to increased
spatial asynchrony among local communities (Fig. 2A). Early in
succession, different plots shared similar pioneer species that
formed a single vegetation layer, which synchronized their respons-
es to environmental fluctuations. Therefore, a stability of local plots
almost directly scaled up to determine the y stability of the field
(Fig. 2A). However, as succession proceeds, the effects of factors
such as dispersal limitation, habitat heterogeneity, and demograph-
ic stochasticity may become more pronounced over time, causing
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Fig. 1. Temporal trends in y and a stability. y stability (A), but not a stability (B),
significantly increased over time during the 60-year succession. Points show 10-
year temporal stability averaged across all observed fields (y stability, A) or tempo-
ral stability averaged across all 48 plots among 10 fields of the same period (a
stability, B). Error bars represent SEs. The x axis represents the initial year in each
10-year rolling window. Temporal trend lines, obtained from linear models ac-
counting for temporal autocorrelation, are solid if significant (P < 0.05) and
dashed if not significant.

local plots to develop in progressively divergent trajectories (15). In
our study, the local plots within each field significantly diverged
over time, resulting in distinct vegetation assemblages in later suc-
cessional stages (14). These dissimilar plots exhibited strong asyn-
chronous responses to environmental fluctuations, characterized by
high spatial asynchrony, which predominantly contributed to the
increased y stability during later successional stages (Figs. 2B and
4C). These results contrast with recent grassland studies that
covered short observational periods (i.e., typically range from 3 to
5 years), which found that a stability has a greater effect on larger
scale y stability than spatial asynchrony (19, 20, 44). This discrep-
ancy may result from our focus on a successional system over a
much longer time scale, which enables local plots to diverge in
both environmental conditions and community structures, result-
ing in greater asynchronous responses among them (14). Recent
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studies highlighted that the strong stabilizing effects of spatial asyn-
chrony are more likely to emerge in relatively large spatial scales
with greater spatial heterogeneity and species turnover (42, 43,
45). Our results extend these findings and suggest that long tempo-
ral scales are critical to capture the stabilizing effects of spatial asyn-
chrony in empirical studies.

Furthermore, we detected a positive diversity-stability relation-
ship at the larger scale, with functional diversity emerging as a su-
perior predictor of y stability (Fig. 3A and table S1). This finding
corroborates previous studies which demonstrated that functional
diversity explains more variation in ecosystem function and stability
than taxonomic diversity (37, 46, 47). In our study, taxonomic y di-
versity decreased but functional y diversity increased in later succes-
sional stages (fig. S10, A and C). As a result, fields in later
successional stages were characterized by the dominance of fewer
yet functionally dissimilar species (figs. S13 and S14). These
species, occupying a broader range of ecological niches, could
better buffer against environmental fluctuations, consequently con-
tributing to increased y stability (37, 48). Further, we showed that
the positive functional diversity-stability relationship at the larger
scale was mainly generated by the strong positive effect of functional
B diversity on spatial asynchrony (Fig. 4C). Specifically, different
plots in later successional stages were characterized by functionally
dissimilar species (figs. S13 and S14), resulting in greater asynchro-
nous responses of plots to environmental fluctuations, thereby gen-
erating increased y stability at the large scale. These findings
underscore that conserving functional diversity at the larger scale
should be prioritized during successional restoration.

In contrast, a stability at the local scale did not increase over time
(Fig. 1B), indicating that local plots within a field still showed con-
siderable variability later in succession. Early in succession, local
plots were dominated by short-lived herbaceous species and under-
went rapid species turnover (49). These early pioneer species
showed low species stability due to their fast growth rates and
short life spans but exhibited asynchronous and individualistic pop-
ulation dynamics in response to environmental fluctuations (50).
Therefore, species asynchrony generated by species compensation
and replacement within plots mainly contributed to community
stability at early successional stages (Fig. 2A). As succession pro-
ceeded, perennial shrubs and other woody species continued to col-
onize and ultimately dominate communities (49). These long-lived
species provided great species stability due to their low year-to-year
variation in individual growth (50, 51). However, they are more
likely to share the same ecological strategies adapted to local habi-
tats later in succession (52) and would therefore exhibit parallel re-
sponses to natural environmental fluctuations. Together, the
decreased species asynchrony and increased species stability can-
celled each other out, resulting in a nonsignificant stability-time re-
lationship at the plot scale.

We also detected a nonsignificant diversity-stability relationship
at the local scale (Fig. 3C). This result can be attributed to the non-
significant or opposing effects of diversity on species stability and
species asynchrony, which nullified each other (fig. S11). These
results confirm the recent theoretical predictions, empirical evi-
dence, and meta-analysis that found species stability and species
asynchrony are often governed by different ecological processes
and exhibit distinct relationships with diversity (8, 53). For instance,
although functionally dissimilar species co-occurred within the
same plot at the later successional stages, these species generally
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Fig. 2. Visualized temporal trends of species stability, species asynchrony, and spatial asynchrony over succession. In (A), the widths of the shades represent the
logarithm-transformed mean values of species stability (dark green), species asynchrony (bright green), and spatial asynchrony (dark yellow) within each 10-year time
interval. Mathematically, at the logarithm-transformed scale, the a stability can be viewed as the sum of species stability and species synchrony, and the y stability can be
viewed as the sum of a stability and spatial synchrony. Spatial asynchrony (B) and species stability (D) significantly increased, but species asynchrony (C) significantly
decreased over time. The x axis represents the initial year of each 10-year rolling window. Temporal trend lines were fitted using linear (B) and quadratic regression [(C) and

(D)] that account for temporal autocorrelation, respectively.

exhibited higher species stability but more synchronous population
dynamics, resulting in a nonsignificant functional diversity-stability
relationship at the local scale (Fig. 3F). Our study thus provides
compelling empirical evidence that the effects of functional diver-
sity on stability are scale dependent, with the stabilizing effects of
functional diversity being more pronounced at larger spatial
scales compared to within local plots. This emphasizes the impor-
tance of using sufficiently large sampling areas to capture the stabi-
lizing effects of diversity measures.

While being effective in demonstrating scale-dependent changes
in ecosystem temporal stability over succession, several limitations
of our study are worth noting. First, similar to recent studies (21,
42), we used total cover as a surrogate for ecosystem function in cal-
culating temporal stability. Further investigations using alternative
metrics, such as biomass, would be beneficial to generalize the ob-
served patterns. Second, our 1-m?* permanent plots may better
capture the dynamics of herbaceous species compared to woody
species. While our conclusions remained robust when organizing
plots into quadrats of different sizes (fig. S9), future studies could
benefit from using multiple nested plots to comprehensively char-
acterize species with different life forms at various spatial scales.
Third, we calculated functional diversity based on species-level
trait means, and our results could be strengthened by incorporating
intraspecific trait variation and plastic responses of species traits
over succession in future studies (54). In addition, factors like dis-
persal limitation, environmental heterogeneity, and demographic
stochasticity likely play crucial roles in regulating temporal stability
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and synchrony across spatial scales. Unfortunately, data on these
relevant covariates (e.g., soil nutrients) over succession were not
available in our study. Accounting for these factors in future re-
search could provide valuable insights into the underlying mecha-
nisms driving biodiversity-stability relationships across spatial
scales and offer useful implications for ecological restoration
during succession (55).

In conclusion, our findings provide strong evidence for the scale
dependence of the stability-time relationship and diversity-stability
relationship over long-term succession. These findings have impor-
tant implications for succession theory and restoration practice.
First, our study suggests that it is inappropriate to assume that
stability would always increase with successional development. It
is critical to rigorously evaluate the changes in ecosystem stability
using long-term and multiscale approaches. Second, we show that
although there was no positive diversity-stability relationship at the
local scale, it is critical to preserving biodiversity at larger scales,
where functional diversity is important for stabilizing meta-com-
munities. In particular, preserving functional § diversity among
local communities should provide stable and sustainable ecosystem
functions at broader spatial scales.

MATERIALS AND METHODS

Study sites and experimental design

Our study was based on 60-year time-series data from the Buell-
Small Succession Study (BSS), the longest continuous study
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Fig. 3. The diversity-stability relationships across spatial scales. Effect sizes of taxonomic, phylogenetic, and functional diversity on y stability (A), spatial asynchrony
(B), and a stability (C) were determined as standardized coefficients from univariate linear mixed-effects models that account for temporal autocorrelation, estimated
separately for each predictor variable. Solid circles indicate significant effects, and open circles indicate nonsignificant effects. Descriptions of the diversity indices are
provided in Materials and Methods. In addition, the regression trends of functional diversity-stability relationships are shown (D to F). y Stability and spatial asynchrony
were log;o-transformed. Colored points correspond to values of each field in each moving window. The conditional R? for each diversity index is reported. Regression lines
are solid if significant (P < 0.05) and dashed if not significant, while green bands represent a 95% confidence interval (Cl).

project on post-agricultural secondary succession (56). The BSS is
located in the William L. Hutcheson Memorial Forest Center of
New Jersey, USA (40°30'N, 74°34’W) and comprises 10 agricultural
fields (each 0.5 to 1 ha) abandoned in pairs from 1958 to 1966 (57).
Since abandonment, 48 permanent plots (0.5 m by 2.0 m) were es-
tablished within each field, resulting in a total of 480 plots. Plot ar-
rangement was regular in each field, with plots occurring over
approximately the same area within each field (fig. S1). This hierar-
chical experimental design offered a unique opportunity to assess
how the ecosystem temporal stability changes over succession
across spatial scales.

The plant species composition was surveyed in late July by visu-
ally estimating the cover for all species present in each plot with the
aid of a sampling frame. As plant canopies may overlap, total cover
in each plot may exceed 100%. Sampling was conducted every year
from 1958 to 1979 and then switched to alternate years since 1979,
with half of the fields (240 plots) sampled each year (58). To main-
tain even replication, we condensed the data into 2-year intervals,
merging data from odd-numbered years with the even-numbered
years that immediately preceded them. To quantify temporal
changes in stability, we analyzed 10-year rolling windows between
1958 and 2017 separated by 2-year intervals. Together, we calculat-
ed the temporal stability at both the field and plot levels for a total of
26 intervals (1958—1967 to 2008—2017). In addition, we also calcu-
lated temporal stability using multiple time intervals (from 8-year to
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16-year rolling windows) to see whether our results were robust to
the choice of time window length (fig. S2). We also quantified tem-
poral changes in stability using non-overlapping time intervals (e.g.,
1958-1967, 1968—1977, 1978-1987, 1988-1997, 1998-2007, and
2008-2017) to rule out confounding influences of temporal auto-
correlation (fig. $3). In addition, since the 10 fields were abandoned
in different years, analyses were also conducted on the basis of field
age instead of the calendar year, to remove the influence of aban-
donment times in our study (figs. S7 and S8). Our results showed
that the temporal patterns of stability and asynchrony at both field
and plot scales were robust to these different methodical choices;
therefore, we present results based on calendar year using 10-year
rolling window in the main text, and all other results are included in
the Supplementary Materials.

Temporal stability components

We regarded each plot within the field as a local community (a
scale), and each field contains 48 plots as a metacommunity at the
large scale (y scale). Following recent literature (21, 42), we calcu-
lated temporal stability using total cover as a proxy for ecosystem
function. Temporal stability indices at different spatial levels were
defined as the ratio of temporal mean to its SD of total cover at
each 10-year time interval. We calculated five temporal stability
components, including vy stability, a stability, species stability,
spatial asynchrony, and species asynchrony. For each field, y

50f 10



A B C
, Early stage Later stage R*=0.95
(orr00n FT7G7 % e e
pn / 2 @ Low ¥ stability High y stability
. e Sk S ¥ Stability
arger-scale / y 5 -
field of 2
[0y 000708 :
v 3
~ R=0.11
Low spatial asynchrony High spatial asynchrony S al
Constant o stability Constant a stability o Stability patia
2 Plot 2 asynchrony
o
Local-scale = \ /\ ’\ N & 7
lot 5 / \/ / '\J / \/ \J \ Ny &
¥ K R*=0.29 R =024
High species asynchrony  Low species asynchrony Species Species 0.33 ¥
Low species stability High species stability stability asynchrony
3 & >
S > K
y dg)- | /\\ | /\\ A e ‘%h,\ Q‘S’
Species ¥ ¥ o s I\ // \\/I \\I\ VAV Y
\ i 2 5 o e
K I Species 2 o Diversity B Diversity
MFD MFD
Early stage Later stage Over time ( ) B )
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field scale (y stability) and the local plot scale (a stability). (B) As succession unfolded, the increase in species stability was offset by a decrease in species asynchrony,
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significant paths (*P < 0.05, **P < 0.01, and ***P < 0.001). The widths of significant paths are scaled by standardized path coefficients. The a priori SEM and a full SEM with

all causal and correlated paths are provided in the Supplementary Materials (fig. S12).

stability represents the temporal stability of the total coverage of all
plots within the field. Similarly, a stability represents the stability of
community cover in each plot, which was calculated by taking the
average across the 48 plots within each field, weighted by the total
coverage of each plot. In addition, species stability was calculated as
the average population stability weighted by species coverage within
each plot and then averaged across all plots within the field. The
mathematical formulas are (59)

Dok ik

\/ Z:ﬁj,k.l Vij kl

D ik Wik

>k \/ Zt\j Vij kk

Dk Wik

Zi,k \/ Vii.kk
where ; , denotes the temporal mean of species i in local commu-
nity k, and v;; ;; denotes the temporal covariance between species i in
local community k and species j in local community /, respectively.

To account for directional changes in plant coverage during suc-
cession, we also calculated vy, a, and species stability using detrended
data to remove the potential influence of directional trends. At the
field level, detrending was performed by regressing the annually
measured field plant cover against the calendar year in each 10-
year time window and then calculating the variance of the residuals
of each regression (7). For each field, detrended vy stability was

y stability =

a stability =

Species stability =
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calculated as the 10-year mean plant cover divided by the detrended
SD. A similar approach was used to detrend a stability and species
stability for each plot and species. Stability with and without de-
trending produced consistent temporal patterns; consequently, we
present results of stability without detrending in the main text and
present detrended stability analyses in the Supplementary Materials
(figs. S4 and S5).

We then define species asynchrony as the ratio of a stability to
species stability and spatial asynchrony as the ratio of y stability to a
stability. These two asynchrony indices are vital contributors to
multispatial scale stability in a spatial hierarchical framework of eco-
system stability (17, 59). We also calculated three other species and
spatial asynchrony indices (60-62), to make sure that our results are
robust to the measures used (fig. S6).

To assess the influence of sampling scales on ecological stability
over time, the 480 plots were organized into non-overlapping quad-
rats of four different sizes: 10 m by 10 m, 20 m by 20 m, 30 m by 30
m, and 40 m by 40 m. In each resampling run, we randomly gener-
ated quadrats covering all fields for each quadrat size, ensuring that
the quadrats did not overlap and each quadrat contained at least one
plot. The coverage of all species within each quadrat was aggregated
to represent the coverage of the local community. This resampling
process was repeated 1000 times for each quadrat size. Subse-
quently, we calculated the average temporal stability among all
quadrats with the same size to obtain stability at the respective
spatial scales in each 10-year rolling window (fig. S9).

Community phylogeny and functional traits

We constructed a phylogeny for the 332 species that occurred in the
BSS during 1958-2017, using BEAST version 1.7.5 (63). Briefly, we
accessed GenBank database to acquire three sequenced genes (rbcL,
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matK and ITS), and one representative of the early diverging seed
plant Cycas revoluta was selected as an outgroup species. Sequences
were subsequently aligned using MUSCLE (64), and the optimal
nucleotide substitution model was determined according to
Akaike's Information Criterion (AIC) by jModeltest v.2.1. (65).
Complete details of phylogeny construction can be found in (39).
We selected nine functional traits related to plant growth, fun-
damental functional trade-offs, and successional strategy in our
analysis, including plant height, seed mass, specific leaf area
(SLA), leaf dry matter content (LDMC), growth form (graminoid,
forb, vine, shrub, and tree), life span (annual, biennial, and peren-
nial), pollination mode (biotic and abiotic), seed dispersal (biotic
and abiotic), and clonal reproduction (true and false). Plant
height, SLA, and LDMC are often associated with the competitive
ability and adaption strategy of plants to changing light environ-
ments and nutrient conditions during succession (50, 66). Seed dis-
persal, seed mass, pollination made, and clonal reproduction are
strongly related to the dispersal ability and colonization of species
(67). Leaf traits of each species, including SLA and LDMC, were col-
lected from 10 or more individuals within the study region when-
ever possible, following the protocols outlined by Cornelissen et al.
(67). Data on plant height, seed mass, and all five categorical traits,
as well as any missing leaf traits, were obtained from open databases
and primary literature [e.g., US Department of Agriculture Plants
Database and TRY Plant Trait Database; (68, 69)]. To visualize
the shifts in functional trait spaces during succession, we performed
a principal components analysis (PCA) using the four continuous
traits for each year (fig. S13). For the PCA, we performed phyloge-
netic trait imputation to fill the missing trait data using the random
forest algorithm with the missForest (70) package in R 4.0.4 (71).

Multiple facets of diversity

For taxonomic diversity, we apply a unified diversity concept based
on Hill numbers with different order q to estimate a and y diversity
(72). When q = 0, the metric is identical to species richness; when g
= 1, itis identical to the exponential of the Shannon index; when g =
2, it is the inverse Simpson index. At the plot scale, we defined a
diversity as averaged Hill numbers of diversity per plot. At the
larger field scale, y diversity was calculated as the total Hill
numbers across all plots for each field. Taxonomic B diversity,
which represents the compositional dissimilarity of plots within
each field, was calculated as the mean pairwise Jaccard, Serensen,
and Bray-Curtis dissimilarity indices between the 48 plots within
each field.

For phylogenetic diversity, we used the MPD and MPD,, as
measures, and MPD,;, was weighted by the coverage of species. Spe-
cifically, phylogenetic y diversity was measured as MPD and MPD,,
of the whole field, phylogenetic a diversity was measured as MPD
and MPD,,, of each plot, and phylogenetic p diversity (BMPD and
BMPD,;,) was measured as mean pairwise comparisons of MPD
between the taxa of the 48 plots within each field. We used an iden-
tical framework to calculate functional a, B, and y diversity (e.g.,
MFD, MFD,;,, BMFD, and PMFD,;,), using functional distances
among species instead of their phylogenetic distances. The func-
tional distance was calculated as Gower distance based on the
nine traits to represent the distances of species in multivariate
trait space. We also calculated functional dispersion of each contin-
uous trait, as well as their combination, to assess the temporal
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changes in the dispersion of functional traits in multidimensional
space at the field scale.

All diversity metrics were calculated for each sampling year, and
the mean values of each 10-year window were used in subsequent
analyses. The analyses were performed using the vegan (73), picante
(74), and FD (75) packages in R.

Statistical analyses

To explore how stability changed over succession at larger and local
scales, y and a stability were modeled, respectively, as functions of
the initial sampling year of each 10-year window, using generalized
least squares (GLS) regression. Similarly, we used linear and qua-
dratic GLS models to assess how spatial asynchrony, species asyn-
chrony, and species stability change over succession. To account for
potential temporal autocorrelation in the time series residuals, we
specified a first-order autoregressive (AR1) correlation structure
in these GLS models.

To examine whether and how the temporal change of stability
was related to the change of diversity at both local and larger
scales, we performed univariate linear mixed-effect models
(LMMs) using the nlme package (76) in R. The LMMs modeled dif-
ferent temporal stability components, calculated over sequential 10-
year rolling windows, as functions of the average diversity within
each rolling window. Field was included as a random factor in all
LMMs, and an ARI correlation structure was used to account for
temporal autocorrelation. Specifically, y stability was fitted as a
function of taxonomic, phylogenetic, and functional y diversity
measures, and spatial asynchrony was fitted as a function of taxo-
nomic, phylogenetic, and functional B diversity measures. The re-
sponse variables were log;,-transformed in LMMs to ensure the
normality of residuals and homogeneity of variance. Similarity, a
stability, as well as species asynchrony and species stability, was
fitted as functions of multiple facets of a diversity (including Hill
numbers, MPD, MPD,;,, MFD, and MFD,;,). Marginal and condi-
tional R values of these univariate models were calculated using the
MuMIn package (77), and the standardized coefficient of each var-
iable was calculated and compared using the effectsize package (78)
in R.

To further investigate the relative importance of taxonomic, phy-
logenetic, and functional diversity measures on different stability
components, we also fitted multivariate LMMs for each stability
component. Before the regression analyses, we checked the correla-
tion between diversity indices at the a, B, and y levels, respectively,
to identify potential multicollinearity among diversity indices (fig.
S15). Highly correlated diversity indices (here, Pearson’s r > 0.7)
were alternatively included in our multivariate models. The same
random effect and autocorrelation structure were used for multivar-
iate LMMs, and the model with the lowest corrected AIC was iden-
tified as the best-fitting model. For the best model, we assessed the
variance inflation factor (VIF) to evaluate the risk of multicollinear-
ity, ensuring that all selected predictors had VIF < 3.

In addition, we constructed a SEM to disentangle direct and in-
direct drivers of y stability at the larger spatial scale, based on the a
priori theoretical framework [fig. S12A; (18)]. Specifically, we exam-
ined how functional a and B diversity (i.e., MFD and Byrp) directly
and indirectly affected the different components of temporal stabil-
ity, as functional diversity emerged as a superior predictor of stabil-
ity components in our univariate and multivariate models (tables S1
and S2). To avoid potential confounding effects, we excluded the
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successional year from the a priori model due to its significant cor-
relation with diversity throughout the succession. The SEM was
fitted using LMMs with the field as the random effect and incorpo-
rating temporal autocorrelation structure in each model using the
piecewiseSEM package (79). The global model fit was assessed via
Fisher's C statistic (P > 0.05), and Shipley's test of d-separation was
used to ensure that we did not miss any potential pathways.

Supplementary Materials
This PDF file includes:

Figs. S1to S15

Tables S1 and S2
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