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Abstract

Global change drivers alter multiple components of community composition, with cascading impacts on ecosystem stability.
However, few studies have examined the complex interplay between global change drivers, synchrony, and diversity, especially
over long-term successional dynamics. We analyzed a 22-year time series of grassland community data from Cedar Creek,
USA, to examine the joint effects of pulse soil disturbance and press nitrogen addition on community synchrony, diversity, and
stability during transient and post-transient periods of succession. Using multiple regression and structural equation modeling,
we found that global change drivers decreased both synchrony and stability, thereby decoupling classic theoretical relationships,
such as the portfolio effect. While the effect of soil disturbance weakened through time, nitrogen addition induced unexpected
dynamics with maintained long-term impacts on composition, synchrony, and stability. Our findings underscore the need for

long-term data and a comprehensive approach when managing ecosystems under ongoing global environmental changes.
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Abstract

Global change drivers alter multiple components of community composition, with
cascading impacts on ecosystem stability. However, few studies have examined the complex
interplay between global change drivers, synchrony, and diversity, especially over long-term
successional dynamics. We analyzed a 22-year time series of grassland community data
from Cedar Creek, USA, to examine the joint effects of pulse soil disturbance and press
nitrogen addition on community synchrony, diversity, and stability during transient and
post-transient periods of succession. Using multiple regression and structural equation
modeling, we found that global change drivers decreased both synchrony and stability,
thereby decoupling classic theoretical relationships, such as the portfolio effect. While the
effect of soil disturbance weakened through time, nitrogen addition induced unexpected
dynamics with maintained long-term impacts on composition, synchrony, and stability.
Our findings underscore the need for long-term data and a comprehensive approach when

managing ecosystems under ongoing global environmental changes.

Introduction

Global change drivers such as agricultural disturbances, fertilization, atmospheric nutrient
deposition, and warming temperatures threaten ecosystems around the world (Pounds
et al., 2006; [Stevens et all |2010; [Pachauri et al., [2014). Global change drivers alter
multiple community assembly processes, ultimately altering the maintenance of species
richness and the stability of biomass production (Tilman| 1985 [Muehleisen et al., [2022),
with simultaneous global change drivers yielding strong, interactive effects (Zhu et al.
2016 |Collins et al., 2022; Komatsu et all 2019). While the independent and interactive
effects of global change drivers on ecological diversity and stability have been well explored

(Tilman| [1985; |Komatsu et al.l 2019; |Avolio et al., 2021), the impact of multiple
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interacting drivers on temporal community dynamics are less understood, particularly
contrasting observed short-term effects to those observed over long time series (Valencia
et al.l 12020a; Ebel et al.| 2022). Yet, long-term temporal community patterns, such as
changes in synchrony (e.g. correlations in temporal fluctuations in species’ abundances) or
temporal trends in the magnitude and direction of global change drivers, play critical roles
in predicting global change effects on ecosystem dynamics.

Global change drivers commonly impact community composition, including diversity
and evenness patterns. For example, increased nutrient loading in grassland communities
shifts competitive hierarchies by decreasing native biodiversity and increasing invasive
species dominance (Stevens et al.,|2004; Borer et al.}|2017;|Tilman| |1985| Seabloom et al.,
2020). These changes in dominance and local extinction events are driven by species’ direct
responses to global change and environmentally-induced changes in species interaction
strengths (Collins et al.}|2022; Weiss-Lehman et al.l 2022). Therefore, shifting community
compositions likely result from multiple consequences of global change, including species
loss/gain, changes in evenness, and species reordering, which can occur on different
timescales (Avolio et al., |2021). Furthermore, shifts in community composition under
olobal change often negatively impact ecosystem stability (Tilman et al., |1996; Hautier
et al.} |2015)); for example, fertilization increased interannual variability of biomass across
global grasslands (Carroll et al.,|2022).

While previous global change studies have emphasized changes in species abundances
and community composition, temporal dynamics such as community synchrony are also
impacted by environmental changes. Community synchrony quantifies correlations in
temporal fluctuations in species’ abundances and strongly depends on species interactions
and responses to environmental conditions (Loreau & de Mazancourt} [2013). Highly
synchronous dynamics can arise from shared responses to environmental fluctuations,

destabilizing aggregate community properties, like total biomass (Tilman & Downing,
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1994} |Ives et al.|[1999; Valencia et al., [2020a). Conversely, compensatory dynamics are the

tendency for periods of low abundance of some species to be offset by high abundance in

other species and are often driven by strong competition or opposing responses to

environmental fluctuations, thereby increasing stability (Ives et al., [1999; Yachi & Loreau,

1999; |Loreau & de Mazancourt, 2013). Theory predicts that shifts in dominance and

species richness alter temporal stability via changes in synchrony (Doak| [1998; Tilman,

. Higher richness increases a community’s portfolio and the likelihood of species
responding differently to fluctuating environments, decreasing synchrony and increasing
stability. If global change drivers impact portfolio effects, they could have downstream
repercussions on synchrony and stability.

Synchrony is influenced by timescale-dependent shifts in composition, lagged community

responses, and interactions among multiple global change drivers (Komatsu et al.l 2019;

Downing et al., [2008; Shoemaker et al.| 2022} |Sheppard et al.||2016). Timescale-specific

correlations among interacting environmental drivers can further affect the magnitude of

synchrony (Desharnais et al., [2018), motivating the need to examine the effects of global

change on community dynamics using long-term data. It is important to examine these
interdependent changes in synchrony, biodiversity, and stability across long time series, as
certain drivers, such as pulse disturbances (e.g., drought, fire, or tilling), can co-occur with
ongoing press disturbance (e.g., atmospheric nitrogen deposition, warming). For example,

long-term experiments show that disturbance may impact community composition (Valencia

et al.l|2020b; DeSiervo et al.,[2023), while interactive effects with other global change drivers

could determine long-term competitive dominance and resilience (Komatsu et al.| 2019).

Studies show conflicting relationships between global change, biodiversity, and synchrony,
including weakly decreased synchrony across a meta-analysis of multiple treatments (Valencia
2020a)), decreased synchrony with climate variability (Gilbert et al.}|2020), increased

synchrony with drought (Ebel et al.|2022)), and changes in community richness, evenness, and
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synchrony mediating global change effects on stability (Gu et al.}|2023). These conflicting
results may stem from differences in the timespans of studies, as community relationships
shift through time and new effects appear late in succession.

Understanding synchrony and stability in grasslands is crucial due to their significant
roles in food supply (O’Mara) [2012)), carbon sequestration (Soussana et al., 2004), and
other ecosystem services (Bengtsson et all [2019). Temperate grasslands face extensive
land-use alterations (Mock| (2000 [Newbold et al., [2016), while contending with widespread
nutrient increases from agricultural runoff and atmospheric nitrogen deposition (Gruber &
Galloway), 2008)). Here, we examine how multiple global change drivers—nitrogen addition
coupled with soil disturbance—impact grassland community synchrony, stability, and
diversity across successional timescales. We use data from a 22-year fully factorial
grassland experiment at the Cedar Creek Ecosystem Reserve in Minnesota, USA. We build
on previous work from Cedar Creek showing changes in species richness and community
composition under disturbance and nitrogen addition (Seabloom et al.||2020), and that the
system recovered to novel, nutrient-mediated equilibria after approximately a decade of
transient dynamics (DeSiervo et all 2023). We ask: (1) How do disturbance and nitrogen
addition alter community synchrony? (2) To what extent do community properties of
richness, evenness, and synchrony jointly alter community stability with multiple global
change drivers? and (3) How do these relationships change through succession? We
hypothesized that disturbance would increase community synchrony (Table H6), but
nitrogen addition may increase or decrease synchrony (Table [S1} H2), dependent on
changes in species interactions. Nitrogen addition and soil disturbance were expected to
decrease stability (Table [S1) H1, H5) by increasing biomass in favorable years of growth
(Lee et al.||2010), leading to larger synchronized booms and busts in species biomass. We
also expected decreased richness due to nitrogen addition and disturbance (Seabloom et al.|

2020) would decrease stability due to portfolio loss (Lehman & Tilman||2000; |Loreau et al.,
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2021} Doak} 1998).

Materials and Methods

Study Site and Data Collection

We used annual above-ground biomass data collected for 22 years (1982 - 2004) from
long-term grassland experiments at the Cedar Creek Ecosystem Science Reserve in
Minnesota, USA. The system has sandy soils naturally deficient in nitrogen (N). Mean
annual temperature averaged across the 22 years was 6.7°C (£ 0.02 SE), and mean annual
precipitation was 818 mm (£ 35 SE).

We briefly describe the experiment, with additional details in Tilman| (1987) and
Seabloom et al.| (2020). In 1982, identical nutrient addition experiments were established
within two grids (35 x 55 m), replicated in three agricultural fields that were abandoned in
1968 (Field A), 1957 (Field B), and 1934 (Field C). Old field vegetation was left intact in
one grid within each field (E001) (Tilman, 2021b), while the other grid was disked to
disturb the soil and restart succession in the spring of 1982 (E002) (Tilman, 2021a). Each
grid was split into 54 vegetation plots (4 X 4 m) for a total of 324 plots. Six replicate plots
within each grid received one of nine nutrient addition treatments annually. Nutrient
addition treatments included a control (no nutrient addition), micronutrients (x) only, and
seven levels of nitrogen addition plus p: 1.0, 3.4, 5.4, 9.5, 17.0, and 27.2 g N - m? - year™!.
Nitrogen was added annually as NH4;NOj3, and micronutrients (u) consisted of P, K, Ca,
Mg, S, and citrate-chelated trace metals (see Supplementary Methods for detailed

1 as our control for analyses to

micronutrient amounts). We used the 0 g N 4+ - m? - year”
hold the addition of micronutrients constant (see Supplementary Methods, Comparison of
Control Conditions).

Above-ground biomass was clipped annually in a 10 x 300 cm strip, sorted to species,

7
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dried, and weighed to the nearest 0.01 g. All plots were sampled annually from 1982 to
2004, except for 1995 (only E001 sampled), 2001 (only E001 sampled), and 2003 (only
E001 and Field C in E002 sampled). From 1992 onwards, three plots were randomly
assigned to different nutrient cessation or burning treatments in each field. These plots
were omitted from our analyses, resulting in 216 total. We analyzed species level and
aggregated community biomass, removing woody species except for low-lying shrubs (see
Supplementary Methods, Data Cleaning). Finally, we visualized annual time series data for
the most abundant species of six functional groups (C4 grasses, C3 grasses, annual and
perennial non-leguminous forbs, legumes, and low-lying shrubs) in intact and disturbed

1

treatments under control (0 g N - m? - year!) and 9.5 ¢ N - m? - year! conditions to

understand temporal trends in biomass.

Long-Term Time Series Analyses

We investigated how synchrony, stability, and their relationship depended on nitrogen
addition and soil disturbance across the full 22-year time series. We quantified community
synchrony using the classic variance ratio (VR), which compares community-level temporal
variance (numerator) to the sum of individual population variances (denominator)
(Schluter} |1984; Houlahan et al., 2007;|Hallett et al.}|2014; Loreau & de Mazancourt, |2008).

The variance ratio is determined as:

ar(C(t
> iz var(Fi(t))
Where P;(t) is the above-ground biomass of species i = 1,..., N, and the variance is
calculated over time ¢t = 1,...,T. The temporal variance of the aggregate community

biomass, var(C'(t)) is further calculated as:

var(C(1)) = 351, var(Pi(8)) + 2320 Y2704 cov(Bi(t), B (1))
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Thus, the covariances move the ratio away from 1, where a variance ratio greater than 1
indicates synchronous dynamics, or positive species covariance on average over the pairwise
species comparisons, and a variance ratio less than 1 indicates compensatory dynamics, or
negative species covariance on average.

We quantified ecosystem stability as the inverse coefficient of variation (Tilman, {1999):
T

cvlt==Ct 2

! )

where y represents the mean annual biomass of the community, and o represents the temporal
standard deviation of community biomass. Synchrony and stability were calculated using
the codyn package (Hallett et al.| 2016), and all statistical analyses were conducted in R
version 4.3.1 (R Core Team, 2020).

To investigate the joint effects of nutrient addition and soil disturbance on synchrony
and stability, we fit multiple regression models for each response variable (synchrony,
stability), including an interaction effect between nitrogen addition (continuous) and
disturbance (categorical). We included field (categorical) as a fixed effect and grid
(categorical) as a random effect in all models. We compared linear versus quadratic fits
across the nitrogen gradient for synchrony and stability models to account for potential
non-linear relationships. We determined the best model fit using the Akaike Information
Criterion (AIC).

To better understand global change effects on synchrony and stability, we decomposed
the variance ratio (Eqn. [1) and inverse coefficient of variation (Eqn. into their
components. For synchrony, we compared how treatments affected changes in community
variability, var(C(t)), to changes in aggregate population variability, S>» var(P,(t)). For

stability, we examined whether treatments had a larger effect on the temporal variability of

biomass (o) or mean biomass (p) (Carroll et all 2022). We estimated how nitrogen
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addition and soil disturbance influenced each component metric, using multiple regression
to assess the effect of nitrogen addition, disturbance, and their interaction, modeling field
as a fixed effect and grid as a random effect (following the split-plot design with a

randomized complete block design at the whole-plot level).

Successional Dynamics

To determine the effect of global change drivers during transient early successional versus
post-transient dynamical-equilibria periods, we subdivided our time series into a transient
period that included data from 1982 to 1988 and a post-transient period using 1993 to 2004
data. We chose time windows encompassing seven years of data to facilitate cross-period
comparison while having long enough time series to obtain stable estimates of synchrony
and stability (e.g. [Hallett et al.|[2014; Zhao et al.|2020; Walter et al.|2021). We removed
1989 - 1992 to omit the compositional transition from succession to dynamical equilibria,
based on results from DeSiervo et al. (2023). Results are robust to different time series
windows (e.g., 7 versus 10-year). We fitted separate linear models within each combination
of nitrogen, disturbance treatment, and successional period to visualize variation in the
synchrony-stability relationship in the transient versus post-transient phases.

Community composition and species diversity also influence stability (Tilman| |1987),
motivating us to examine direct and indirect pathways from soil disturbance and nitrogen
addition to biodiversity, synchrony, and stability using structural equation models (SEM).
We incorporated species richness and evenness as biodiversity metrics. We calculated species
richness by determining the maximum number of species censused annually in each plot and
averaging these per-plot richnesses across the years in transient and post-transient phases.
We evaluated species evenness using the E,,, metric (Smith & Wilson||1996)), which computes

the variance in log-abundances of all species, then transforms to a standard scale between 0

10
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and 1:

2
Eyor = 1 — Zarctan(6;, 3
Warc an(o-ln(:):)) ( )

where 612n(x) is (n — 1)/n times the sample variance of log-abundances of species in a given
community. We opted to use this F,,, metric in favor of the more common Pielou’s evenness
index (Pielou} |1966) as Pielou’s index incorporates species richness in the calculation, thus
resulting in a mathematically-driven relationship between the two metrics, whereas FE, . is
independent of richness (Smith & Wilson| |1996).

We constructed a SEM for each successional period to examine multidimensional
community relationships and compare how the strength of pathways changed during
succession. Each endogenous variable was examined for normality, and we applied Box-Cox
transformations to non-normal data. All continuous variables were standardized to mean 0
and unit variance. For each period, we evaluated each pathway’s strength and sign using
standardized path coefficients, which represent hypothesized causal relationships. Each
SEM included a direct pathway from the two exogenous factors of soil disturbance and
nitrogen addition to species richness, evenness, synchrony, and stability. We also included
pathways from species richness and evenness to synchrony and stability and from species
richness to evenness. Each pathway relationship was justified with a hypothesis (Table.
The SEMs were fully saturated with all possible pathways (paralleling methods from
Figueredo 2013} |Jenkins et al.|[2021); as such, fit statistics are not meaningful for these
exploratory models. Instead, we focused our analyses on path comparisons and did not
eliminate pathways based on null hypothesis tests, as a comparison between the transient
and post-transient phases requires the same model structure. We examined two additional
SEMs where we decomposed synchrony and stability into their components (see
Supplementary Methods). All SEM models were fitted using the piecewiseSEM (Lefcheck]

2016) and nlme (Pinheiro et al., 2023) packages. Indirect paths were calculated by

11



220

221

222

223

224

225

226

227

228

229

230

231

232

234

235

236

237

239

240

241

242

243

multiplying component path coefficients, and error terms for indirect effects were
calculated using the delta method with the msm package (Christopher H. Jackson) 2011)

(see Supplementary Methods).

Results

Full Time Series

Across the 22-year time series, the majority of communities were compensatory (VR< 1),
which was accentuated by soil disturbance and nitrogen addition (Fig. ) Synchrony was
reduced in plots under low to moderate levels of nitrogen addition; however, synchrony across
disturbance regimes converged at high nitrogen levels. Therefore, this linear relationship
(quadratic model AIC = 36.10, linear model AIC = 12.04) exhibited a weakened effect of
disturbance on synchrony in high nitrogen plots (Fig. ) In control plots, soil disturbance
decreased synchrony by 0.21 4+ 0.04 on average (mean effect across fields; ¢(2) = —4.76,
p = 0.04, Table . In contrast, synchrony in disturbed plots receiving the highest nitrogen
treatment did not significantly differ from intact plots (difference in synchrony = 0.0140.07,
t(2) = 0.14, p = 0.90). These compensatory temporal dynamics can be observed among
dominant species; particularly, C3 grasses Agropyron repens and Poa pratensis exhibited
pairwise compensatory dynamics, especially under high nitrogen (Fig. .

Nitrogen addition consistently increased compensatory dynamics by affecting aggregate
population variability moreso than community variability across disturbance regimes.
Nitrogen addition resulted in communities with greater population variability (Fig ;
effect of nitrogen addition: 3 = 0.03 +0.003, £(236) = 12.29, p < 0.01, Table . However,
nitrogen addition also increased community variability (Fig. [3JA; effect of nitrogen
addition: 8 = 0.02 + 0.002, #(236) = 6.66, p < 0.01, Table . The effect of soil

disturbance on population and community variability was also estimated to be positive but
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with greater uncertainty (effect on population variability: B = 0.04 £ 0.03, t(2) = 2.40,
p = 0.32; effect on community variability § = 0.07 £ 0.03,£(2) = 1.30, p = 0.14)

Stability decreased with increased nitrogen concentration (Fig, effect in intact plots:
B = —0.0340.005, £(208) = —6.29,p < 0.01, Table[S3), and disturbance did not significantly
alter the nitrogen-stability relationship (main effect; B =0.03+0.14, t(2) = 0.23, p = 0.84,
interaction; 8 = 0.002 £ 0.008, t(208) = 0.21, p = 0.83). The nitrogen-stability relationship
showed a linear trend (Fig. , linear model AIC = 371.8, quadratic model AIC = 397.7).
The highest level of nitrogen decreased stability by an average of 0.7440.17 (¢(196) = —4.37,
p < 0.01) compared to the control (Fig. [1/ B). This decrease in biomass stability is observed
in temporal trends of dominant species, with increased mean biomass coupled with more
variability through time in fertilized plots (Fig. .

At low to moderate nitrogen levels (0 - 5.4 ¢ N - m? - year!), the mean and standard
deviation of community biomass similarly change, maintaining stability equivalent to
reference levels (i.e. control; Fig. , points fall along the black reference line). Meanwhile,
biomass variability at high nitrogen levels increased through time, resulting in decreased
stability (effect of 9.5¢ N - m? - year! on the standard deviation in total biomass:
B = 56.084 4+ 8.437, t(196) = 6.65, p < 0.01, for additional nitrogen effects on stability and
its components see Tables . At high nitrogen levels, increases in biomass

variability exceeded the increase in the mean, yielding decreased stability.

Successional Dynamics

While the synchrony-stability relationship was consistently negative, the strength of the
relationship depended on the interplay between disturbance and nitrogen addition (Fig. [4).
In undisturbed plots, the synchrony-stability relationship remained stable across time and
nitrogen treatment (Fig. . In comparison, disturbance caused an initial strengthening

of this relationship (i.e., a more negative slope, B = —3.19 £ 0.92 with disturbance versus

13
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B = —1.70 £ 0.67 without disturbance), but its effect weakened at intermediate nitrogen
levels during the transient period (Fig. . Therefore, disturbed plots settled on weaker
synchrony-stability relationships than their undisturbed counterparts (B = —0.65+0.33 with
disturbance versus 3 = —1.80 = 0.50 without disturbance).

The SEMs confirmed that the effects of nitrogen addition and disturbance differed
between the two successional periods (Fig. Tables . During the transient phase,
nitrogen addition decreased synchrony (standardized path coefficient of —0.20 + 0.08,
p = 0.01) and stability (—0.35 £ 0.06, p < 0.01). In contrast, during the post-transient
phase, the direct effect of nitrogen on synchrony was weakly positive (0.15 4+ 0.10, p = 0.11)
while maintaining strong negative effects on stability (—0.29 4+ 0.07, p < 0.01). Similarly,
synchrony mediated the nitrogen-stability relationship in the transient phase (indirect path
coefficient of 0.14 £+ 0.07, p = 0.02); yet, the strength of the estimated mediation effect
decreased post-transience (indirect path coefficient of —0.08 4 0.06, p = 0.08). During the
transient phase, synchrony strongly mediated the disturbance-stability relationship
(indirect path coefficient of 0.53 + 0.12, p < 0.01). The SEMs also confirmed that
disturbance had strong negative effects on both synchrony (—0.79 + 0.12, p = 0.02) and
stability (—0.56 &+ 0.12, p = 0.04) in the transient phase (Fig. ), but these effects eroded
post-transience, in contrast to the stronger estimated impact of nitrogen addition.

Global change drivers not only had strong relationships with synchrony and stability but
also impacted community biodiversity. Nitrogen addition had strong, persistent, negative
relationships with species richness across periods (transient: —0.64 + 0.04, p < 0.01; post-
transient: —0.52 £ 0.04, p < 0.01; Fig. [5). Richness significantly mediated the nitrogen-
stability relationship in the transient phase (indirect path coefficient of —0.10 & 0.05, p =
0.02), but not post-transience (indirect path coefficient of —0.04£0.05, p = 0.21). The effect
of nitrogen addition on species evenness increased through time (transient: —0.27 £ 0.09,

p < 0.01; post-transient: —0.54 4+ 0.08, p < 0.01), becoming as strong as the effect on

14
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species richness during the post-transient period. In contrast, the effect of disturbance on
biodiversity diminished through time (Tables , paralleling its effects on synchrony
and stability. Given the persistently weak effects disturbance had on richness, it follows
that richness did not mediate the disturbance-stability relationship (indirect transient path
coefficient of —0.0240.05, p = 0.36, indirect post-transient path coefficient of —0.005+0.01,
p=0.34).

Community diversity and synchrony affected stability patterns in the transient and
post-transient phases. Initially, evenness was negatively related to stability (—0.10 £ 0.04,
p = 0.03), while richness exhibited a positive effect (0.16 4+ 0.07, p = 0.02); however, both
effects eroded in the post-transient period. In contrast, synchrony had a consistent,
strongly negative effect on stability (transient: —0.67 £ 0.05, p < 0.01; post-transient:
—0.55 £ 0.05, p < 0.01). See Supplementary Results for SEMs that decompose synchrony
and stability into their main components: community variance, population variance, and

mean total biomass (Fig. [S4).

Discussion

Our long-term study demonstrated that exposure to pulse disturbance and press nitrogen
addition interactively affects the synchrony and stability of temperate grassland
communities.  Disturbance lowered community synchrony, but only when nitrogen
concentrations were sufficiently low. Higher rates of nitrogen addition led to compensatory
dynamics, regardless of disturbance history. Despite the stabilizing potential of
compensatory dynamics, nitrogen addition decreased community stability, primarily
because the effects of nitrogen shifted from promoting biomass at low concentrations to
promoting variability at high concentrations. The effects of disturbance and nitrogen

addition were also dependent on the stage of succession. In the early transient phase,
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disturbance and nitrogen treatments negatively affected richness, evenness, synchrony, and
stability.  In contrast, in the post-transient phase—more than a decade into the
experiment—press nitrogen addition maintained strong negative effects on richness,
evenness, and stability, while pulse disturbance effects were no longer detectable. The
timeline of this shift corresponds with the gradual replacement of early-successional species
by later-successional C3 grasses (Seabloom et al. 2020), which were more abundant and
variable in high nitrogen treatments. Our study reveals that expected relationships
between synchrony and stability are dynamic, signifying that these well-established links
cannot always reliably predict the effects of global change on communities if they
themselves are vulnerable to change. Additionally, overall community responses to global
change may emerge and interact at differing temporal scales, requiring long-term data to
disentangle.

Our investigation demonstrated that, though the synchrony-stability relationship
remained negative, the consequences of soil disturbance and nitrogen addition on synchrony
did not result in a subsequent positive influence on stability. Instead, stability and
synchrony were both directly and negatively impacted, altering the relationship strength
(Figs. . Disturbance at low nitrogen levels induced compensation as aggregated
population variance increased when species turnover rates surged post-disturbance (Fig. |3|
Seabloom et al.|2020; DeSiervo et al.||2023), deviating from our hypothesized outcome of
increased synchrony (Table H6). However, nitrogen addition decreased synchrony as
expected (Table H2), likely by benefiting few species and increasing competition
(Tilman} |{1990), intensifying compensatory dynamics between dominants (Leps et al.,
2019). Overall, the predicted negative synchrony-stability relationship weakened over time
and effectively decoupled at high nitrogen levels (Figs. , . Following soil disturbance,
a strong increase in plant community biomass was sustained by consistent nitrogen

addition in fertilized plots (Tilman) 1987; |Inouye & Tilman, 1988|). Therefore, despite the
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diminishing effect of disturbance on plant biomass (Fig. , the decoupling phenomenon
persisted into the post-transient phase due to continuous nitrogen input, showcasing how
global change drivers maintained lagged synchrony and stability dynamics.

In addition to direct effects on stability, indirect pathways mediated community stability
under global change. With synchrony acting as a mediator of the disturbance-stability
relationship, we expected that any factor that decreased synchrony would positively affect
stability, due to synchrony’s inverse relationship with stability (Loreau & de Mazancourt,
2013). As such, though the effects of disturbance on all community properties diminished in
the post-transient phase (Fig. ), we found a strongly positive indirect effect of disturbance
on stability when mediated by synchrony in the transient phase. This indirect positive effect
canceled out direct negative impacts of disturbance on stability (Fig. ), explaining the
apparent lack of effect of soil disturbance on stability that arose in our best-fit models
(Fig. , Fig. ), and highlighting the analytical value of decomposing relationships
into direct and indirect effects. This result carries important implications for considering
synchrony in other ecosystems. For example, indirect effects of global change mediated
by synchrony could have negative downstream impacts on community stability when drivers
such as temperature, precipitation, or grazing pressure also alter synchrony (Parmesan|2006;
Valencia et al.l|2020a; Ebel et al.||2022).

Though nitrogen addition had strong negative direct effects on stability throughout
succession (Fig. , they were dampened when mediated by species richness—so much so
that nitrogen addition had an insignificant indirect effect on stability when mediated by
richness in the post-transient phase. This finding supports the diversity-stability
hypothesis (Elton, |1958; |Odum), [1953)), which suggests diverse communities are more likely
to have several weakly interacting species, rather than a few species whose strong
interactions destabilize community dynamics (McCann| 2000). In this instance, our results

suggest that the mechanism by which nitrogen addition decreased community stability was
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by decreasing species richness (DeSiervo et al.} 2023; [Seabloom et al., [2020), which resulted
in the emergence of two C3 grass species that dominantly contributed to fluctuations in
total biomass (Fig. . The negative effects of nitrogen addition on biodiversity persisted
as nitrogen treatments were applied annually, continuously favoring dominant species.

We additionally considered the role of species evenness in the diversity-stability
relationship, as evenness is often an overlooked but important predictor of stability
(Hillebrand et al.l |2008). When communities were in transience following disturbance,
plots exhibited greater evenness as species competed to establish in the newly created
habitat. However, after communities had settled on their equilibrium, nitrogen addition
forced a dominance structure that favored few species (Tilman} |1990), making them less
even over time. This explains the strong negative relationship between richness and
evenness in the post-transient phase (Fig. ) Overall, we found that global change
drivers could dampen the positive relationship between diversity and stability by reducing
portfolio effects and evenness.

In systems undergoing succession, relationships between community properties are
expected to shift in direction and magnitude over time, thus motivating the need to
examine global change impacts on diversity, synchrony, and stability across long-term time
series. The grasslands at Cedar Creek exhibited transience since the initial application of
experimental treatments, but settled on dynamical equilibria after approximately a decade
(DeSiervo et al.| [2023), thus motivating partitioning the time series into transient- and
post-transient phases. Additionally, the effects of global change themselves may differ
through time, necessitating additional scrutiny of how these dynamic patterns yield
different community responses at varying points in time. For example, global change can
induce different disturbance regimes, which may recruit different species over the course of
observation and affect community composition across long periods (Beninca et al.| [2015).

The necessity of long-term data to study successional phases then becomes highly apparent

18



397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

for drawing robust conclusions about how dynamic community relationships may change
through time, as evidenced by the emergence of a strong richness-evenness relationship in
the post-transient phase, and the decreased effect of soil disturbance on synchrony and
stability over time (Fig. . Furthermore, long-term data is particularly important to
studies on synchrony, as best practice for calculating synchrony measures requires
sufficiently long time series. Analyzing short time series may instead result in erroneous
conclusions about a community’s synchrony, as they will bias results to show more
synchronous than compensatory dynamics (Valencia et al., |2020b; Luo et al.,|2021). In our
study, long-term data was doubly imperative for calculating not just one, but two phases of
synchrony.

By examining the multidimensional impacts of global change drivers on community
dynamics, we find that nitrogen addition and soil disturbance decrease synchrony and
stability, and can change the magnitude and direction of diversity-stability relationships
through time. However, these changes will likely depend on species traits and
environmental variability, where we expect annually-dominated systems to show quicker
responses and greater synchrony than perennially-dominated systems (Shoemaker et al.|
2022; \Werner et all 2024). Nevertheless, this result mirrors changes in several grassland
systems across multiple continents, where global change drivers have restructured
community compositions and competitive hierarchies (Avolio et al., 2021), affecting
ecosystem productivity despite several cases where species richness was maintained
(Komatsu et al.l 2019; |Avolio et al.l 2014). These impacts may also be lagged, where
ecosystems may appear resilient to change in the short term but are strongly affected long
term (Komatsu et all 2019), requiring lengthy datasets to properly understand these
time-sensitive shifts. For example, following theory, we found the synchrony-stability
relationship to be strongly linked in the transient phase, but was decoupled post-transience

by the interactive effect of global change drivers. These results have future implications on
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how diversity and synchrony may be used to predict effects on stability in systems
undergoing global change, particularly over long time series. As such, incorporating
synchrony into future research on long-term impacts of global change drivers remains
crucial for understanding the direct and indirect mechanisms by which global change

affects dynamic community relationships.
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= Flgures

Figure 1: Synchrony is measured as a variance ratio (A), and community stability is measured
as the inverse coefficient of variation (B) across global change treatments. (A) shows the
linear relationship of synchrony with nitrogen addition and disturbance (colors). The dotted
line represents a variance ratio (VR) of 1, which indicates the transition from synchronous
(VR>1) to compensatory (VR<1) dynamics. (B) stability has a negative linear relationship
with nitrogen. Shaded regions represent 95% confidence intervals. Best fit lines are averaged
across field using emmeans . Model summaries are in Supplementary Tables,
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Figure 2: Average total above-ground biomass (black line) and biomass of the top one
or two most abundant species from different functional groups (colored lines) in control
plots (0 g N +px) and fertilized plots (9.5 g N +px) and intact (left) and disturbed plots
(right) through time. Positively correlated fluctuations in biomass among species indicate
pairwise synchronous dynamics, while negatively correlated fluctuations indicate pairwise
compensatory dynamics. Smaller fluctuations in total biomass (black) indicate higher
stability. Shaded regions indicate the time periods used in Fig. 4 and 5, with the transient
phase as the period directly after disturbance and the post-transient phase after the system
has settled into a steady state. Species names and some functional groups are abbreviated
with An. forb = annual forb, Pe. forb = perennial forb, and Shrub = low lying shrub.
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Figure 3: Scatter plot of the two components of the variance ratio (A) used to measure
community synchrony and the two components of the inverse coefficient of variation (B), used
to measure stability. The filled-in circles and triangles represent the mean per treatment,
while faint circles and triangles show raw data. Community variability (vertical axis, A) is
measured as the variance of the total biomass of the community through time and comprises
the numerator of the variance ratio. Aggregate population variability (horizontal axis, A)
is the sum of the temporal variances of each population in the community and comprises
the denominator. If populations fluctuate independently through time, then the sum of the
temporal variances of the populations will equal the temporal variance of the sum and points
will fall along the black 1:1 line. The area above the line denote synchronous dynamics while
the area below the line denotes compensatory dynamics. In (B), the black line denotes the
stability of the control plot (i.e. no disturbance, 0 N +u), with the area above showing
increased stability compared to the control and the area below showing decreased stability.
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Figure 4: Synchrony and temporal stability across communities over the 22 year time
series, dependent on nitrogen addition (colors), disturbance treatments (columns), and
successional phase (rows). The dotted, vertical line represents independent fluctuations
(VR = 1), separating compensatory (left of the line) from synchronous dynamics (right of
the line). Confidence intervals for intercepts and slopes are shown in Figure While
the synchrony-stability relationship remains overall negative through time and across global
change treatments, the post transient phase (lower panels, shows a more more variable
relationship, especially in disturbed plots.
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Figure 5: Path diagrams of the structural equation models fit to data collected (A) during
the transient phase (1982-1988) and (B) after the transient phase (1994, 1996-1997, 1999-
2000, 2002-2004). Both SEMs are fully saturated (x? = 0.0, df = 0.0). Values next to each
arrow indicate the standardized coefficient of the direct effect. Red arrows indicate negative
relationships, while black arrows indicate positive relationships. Dashed arrows indicate
paths that were included in the model fit, but for which the 95% confidence intervals for the
path coefficients overlap zero. The widths of the arrows are proportional to the magnitude

of each relationship. Summaries of direct effects can be found in Tables|S9| and

25



439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

456

457

458

459

460

461

References

Avolio, M. L., Koerner, S. E., La Pierre, K. J., Wilcox, K. R., Wilson, G. W., Smith, M. D.
& Collins, S. L. (2014). Changes in plant community composition, not diversity, during a
decade of nitrogen and phosphorus additions drive above-ground productivity in a tallgrass

prairie. Journal of Ecology, 102, 1649-1660.

Avolio, M. L., Komatsu, K. J., Collins, S. L., Grman, E., Koerner, S. E., Tredennick, A. T.,
Wilcox, K. R., Baer, S., Boughton, E. H., Britton, A. J. et al. (2021). Determinants of
community compositional change are equally affected by global change. FEcology letters,

24, 1892-1904.

Bengtsson, J., Bullock, J., Egoh, B., Everson, C., Everson, T., O’Connor, T., O’Farrell, P.,
Smith, H. & Lindborg, R. (2019). Grasslands—more important for ecosystem services

than you might think. Fcosphere, 10, e02582.

Beninca, E., Ballantine, B., Ellner, S. P. & Huisman, J. (2015). Species fluctuations sustained
by a cyclic succession at the edge of chaos. Proceedings of the National Academy of

Sciences, 112, 6389-6394.

Blowes, S. A., Daskalova, G. N., Dornelas, M., Engel, T., Gotelli, N. J., Magurran, A. E.,
Martins, I. S., McGill, B., McGlinn, D. J., Sagouis, A. et al. (2022). Local biodiversity
change reflects interactions among changing abundance, evenness, and richness. Fcology,

103, e3820.

Borer, E. T., Grace, J. B., Harpole, W. S., MacDougall, A. S. & Seabloom, E. W. (2017).
A decade of insights into grassland ecosystem responses to global environmental change.

Nature Ecology & FEvolution, 1, 1-7.

Brandt, A. J., Seabloom, E. W. & Cadotte, M. W. (2019). Nitrogen alters effects

26



462

464

465

466

467

468

469

471

472

473

474

475

476

477

478

479

480

481

482

483

of disturbance on annual grassland community diversity: Implications for restoration.

Journal of Ecology, 107, 2054-2064.

Carroll, O., Batzer, E., Bharath, S., Borer, E. T., Campana, S., Esch, E., Hautier, Y. et al.
(2022). Nutrient identity modifies the destabilising effects of eutrophication in grasslands.
Ecology Letters, 25, 754-765.

Christopher H. Jackson (2011). Multi-state models for panel data: The msm package for R.

Journal of Statistical Software, 38, 1-29.

Clark, C. M. & Tilman, D. (2008). Loss of plant species after chronic low-level nitrogen

deposition to prairie grasslands. Nature, 451, 7T12-715.

Collins, C. G., Elmendorf, S. C., Smith, J. G., Shoemaker, L., Szojka, M., Swift, M. & Suding,
K. N. (2022). Global change re-structures alpine plant communities through interacting

abiotic and biotic effects. Ecology Letters, 25, 1813-1826.

Connell, J. H. & Slatyer, R. O. (1977). Mechanisms of succession in natural communities
and their role in community stability and organization. The american naturalist, 111,

1119-1144.

Cottingham, K., Brown, B. & Lennon, J. (2001). Biodiversity may regulate the temporal

variability of ecological systems. Ecology Letters, 4, 72-85.

Desharnais, R. A., Reuman, D. C., Costantino, R. F. & Cohen, J. E. (2018). Temporal scale

of environmental correlations affects ecological synchrony. Fcology letters, 21, 1800-1811.

DeSiervo, M., Sullivan, L. L., Kahan, L., Seabloom, E. & Shoemaker, L. (2023). Disturbance
alters transience but nutrients determine equilibria during grassland succession with

multiple global change drivers. Ecology Letters, Early View.

27



484

486

487

488

489

490

491

492

493

494

495

496

497

499

500

501

502

503

504

505

506

Doak (1998). The statistical inevitability of stability-diversity relationships in community

ecology. American Naturalist, 151, 264—-276.

Downing, A. L., Brown, B. L., Perrin, E. M., Keitt, T. H. & Leibold, M. A. (2008).
Environmental fluctuations induce scale-dependent compensation and increase stability

in plankton ecosystems. FEcology, 89, 3204-3214.

Ebel, C. R., Case, M. F., Werner, C. M., Porensky, L. M., Veblen, K. E., Wells, H., Kimuyu,
D. M., Langendorf, R. E., Young, T. P. & Hallett, L. M. (2022). Herbivory and drought
reduce the temporal stability of herbaceous cover by increasing synchrony in a semi-arid

savanna. Frontiers in Ecology and FEvolution, 572.
Elton, C. S. (1958). The ecology of invasions by animals and plants. Chapman Hall.

Figueredo, A. J. (2013). Assortative mating in the jewel wasp: 2. sequential canonical
analysis as an exploratory form of path analysis. Journal of the Arizona-Nevada Academy

of Science, 39, 59-64.

Gilbert, B., MacDougall, A. S., Kadoya, T., Akasaka, M., Bennett, J. R., Lind, E. M.,
Flores-Moreno, H., Firn, J., Hautier, Y., Borer, E. T. et al. (2020). Climate and local
environment structure asynchrony and the stability of primary production in grasslands.

Global Ecology and Biogeography, 29, 1177-1188.

Gonzalez, A. & Loreau, M. (2009). The causes and consequences of compensatory dynamics

in ecological communities. Annu. Rev. Ecol. Evol. Syst., 40, 393-414.

Grime, J. (1998). Benefits of plant diversity to ecosystems: immediate, filter and founder

effects. Journal of Ecology, 86, 902-910.

Gruber, N. & Galloway, J. N. (2008). An earth-system perspective of the global nitrogen
cycle. Nature, 451, 293-296.

28



507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

Gu, Q., Yu, Q. & Grogan, P. (2023). Cryptogam plant community stability: Warming
weakens influences of species richness but enhances effects of evenness. FEcology, 104,

e3842.

Hallett, L. M., Hsu, J. S., Cleland, E. E.; Collins, S. L., Dickson, T. L., Farrer, E. C.,
Gherardi, L. A., Gross, K. L., Hobbs, R. J., Turnbull, L. et al. (2014). Biotic mechanisms

of community stability shift along a precipitation gradient. Ecology, 95, 1693-1700.

Hallett, L. M., Jones, S. K., MacDonald, A. A. M., Jones, M. B., Flynn, D. F., Ripplinger,
J., Slaughter, P., Gries, C. & Collins, S. L. (2016). codyn: An r package of community

dynamics metrics. Methods in Ecology and Fvolution, 7, 1146-1151.

Hautier, Y., Seabloom, E. W., Borer, E. T., Adler, P. B., Harpole, W. S., Hillebrand, H.,
Lind, E. M., MacDougall, A. S., Stevens, C. J., Bakker, J. D. et al. (2014). Eutrophication

weakens stabilizing effects of diversity in natural grasslands. Nature, 508, 521-525.

Hautier, Y., Tilman, D., Isbell, F., Seabloom, E. W., Borer, E. T. & Reich, P. B. (2015).
Anthropogenic environmental changes affect ecosystem stability via biodiversity. Science,

348, 336-340.

Hillebrand, H., Bennett, D. M. & Cadotte, M. W. (2008). Consequences of dominance: a
review of evenness effects on local and regional ecosystem processes. FEcology, 89, 1510—

1520.

Houlahan, J. E., Currie, D. J., Cottenie, K., Cumming, G. S., Ernest, S., Findlay, C. S.,
Fuhlendorf, S. D., Gaedke, U., Legendre, P., Magnuson, J. J. et al. (2007). Compensatory

dynamics are rare in natural ecological communities. PNAS, 104, 3273-3277.

Inouye, R. S. & Tilman, D. (1988). Convergence and divergence of old-field plant

communities along experimental nitrogen gradients. Fcology, 69, 995-1004.

29



530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

Ives, A. R., Gross, K. & Klug, J. L. (1999). Stability and Variability in Competitive

Communities. Science, 286, 542-544.

Jenkins, D. G., Boughton, E. H., Bohonak, A. J., Noss, R. F., Simovich, M. A. &
Bauder, E. T. (2021). Indicator-species and coarse-filter approaches in conservation appear

insufficient alone. Global Ecology and Conservation, 28, e01667.

Komatsu, K. J., Avolio, M. L., Lemoine, N. P., Isbell, F., Grman, E., Houseman, G. R.,
Koerner, S. E., Johnson, D. S., Wilcox, K. R., Alatalo, J. M. et al. (2019). Global change
effects on plant communities are magnified by time and the number of global change factors

imposed. Proceedings of the National Academy of Sciences, 116, 17867—17873.

Lee, M., Manning, P., Rist, J., Power, S. A. & Marsh, C. (2010). A global comparison of
grassland biomass responses to co2 and nitrogen enrichment. Philosophical Transactions

of the Royal Society B: Biological Sciences, 365, 2047-2056.

Lefcheck, J. S. (2016). piecewisesem: Piecewise structural equation modelling in r for ecology,

evolution, and systematics. Methods in Ecology and Evolution, 7, 573-579.

Lehman, C. L. & Tilman, D. (2000). Biodiversity, stability, and productivity in competitive

communities. The American Naturalist, 156, 534-552.

Lenth, R. V. (2023). emmeans: Estimated Marginal Means, aka Least-Squares Means. URL

https://CRAN.R-project.org/package=emmeans, R package version 1.8.4-1.

Leps, J., Smilauerovd, M. & Smilauer, P. (2019). Competition among functional groups
increases asynchrony of their temporal fluctuations in a temperate grassland. Journal of

Vegetation Science, 30, 1068—1077.

Loreau, M., Barbier, M., Filotas, E., Gravel, D., Isbell, F., Miller, S. J., Montoya, J. M.,

30



552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

Wang, S., Aussenac, R., Germain, R. et al. (2021). Biodiversity as insurance: from concept

to measurement and application. Biological Reviews, 96, 2333-2354.

Loreau, M. & de Mazancourt, C. (2008). Species synchrony and its drivers: neutral and
nonneutral community dynamics in fluctuating environments. The American Naturalist,

172, £48-E66.

Loreau, M. & de Mazancourt, C. (2013). Biodiversity and ecosystem stability: A synthesis

of underlying mechanisms. FEcology Letters, 16, 106-115.

Luo, M., Reuman, D. C., Hallett, L. M., Shoemaker, L., Zhao, L., Castorani, M. C., Dudney,
J. C., Gherardi, L. A., Rypel, A. L., Sheppard, L. W. et al. (2021). The effects of dispersal

on spatial synchrony in metapopulations differ by timescale. Oikos, 130, 1762-1772.
McCann, K. S. (2000). The diversity—stability debate. Nature, 405, 228-233.

Mock, G. (2000). Domesticating the world: conversion of natural ecosystems. World

Resources Institute, Washington, DC.

Muehleisen, A. J., Watkins, C. R., Altmire, G. R., Shaw, E. A., Case, M. F., Aoyama, L.,
Brambila, A., Reed, P. B., LaForgia, M., Borer, E. T. et al. (2022). Nutrient addition
drives declines in grassland species richness primarily via enhanced species loss. Journal

of Ecology.

Newbold, T., Hudson, L. N., Arnell, A. P., Contu, S., De Palma, A., Ferrier, S., Hill, S. L.,
Hoskins, A. J., Lysenko, I., Phillips, H. R. et al. (2016). Has land use pushed terrestrial

biodiversity beyond the planetary boundary? a global assessment. Science, 353, 288-291.
Odum, E. P. (1953). Fundamentals of ecology. Saunders.

O’Mara, F. P. (2012). The role of grasslands in food security and climate change. Annals of
botany, 110, 1263—-1270.

31



575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

Pachauri, R. K., Allen, M. R., Barros, V. R., Broome, J., Cramer, W., Christ, R., Church,
J. A, Clarke, L., Dahe, Q., Dasgupta, P. et al. (2014). Climate change 2014: Synthesis
report. contribution of working groups i. II and III to the fifth assessment report of the

Intergovernmental Panel on Climate Change, 151.

Parmesan, C. (2006). Ecological and evolutionary responses to recent climate change. Annu.

Rev. Ecol. Fvol. Syst., 37, 637-669.

Pielou, E. C. (1966). The measurement of diversity in different types of biological collections.

Journal of theoretical biology, 13, 131-144.

Pinheiro, J., Bates, D. & R Core Team (2023). nlme: Linear and Nonlinear Mized Effects

Models. URL https://CRAN.R-project.org/package=nlme; R package version 3.1-164.

Pounds, J. A., Bustamante, M. R., Coloma, L. A., Consuegra, J. A., Fogden, M. P., Foster,
P. N., La Marca, E., Masters, K. L., Merino-Viteri, A., Puschendorf, R. et al. (2006).
Widespread amphibian extinctions from epidemic disease driven by global warming.

Nature, 439, 161-167.

R Core Team (2020). R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. URL http://www.R-project.

org/.

Schluter, D. (1984). A variance test for detecting species associations, with some example

applications. FEcology, 65, 998-1005.

Seabloom, E. W., Borer, E. T. & Tilman, D. (2020). Grassland ecosystem recovery after soil

disturbance depends on nutrient supply rate. Ecology letters, 23, 1756-1765.

Sheppard, L. W., Bell, J. R., Harrington, R. & Reuman, D. C. (2016). Changes in large-scale

climate alter spatial synchrony of aphid pests. Nature Climate Change, 6, 610—613.

32



598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

Shoemaker, L. G., Hallett, L. M., Zhao, L., Reuman, D. C., Wang, S., Cottingham, K. L.,
Hobbs, R. J. et al. (2022). The long and the short of it: mechanisms of synchronous and

compensatory dynamics across temporal scales. Fcology, 103, e3650.
Smith, B. & Wilson, J. B. (1996). A consumer’s guide to evenness indices. Oikos, 70-82.

Soininen, J., Passy, S. & Hillebrand, H. (2012). The relationship between species richness and

evenness: a meta-analysis of studies across aquatic ecosystems. Oecologia, 169, 803-809.

Soussana, J.-F., Loiseau, P., Vuichard, N., Ceschia, E., Balesdent, J., Chevallier, T. &
Arrouays, D. (2004). Carbon cycling and sequestration opportunities in temperate

grasslands. Soil use and management, 20, 219-230.

Stevens, C. J., Dise, N. B., Mountford, J. O. & Gowing, D. J. (2004). Impact of nitrogen

deposition on the species richness of grasslands. Science, 303, 1876-1879.

Stevens, C. J., Dupre, C., Dorland, E., Gaudnik, C., Gowing, D. J., Bleeker, A., Diekmann,
M., Alard, D., Bobbink, R., Fowler, D. et al. (2010). Nitrogen deposition threatens species

richness of grasslands across Europe. Environmental Pollution, 158, 2940-2945.

Tilman (1998). Diversity-stability relationships: statistical inevitability or ecological

consequence. American Naturalist, 151, 277—-282.

Tilman, D. (1982). Resource competition and community structure. Princeton University

Press.

Tilman, D. (1985). The resource-ratio hypothesis of plant succession. The American

Naturalist, 125, 827-852.

Tilman, D. (1987). Secondary succession and the pattern of plant dominance along

experimental nitrogen gradients. Fcological monographs, 57, 189-214.

33



620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

Tilman, D. (1990). Constraints and tradeoffs: toward a predictive theory of competition and

succession. Oikos, 3-15.

Tilman, D. (1999). The ecological consequences of changes in biodiversity: a search for

general principles. Ecology, 80, 1455-1474.

Tilman, D. (2021a). Plant aboveground biomass data: Long-Term Nitrogen Deposition
During Grassland Succession ver 11. Environmental Data Initiative. Online:

https://doi.org/10.6073/pasta/edbd527b92d859698537caa0dde89105.

Tilman, D. (2021b). Plant aboveground biomass data: Long-Term Nitrogen Deposition:
Population, Community, and Ecosystem Consequences ver 10. FEnvironmental Data

Initiative. Online: https://doi.org/10.6073/pasta/7fce332312543a02293d62c50b718d56.

Tilman, D. & Downing, J. A. (1994). Biodiversity and stability in grasslands. Nature, 367,
363-365.

Tilman, D., Wedin, D. & Knops, J. (1996). Productivity and sustainability influenced by

biodiversity in grassland ecosystems. Nature, 379, 718-720.

Valencia, E., de Bello, F., Galland, T., Adler, P. B., Leps, J., E-Vojtko, A., van Klink et al.
(2020a). Synchrony matters more than species richness in plant community stability at a

global scale. Proceedings of the National Academy of Sciences, 117, 24345-24351.

Valencia, E., De Bello, F., Leps, J., Galland, T., E-Vojtko, A., Conti, L., Danihelka, J.,
Dengler, J., Eldridge, D. J., Estiarte, M. et al. (2020b). Directional trends in species
composition over time can lead to a widespread overemphasis of year-to-year asynchrony.

Journal of vegetation science, 31, 792-802.

Walter, J. A., Shoemaker, L. G., Lany, N. K., Castorani, M. C., Fey, S. B., Dudney, J. C.,
Gherardi, L., Portales-Reyes, C., Rypel, A. L., Cottingham, K. L. et al. (2021). The

34



643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

spatial synchrony of species richness and its relationship to ecosystem stability. FEcology,

102, e03486.

Weiss-Lehman, C. P., Werner, C. M., Bowler, C. H., Hallett, L. M., Mayfield, M. M.,
Godoy, O., Aoyama, L., Barabas, G., Chu, C., Ladouceur, E. et al. (2022). Disentangling
key species interactions in diverse and heterogeneous communities: A bayesian sparse

modelling approach. FEcology Letters, 25, 1263-1276.

Werner, C. M., Young, T. P. & Stuble, K. L. (2024). Year effects drive beta diversity, but

unevenly across plant community types. Fcology, 105, e4188.

Yachi, S. & Loreau, M. (1999). Biodiversity and ecosystem productivity in a fluctuating
environment: The insurance hypothesis. Proceedings of the National Academy of Sciences,

96, 1463-1468.

Zhang, H., John, R., Peng, Z., Yuan, J., Chu, C., Du, G. & Zhou, S. (2012). The relationship
between species richness and evenness in plant communities along a successional gradient:

a study from sub-alpine meadows of the eastern ginghai-tibetan plateau, china. PloS one,

7, €49024.

Zhao, L., Wang, S., Hallett, L. M., Rypel, A. L., Sheppard, L. W., Castorani, M. C. N.,
Shoemaker, L. G., Cottingham, K. L., Suding, K. & Reuman, D. C. (2020). A new variance

ratio metric to detect the timescale of compensatory dynamics. Ecosphere, 11, e03114.

Zhu, K., Chiariello, N. R., Tobeck, T., Fukami, T. & Field, C. B. (2016). Nonlinear,
interacting responses to climate limit grassland production under global change.

Proceedings of the National Academy of Sciences, 113, 10589-10594.

35



