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Abstract

1. Grasslands, which encompass 40% of terrestrial ecosystems, hold global sig-
nificance for food production, carbon storage and other ecosystem services.
However, grasslands across the biosphere are becoming increasingly exposed to
both wet and dry precipitation extremes resulting from climate change.

2. Therefore, understanding how grasslands will respond to precipitation extremes
is a pressing issue for managing changes to biodiversity and ecosystem service
provision.

3. Here, we use experimental manipulations of precipitation (50% increase and 50%
decrease in growing-season precipitation) over éyears to investigate the stabil-
ity and resistance of both productivity and community diversity in a calcareous
grassland community.

4. We found that decreased growing-season precipitation led to reductions in
mean productivity (25% decrease in peak above-ground biomass) and its tempo-
ral stability (54% increase in the coefficient of variation of biomass across years).
Productivity losses were more pronounced for graminoids and legumes, but this
was not reflected in species per cent cover. Community composition was resistant
to the precipitation manipulations, with no clear differences in overall community
compositional turnover, dissimilarity or biodiversity indices. There was also no de-
tectible effect of increased precipitation on productivity or community composi-
tion, which may indicate a lack of efficacy of the irrigation treatment in increasing
soil moisture. Finally, the precipitation manipulations had no effect on temporal
trends of community change, with an overall increase in richness and shift in grass-
land community composition across the study period independent of treatment.

5. Synthesis. While the diversity and composition of this calcareous grassland was re-
sistant to precipitation extremes (at least in the short term), sustained reductions
in growing-season precipitation reduced productivity and its temporal stability,
particularly for graminoids and legumes. Therefore, we highlight that different

properties of grasslands can vary in their responses to changes in precipitation.

R. Salguero-Gémez and A. Hector—Shared authorship.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2024 The Authors. Journal of Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society.

Journal of Ecology. 2024;00:1-15. wileyonlinelibrary.com/journal/jec 1


www.wileyonlinelibrary.com/journal/jec
mailto:
https://orcid.org/0000-0002-4563-2840
https://orcid.org/0000-0001-5307-8029
https://orcid.org/0000-0002-6085-4433
https://orcid.org/0000-0002-1309-7716
mailto:jjackson0308@gmail.com
http://creativecommons.org/licenses/by/4.0/

JACKSON ET AL.

BRITISH
ECOLOGICAL
SOCIETY

Journal of Ecology

KEYWORDS

biodiversity change, climate change, community resilience, DroughtNet, field experiment,

precipitation

1 | INTRODUCTION

As a dominant terrestrial biome important for ecosystem services
and food security, understanding the response of grasslands to cli-
mate change, and in particular changing precipitation patterns, is crit-
ical (Fay et al., 2008; Franklin et al., 2016; Hopkins & Prado, 2007).
Despite the threat of climate change, its effects on plant communi-
ties are not uniform, and complex responses highlight the need for
targeted community-level experiments (Gupta et al., 2020; Harrison
et al.,, 2015; Kardol et al., 2010; Parmesan & Hanley, 2015). Key
components of climate change that are expected to influence plant
communities are more changeable, and more extreme, precipitation
patterns (Hopkins & Prado, 2007; Knapp et al., 2015). For grasslands,
which occupy 40% of terrestrial ecosystems and provide many eco-
system services (Abberton et al., 2010; O'Mara, 2012; Petermann &
Buzhdygan, 2021), declines in use and extent after agricultural in-
tensification, conversion and grazing may be exacerbated by precip-
itation shifts (Meng et al., 2021; Peeters, 2009). Thus, studying how
grassland communities will respond to precipitation change will aid
in safeguarding these globally important habitats.

In grasslands, one way that community responses to precipita-
tion change have been explored is through productivity. Productivity
in grasslands is typically measured through biomass (Fahey &
Knapp, 2007). Indeed, there have been wide efforts to understand
how grassland biomass changes with precipitation (Grime et al., 2008;
Knapp et al., 2017; Kroel-Dulay et al., 2022; Smith et al., 2024).
Generally, drought conditions reduce primary productivity in grass-
lands (Herben et al., 1995; Kardol et al., 2010; Smith et al., 2024; Wang
et al., 2007), which can impact ecosystem services such as pollination
(Phillips et al., 2018). However, despite overall reductions in productiv-
ity, grassland biomes with different baseline climatic conditions react
differently, where arid or xeric biomes are more susceptible to losses
in productivity with drought than mesic biomes (Cleland et al., 2013;
Huxman et al., 2004; Moran et al., 2014). Productivity may also re-
cover quickly when drought conditions subside, even in semi-arid
grasslands (Luo et al., 2023). Conversely, there are relatively fewer
studies investigating increases in precipitation (or irrigation), but a
global meta-analysis (although largely in North America) revealed that
ecological experiments with supplemented watering alone did not
change biomass (DeMalach et al., 2017). Overall, there are grassland
productivity declines in drought conditions, but understanding tem-
poral dynamics in productivity with respect to precipitation is crucial
in a wider range of grassland habitat types.

Community composition differences driven by changing precip-
itation patterns are less clear in grasslands. Harrison et al. (2015)
presented findings that reductions in midwinter precipitation over
14 years reduced biodiversity in Californian grasslands. Furthermore,
a recent study found that after 11 drought years, grassland

communities in a German semi-arid grassland shifted to favour dry-
grassland specialists and ruderal species, and composition change
was mediated by microclimatic conditions of site topology (Mazalla
et al., 2022). However, another long-term study of experimental
precipitation manipulation in an infertile UK grassland found that
although communities in drought (but not irrigated) conditions dif-
fered from control plots, interannual variation in natural precipita-
tion and broad shifts in the community through time were better
explanations for community change (Grime et al., 2008). Several
studies have found that grassland communities are resistant to both
experimentally induced drought and natural variation in precipitation
(Cleland et al., 2013; Craine et al., 2013; Grime et al., 2000; Sternberg
et al., 1999). A key mechanism proposed for community resistance
to precipitation extremes is buffering via increased species diver-
sity, whereby more species create redundancy in functional compo-
sition that is better adapted to withstanding precipitation extremes
(Craine et al., 2013; Craven et al., 2018; Griffin-Nolan et al., 2019;
Wagg et al., 2017). Furthermore, perceived resistance may be ob-
served due to the lifespan of perennial plant species in a community,
with much greater community differences in the seed bank resulting
in a delayed response (Basto et al., 2018). To fully elucidate the tem-
poral dynamics of community composition as precipitation patterns
change, we need further long-term monitoring of grassland systems.

A notable case study of a grassland that is vulnerable to climate
change are the calcareous grasslands, which we focus on here.
Calcareous grasslands are typified by alkaline soils, often occurring
on limestone or chalk bedrock, supporting up to 700 vascular plant
species in Europe, and providing a wide range of ecosystem services
such as pollination, carbon sequestration and recreation (Gibson
& Brown, 1991; Grét-Regamey et al.,, 2014; Klaus et al.,, 2021,
Willems, 1990). There have been declines in the extent of many
European calcareous grasslands, following agricultural intensifica-
tion, scrub encroachment and grazer management (Grét-Regamey
et al., 2014; Ridding et al., 2020), which may accentuate effects of
climate change. To preserve high levels of species diversity, calcare-
ous grasslands are listed as recovering ecosystems and part of wider
conservation management schemes in countries such as the United
Kingdom (Gibson, 1986; Gibson & Brown, 1991; Maddock, 2008;
Poschlod et al., 1998).

Here, we use éyears (2016-2021) of biodiversity data from an
experimental manipulation (50% increase and 50% decrease) of
precipitation in a calcareous grassland to examine productivity and
community resistance to precipitation change, an important com-
ponent of climate change. We extend previous work on calcareous
grasslands (Grime et al., 2000, 2008) through an analysis of detailed
temporal dynamics in community composition and productivity,
using annually replicated data. Specifically, we answered three key
questions: (i) whether changes in precipitation affect above-ground
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annual net primary productivity (above-ground ANPP) and its tem-
poral stability across years, (ii) whether calcareous grassland com-
munities have a high resistance to drought conditions, and which
species are important for driving community differences, and (iii)
whether the effect of precipitation manipulation change over time,
and whether these temporal dynamics affected by natural precipita-
tion patterns. We address these questions by quantifying the stabil-
ity of productivity and resistance of community composition, which
are useful conceptual terms to integrate community responses to cli-
mate change and tools to compare communities from different eco-
systems (Allen et al., 2019; Donohue et al., 2013; Pimm, 1984; Van
Meerbeek et al., 2021). For stability, we monitored shifts in the mean
and variability of productivity through time with respect to precipi-
tation treatments. Shifts in abundance or productivity serve as early
warning signals of community shifts and indicate decreased stability
in ecological communities (Clements & Ozgul, 2016; Pimm, 1984).
Then, we use the definition of resistance for community composi-
tion from Van Meerbeek et al. (2021), where community resistance
is the ability of community composition to resist changes in system
variables in response to a perturbation, which here is drought or in-

crease in precipitation through time.

2 | METHODS

2.1 | Studysite

The RainDrop (rainfall and drought platform) experiment is situ-
ated in a ~2-ha area (‘five-acre field’) in the Upper Seeds grasslands
(51°46'16.8" N 1°19'59.1" W, 166 m a.s.l.) of the University of Oxford's
Wytham Woods estate, Oxfordshire, UK (Figure 1). Upper Seeds is a
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recovering calcareous grassland, which was intermittently used for ar-

able agriculture from the Second World War until the late 1970s, before
the site was managed as a grassland beginning in 1978 (Gibson, 1986;
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Grime et al., 2000). Grazing by sheep has been excluded throughout
the experiment but did occur before the experiment. Upper Seeds,
as with other calcareous grasslands, has a high level of floral biodi-
versity, in which graminoids constitute ~60% of species by biomass.
Management consists of mowing all above-ground vegetation in mid-
July at the peak of the growing season, and again in early October,
coinciding with the end of the growing season. Biomass is removed
following mowing. The site has a shallow soil depth (300-500mm), al-
kaline soils (Gibson & Brown, 1991), a daily average temperature range
of =5°C to 26°C (2016-2020) and a daily total precipitation range of
0-40mm (2016-2020) (Rennie et al., 2017).

2.2 | Experimental design

We explored grassland biodiversity responses to precipita-
tion in the context of the global drought network (DroughtNet)
international drought experiment. DroughtNet's international
drought experiment is a coordinated distributed experiment with
over 100 sites globally (https://droughtnet.weebly.com/) (Smith
et al., 2024). The goal of the DroughtNet experimental network is
to explore ecosystem sensitivity to precipitation extremes through
experimental manipulations of precipitation (Knapp et al., 2017).
Precipitation manipulation is carried out by modifying natural pre-
cipitation patterns in each plot with rainout shelters, acting as a
press disturbance (continuous change in the environment) main-
tained across several years. The manipulation was implemented in

RainDrop as a randomised, replicated block design in which four

i
i

L
il i

FIGURE 1 Experimental schematic of RainDrop on Upper Seeds, Wytham Woods with DroughtNet coordinated distributed experiment
plots. (a) DroughtNet treatments are denoted by the colour of each 5mx5m plot, and include Ambient control (green; no manipulation),
Procedural control (grey; rainfall shelter but no change in rainfall), Drought (orange; -50% rainfall shelter) and Irrigated (blue; +50% rainfall
with sprinklers). Letters indicate the five replicated and randomised experimental blocks A-E. Smaller squares indicate the biodiversity data
collection area in each plot; the positions of which were randomised. (b) Photographs including ground-level (left) and aerial (right) views of
each treatment type. (c) Experimental design schematic for each plot. Full 5mx5m plot area, subdivided into quarters (2.5mx2.5m), one
of which contained the observation quadrat (green square—1 mx 1 m) used in this experiment. Species percentage cover (i) and biomass (ii)
were collected from the observation quadrat. Each quadrat had a buffer of 75cm.


https://droughtnet.weebly.com/

JACKSON ET AL.

BRITISH
ECOLOGICAL
SOCIETY

treatments were repeated across five blocks (n=20 experimen-
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tal plots; Figure 1a, blocks A-E), in order to account for spatial
variation and site topography, which varies by 5m within the ex-
perimental area. Plots were therefore spatially nested within each
block, which we accounted for with nested hierarchical random
effects of plots within blocks in analyses.

Each replicated unit of 5mx5m plots had one of four experi-
mental treatments: ambient control plots (Ambient control), -50%
precipitation rainout shelters to simulate drought (Drought), +50%
irrigated plots with sprinklers to simulate increased precipitation
(Irrigated) and procedural controls (Procedural control; precipita-
tion shelter with no change to precipitation; Figure 1a). Biodiversity
data collection occurs in the central 1 mx 1 m quadrat in one-quarter
of each 5mx5m plot, where the data collection quarter was ran-
domised at the beginning of the experiment (Figure 1c). Therefore,
each experimental quadrat has a buffer of 75cm, which prevents
wind-driven rain from entering the experimental quadrat (Figure 1c).

Rainout shelters consist of metal structures 1.5-2m above the
ground with transparent Perspex guttering. In the drought treat-
ment, the rainout shelter gutters are approximately 10.4cm wide
and spaced such that 50% of the surface area of the plot is blocked
by guttering. Irrigated treatment plots are supplied by water con-
tainers from the drought treatment, which collects precipitation
with the transparent Perspex gutters, such that 50% additional pre-
cipitation is comprised of precipitation lost to the shelter (Gherardi
& Sala, 2013). Procedural control plots were crucial to test the po-
tential confounding effect of the drought treatment, in which similar
structures and guttering are in place to simulate the microclimatic
conditions of the shelter, but with guttering inverted to allow nat-
ural precipitation levels (Figure 1b). For example, although Perspex
guttering was transparent to allow light to reach the plot, it reduced
the light available to the grassland community to some degree. Thus,
the procedural control enabled us to account for any such microcli-
matic effects. Precipitation manipulation percentages were selected
through an assessment of long-term precipitation records, which
found that extremes of annual precipitation differed from aver-
age years by ~40% (Knapp et al., 2015). At RainDrop, all drought
treatments are removed between October and March of each year,
when the Perspex gutters are inverted to restore natural precipita-
tion levels, such that the experimental treatments are active during
the growing season. However, rainout shelters and guttering remain
throughout the year. To further test the validity of the experimental
treatments at this site, we used preliminary data on soil moisture
recorded from 13 of the 20 plots between August and September
2022. We found that simulated drought reduced median raw soil
moisture by 37%, while there was only a modest soil moisture in-
crease of 7% in the Irrigated treatment (Figure S1).

2.3 | Data collection

The core experimental protocol consists of biodiversity and produc-
tivity monitoring within experimental plots, namely species diversity

and abundance, and above-ground net biomass production. To ex-
plore how precipitation manipulation influences grassland dynamics
and composition, we monitored three main features of biodiver-
sity: total community above-ground ANPP, functional group-level
above-ground biomass and species-level percentage cover of vas-
cular plants, for each 1mx1m quadrat in each year between 2016
and 2021. We define ANPP as the total above-ground biomass of
vascular plants across the growing season in each year, which esti-
mates the investment of energy into growth of plant structures. We
collected biomass at the peak of the growing season, 20 June-14
July, and at the end of September, such that ANPP was estimated
for the entire growing season. We estimated ANPP using a ‘clip strip’
of all vascular plant material in a 1mx0.25m strip in the centre of
each quadrat, collected after percentage cover data. The size of clip
strips was chosen to efficiently measure biomass across all plots
in sufficient time, and representativeness of the biomass samples
was ensured through spatial replication in blocks. Clip strips were
gathered using hand trimmers ~1cm above the soil surface. Within
1day of collection, we sorted clip strips into five functional groups:
graminoids, legumes, non-leguminous forbs, woody species, and
bryophytes and dried them at 70°C for 48h, before weighing the
dry biomass with an accuracy of +0.1g. Forbs are defined as any
herbaceous flowering plant other than a graminoid. We used both
functional group-level estimates of biomass and summed values
of ANPP in analyses, which were scaled by a factor of four to the
standardised measure of gm™. Due to smaller biomasses estimated
for woody (1.65% of total biomass) and bryophyte groups (1.20% of
total biomass), we only included graminoids, legumes and forbs in
subsequent ANPP analyses.

Percentage cover data collection occurred before the peak of
the growing season in each year, in mid to late June. We estimated
the percentage cover of all vascular plant species in each quadrat.
Because species overlapped spatially, percentage cover estimates
exceed 100%. Species names follow the International Plant Names
Index (IPNI, 2022).

We added environmental context and explored how biodiver-
sity changes are influenced by local weather patterns using weather
data from the National Environment Research Council (NERC)
Environmental Change Network (Rennie et al., 2017). A meteoro-
logical station was present in the five-acre field within 100m of all
experimental quadrats. Raw meteorological data consisted of 16
weather variables, which were gathered at hourly intervals between
2016 and 2020, but data were not available in 2021. We used the
mean hourly precipitation and temperature in the spring (21 March-
20 June) and summer (21 June-22 September; the growing season)

for each year of study as weather variables of interest.

2.4 | General analysis

We analysed the experimental data with hierarchical Bayesian re-
gression models using the brms package (Burkner, 2017) in R ver-
sion 4.1.3 (R Core Team, 2022). To perform model selection, we



JACKSON ET AL.

estimated the out-of-sample predictive performance of candidate
models relative to base models that excluded predictor variables of
interest. For each candidate model, we performed leave-one-out
cross-validation with the loo criterion and the expected log-wise
predictive density (elpd, where Aelpd gives the change in elpd rela-
tive to another explanatory model; Vehtari et al., 2017). Therefore,
elpd gives an estimate of predictive performance that is analogous
to an information criterion. Where two candidate models were
comparable in elpd (Aelpd <2), we reported the model with fewer
explanatory variables and explored the posterior coefficients of
the model to make inference. Models were run across four Markov
chain Monte Carlo chains for 4000 iterations with 2000 warm-up
iterations, and the convergence of the model across chains was as-
sessed by inspecting R values, which assess the degree of mixing
between chains (Blirkner, 2017). Model priors were selected using
prior predictive simulations, where ranges of coefficient values were
assessed for plausibility relative to prior distribution parameters. For
the full set of model priors, please refer to model code (https://doi.
org/10.5281/zenodo.8135588). Following model selection, we per-
formed a set of Bayesian hypothesis tests (Btirkner, 2017) to inves-
tigate whether there were consistent differences in biodiversity and
biomass measures between procedural control and ambient control
treatments, and the proportion of variance explained by the random
effect of experimental block. Differences between control treat-
ments were evaluated by comparing posterior distributions between
ambient control and procedural control groups. We used the intra-
class correlation coefficients (ICC) (Nakagawa & Schielzeth, 2010) to
assess the proportion of variance explained by the random effect of
block relative to the total population-level variance.

2.5 | Testing the effect of precipitation on
grassland productivity and its temporal stability

To answer our first key question, we analysed how precipitation
manipulation influences ANPP and its temporal stability. We exam-
ined responses at both the whole community level and at the func-
tional group level, as well as the interannual temporal stability of
above-ground ANPP. We define the temporal stability of productiv-
ity as the inverse of the interannual coefficient of variation (CV) of
above-ground ANPP (He et al., 2022) for each quadrat. Where the
response variable was the annual total and group-level ANPP, raw
ANPP values were transformed using the natural logarithm, which
were then modelled using a Gaussian distribution (although similar
results were obtained using a Gamma distribution; Figure S3). In
the ANPP models, the key predictors of interest were precipitation
treatment and observation year. We used model selection to test
the predictive performance for a set of candidate models including
precipitation treatment (categorical variable, four levels), a linear
effect of the observation year (continuous variable, z-scored), an
autoregressive term for the observation year (order=1), and two-
way interactions between precipitation treatment and observation
year (linear). We investigated linear effects of observation year to
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capture broad changes in the community through time, but with
insufficient temporal sampling to ascertain non-linear dynamics.
Additional annual fluctuations were tested with effects of local en-
vironmental variables, and random effects of observation year. We
compared candidate models to base models that excluded predic-
tor variables of precipitation treatment and observation year. ANPP
models estimated at the level of functional group also included terms
for functional group (categorical variable, three levels). The full set
of candidate models for each ANPP response variable is detailed in
Tables S1-S3. We also included a categorical predictor term for the
month of harvest (middle or later part of growing season).

In all models, we included a nested (hierarchical), intercept-
only random effect of the precipitation treatment (four levels)
within block (five levels) to account for the experimental structure
of RainDrop, and an intercept-only random effect of observation
year (six levels) to capture additional interannual variability. Nested
intercept-only random effects were appropriate for this study due
to the static spatial organisation of plots (each with one replicate of
each treatment) within blocks in the current experiment (Figure 1a),
for which we aimed to account for additional variance from the
treatments x block interaction. Models of the stability of ANPP do
not include temporal effects, because the metric captured interan-
nual variability in biomass for each quadrat resulting in a single value
per plot. Thus, for temporal stability models we tested a candidate
model with the precipitation treatment to the base model with no
predictor variables (Table S3). When analysing temporal stability of
ANPP, we validated the patterns in stability by testing the log-linear
relationship between variance in ANPP and mean ANPP for each
plot using Pearson's correlation, to test the role of Taylor's Power
Law in driving these effects (Reckling et al., 2021; Figure S5). In
ANPP models, we used weakly informed normal priors of N(3.5,0.5)
for the global intercept term and N(O, 1) for predictor variables. The
intercept-only random effects were fitted using exponential priors
with rates between 4 and 8.

2.6 | Testing the resistance of grassland
communities to precipitation treatments

We answered our second key question by investigating whether the
grassland community was resistant to precipitation treatments in
three ways: with broad diversity indices, using community composi-
tion and turnover, and exploring individual species contributions to
community change. First, we explored how broad diversity indices
at the quadrat level were influenced by the precipitation treatments
using linear hierarchical mixed-effects model selection, in an identi-
cal procedure as described in Section 2.4. We calculated biodiver-
sity indices using the relative proportions, p, of each species from
percentage cover estimates. The three biodiversity indices included
were vascular plant species richness, the Shannon-Weiner diversity
index, H= — Y plnp (Shannon & Weaver, 1963), and the Simpson's
diversity index, D = Y p?(Simpson, 1949). For the Shannon-Weiner
and Simpson's indices, response variables were z-scored (mean and
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variance centred on 0) for analyses and models were fitted using a
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Gaussian distribution. Models with species richness counts were fit-
ted using a Poisson distribution and a log link. Shannon-Weiner and
Simpson's models were fitted with regularising priors of N(0,0.5) for
both intercept and predictor terms, and Richness models were fitted
with a prior of N(3,0.25) for the intercept.

To assess how the grassland community composition varied be-
tween precipitation treatments, we tested community dissimilarity
using non-metric multi-dimensional scaling (NMDS) implemented in
the vegan package (Clarke, 1993; Oskanen et al., 2022). Community-
level data consisted of species percentage cover data for each quad-
rat, which is a single treatment in a given plot each year. We fitted
the NMDS using the Bray-Curtis dissimilarity index with a dimen-
sion of three, and up to 1000 random starts to reach convergence
in stress values. Then, we compared the first two dominant NMDS
axes between precipitation treatments. We used hierarchical linear
mixed-effects models with a response variable of the NMDS axis
scores, with model selection as described in Section 2.4. We fitted
these models with regularising priors of N(0,0.1) for both the global
intercept and predictor variables. Then, in addition to the linear
modelling framework, we explored statistical differences in Bray-
Curtis similarities between precipitation treatments using analysis
of similarities. Analysis of similarities tests differences in dissimi-
larity within sampling units compared with between sampling units
(Oskanen et al., 2022). We also explored block-level community ef-
fects by testing the dissimilarity between experimental blocks by
pooling data from the replicates within each block.

To further explore the drivers of community composition dif-
ferences between sampling groups of precipitation treatments and
observation years, we investigated which species were most import-
ant for community differences using Similarity Percentage analysis.
Similarity Percentage is an extension of the Bray-Curtis dissimilarity
measure for individual species within a community, for which the
dissimilarity metric per species is averaged across pairs of sampling
groups to give an overall contribution (standardised to sum to 1) of
each species to differences for a set of sampling groups of interest
(Clarke, 1993; Oskanen et al., 2022). We tested Similarity Percentage
for the sampling groups of precipitation treatment, observation year
and blocks. Then, following Similarity Percentage analysis, we ex-
plored variation in the relative abundance, p, of influential species
between communities.

2.7 | Testing the temporal dynamics of the
community and its drivers

We answered our third key question by exploring the temporal dy-
namics in the stability and resistance of the grassland community,
and its potential climatic drivers. We estimated temporal trends in
productivity, diversity indices and NMDS axes, as well as the simi-
larities in floral communities between observation years. We ex-
tracted temporal trends from linear models of biodiversity specified
in Section 2.5, which included linear or autoregressive effects of

observation year, as well as two-way interactions between precipi-
tation treatments and observation year. In addition to model selec-
tion, we also performed analysis of similarity tests for the NMDS
communities between observation years and Similarity Percentage
to identify influential species (Oskanen et al., 2022). Therefore, by
assessing the temporal change in diversity indices and NMDS scores,
we tested the temporal dynamics in this calcareous grassland.
Furthermore, we explored which species had the largest changes in
abundance over the study period, and thus which may have contrib-
uted most to temporal dynamics. For each species, we estimated the
linear association between observation year and relative abundance,
and explored which species had significant changes in relative abun-
dance across plots.

Finally, to explore whether environmental drivers mediated tem-
poral dynamics in the community, we tested how local weather vari-
ables influenced ANPP and biodiversity indices. Following the model
selection framework in Section 2.4, we implemented linear models
to investigate the impact of mean temperature and precipitation
across the spring and summer-influenced biodiversity indices. In
these models, linear terms for observation year were replaced with
annual mean weather variables. We included both weather data for
the current year and the previous year relative to biodiversity data
collection, to test for current and lagged impacts of local weather on
biodiversity differences.

3 | RESULTS

3.1 | Simulated drought reduces biomass
production and its temporal stability

We found that simulated drought substantially reduced both
above-ground ANPP and productivity's temporal stability
(Figure 2). Across all observation years and experimental quad-
rats, there was a mean total ANPP of 303+138 (S.D.) gm™.
Graminoids were the dominant functional group by biomass, with
63.6% of all biomass measured, compared with 20.4% for leg-
umes and 16.0% for forbs. For total annual above-ground ANPP
between 2016 and 2021, the model with the highest predictive
performance, and fewest parameters, was the model including
only the categorical effect precipitation treatment (Aelpd =5.03
relative to the base model; Table S1). Total above-ground ANPP
was substantially reduced in the drought treatment (§ = -0.77
[-1.04; -0.49]; p coefficients give the posterior mean difference
compared with the ambient control treatment on the log-scale,
with the 95% credible intervals), with a mean total above-ground
ANPP of 137 +156 (S.D.) gm™2 compared with 182+ 137 (S.D.)
gm™2 for the ambient control treatment (Figure 2a). Thus, com-
pared with ambient conditions, the mean ANPP was reduced
by 24.7% in the drought treatment. In contrast, irrigated plots
did not have any substantial change in ANPP compared with
the ambient control (f = -0.10 [-0.37; 0.18]; Figure 2a). We did
not find evidence for either an overall linear temporal trend in
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boxplots giving the posterior mean and uncertainty.

ANPP, or for an interaction between observation year and treat-
ment (Table S1; Figure S2). The model with the highest predictive
performance included the linear effect of observation year, but
the elpd was not substantially increased relative to the simpler
model including only the effect of treatment (Table S1), and the
raw data showed no clear temporal pattern in ANPP (Figure S2).
There was a weak negative skew in raw ANPP values, but skew
did not impact model convergence (Figure S3). Furthermore, we
re-ran model selection using a gamma distribution, which did not
change the qualitative results (Figure S3b). We observed a simi-
lar pattern for temporal stability in productivity, with a Aelpd of
3.15 for the model including precipitation treatment compared
with the base model (Table S3). Temporal stability in productivity
was substantially reduced in the drought treatment (§ = -0.19
[-0.32; -0.06]), equating to a 53.5% increase in the coefficient
of variation of biomass (CV=0.56) relative to the ambient con-
trol treatment (CV=0.37) (Figure 2b). There were no discernible
differences in temporal stability in productivity for both ambient
control and procedural control treatments or the irrigation treat-
ment (Figure 2b). Furthermore, we did not find evidence for a log-
linear relationship between variance in ANPP and mean ANPP
for each plot (p =0.42, p=0.07), increasing our confidence in our
observation of reduced stability (Figure S5).

The reductions in overall ANPP were driven primarily by de-
creases in the biomass of graminoids and legumes (Table S2;
Figure S4). Forbs did not exhibit ANPP reductions in the drought

treatment (f = -0.03 [-0.46; 0.39]), but reductions were accentuated
in both graminoids (f = -1.00 [-1.41; -0.59]) and legumes (f = -0.87
[-1.29; -0.46]) (Figure S4). Therefore, we observed mean reductions
in ANPP of 36.1% and 36.4% for graminoids and legumes, respec-
tively. Both mean total ANPP and group-level ANPP were strongly
overlapping between ambient control and procedural control treat-
ments (f =0.11 [-0.17; 0.38], § =0.31 [-0.11; 0.72]; differences in
posterior means between ambient control and procedural control).
Furthermore, we did not find substantial variance in total biomass
between blocks (ICC or 6, =0.01 [0.00; 0.05]) although the ability
of the design to estimate this variance component is limited given

the limited replication of five blocks.

3.2 | Community diversity and composition were
resistant to drought and irrigation

We found evidence that species composition in these calcareous
grassland communities is resistant to precipitation treatments,
both in terms of broad diversity indices and community composi-
tion (Figure 3). For species richness, the Shannon-Weiner index and
the Simpson's index, we did not observe differences in indices be-
tween precipitation treatments (Figure 3a-c). For all three indices,
the Aelpd compared with the base model was below 0.6, indicating
no clear association between the indices and precipitation treat-

ments, so we retained models excluding precipitation treatment
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(Tables S4-S6). Similarly to ANPP, there were no clear differences Community composition was also not clearly associated with the
in ambient control and procedural control treatments for richness, precipitation treatments. There was no clear association between
Shannon-Weiner index or Simpson's index. Furthermore, the mean NMDS axes one and two (NMDS1 and NMDS2) and precipitation
posterior block-level variance (ICC or oy,) Was below 0.03 for all treatment (Figure 3d; Figure S8), or between precipitation treat-

indices. ments and NMDS3 (Figure S8). A lack of community composition
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differences between treatments was further supported by the anal-
ysis of similarities, for which within-sample dissimilarity was broadly
comparable to dissimilarity between samples (Figure S9; marginally

significant relationship).

3.3 | Shifts in community composition and richness
increase across the study period

Instead of an effect of precipitation treatment, we found evidence
for overall temporal changes in the calcareous grassland communi-
ties, with increases in species richness and changes in community
composition (Figure 4). However, these changes were not affected
by the precipitation treatments. We recorded a total of 109 vascu-
lar plant species between 2016 and 2021 across all plots. Across all
plots the annual total number of species recorded did not change
substantially, ranging between 54 (2017) and 64 (2019). At the quad-
rat level, species richness ranged between 13 and 36 species m2
with a mean of 24.4+5.14 (S.D.) species. We found a positive as-
sociation between species richness and observation year, such that
there were increases in richness over the study period (Figure 4a; g
=0.10 [0.04; 0.16]). Overall, between 2016 and 2021, there was an
increase in mean richness at the plot level from 20.3 to 27.4 spe-
cies (Figure 4a). Furthermore, we found a strong association be-
tween community composition and observation year (Figure 4b).
The analysis of similarities indicated a large difference in within-year
community differences compared with between-year community
differences (Figure S9). Furthermore, we observed a strong posi-
tive association between NMDS1 and observation year, which was a
substantially better predictive model compared with the base model
(Aelpd =58.4). There was a consistent increase in NMDS1 over the
study period (f =0.23 [0.20; 0.27]), indicating a shift in community
composition (Figure 4c).

In spite of observed temporal trends, we did not observe an as-
sociation between productivity and average interannual weather
conditions. Average spring and summer weather conditions were
not strongly associated with any of the biodiversity indices or ANPP
(Figures S6 and S7). Finally, we explored which species had the larg-
est impact on community change across the years. Four species
had significant positive temporal trends in abundance across plots
(Bromus commutatus, Medicago lupulina, Trisetum flavescens and Viola
hirta; Figure $10), but generally species richness increases at the plot
level were not repeatedly associated with a specific group of spe-
cies. We then used similarity percentages across species to inves-
tigate the species that were most influential in driving differences
in community dissimilarity between years. Ten species had mean
percentage contributions to dissimilarity above 2% (with Potentilla
reptans lying on the boundary), of which four were graminoids,
four were legumes and one was a forb (Figure 5a). Of these species
however, Arrhenatherum elatius (graminoid), Brachypodium pinna-
tum (graminoid) and Lotus corniculatus (legume) had mean contribu-
tions of over 5% (median >6.5%) to community dissimilarity across
years (Figure 5a,b). These three species were common, and varied
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substantially across the study period, with large interannual shifts,
but displayed no clear pattern in relative abundance through time
or with treatments (Figure 5b). In particular Arrhenatherum elatius,
which is a common and dominant species, varied between an av-
erage abundance of 13.3% (relative abundance=0.133) across all
quadrats in 2018 to 2.3% in 2021 (Figure 5b).

4 | DISCUSSION

From our 6-year study of precipitation manipulation in a calcareous
grassland, we show that simulated drought reduced productivity
and its temporal stability, but that species diversity and composi-
tion were generally resistant. These results add to global findings
of decreased grassland productivity with drought (Krdel-Dulay
et al., 2022; Smith et al., 2024), but we add a key perspective that
the reductions in productivity are coupled with reduced temporal
stability, and an accentuated pattern in graminoids and legumes.
Despite accentuated productivity loss in graminoids and legumes,
we find that overall community composition in this calcareous grass-
land was resistant to 6 years of drought conditions, a finding consist-
ent with other studies on calcareous grasslands (Craine et al., 2013;
Grime et al., 2000, 2008). Increases in precipitation were not asso-
ciated with any change in productivity or community composition,
which may indicate a lack of efficacy in the irrigation treatment. Our
study emphasises the need to explore detailed temporal dynamics in
grassland communities alongside changing precipitation patterns, to
understand how climate change will impact these vital ecosystems
and the services they provide.

In the present study, experimental drought reduced the produc-
tivity of the calcareous grassland habitat and its interannual tem-
poral stability, with 25% reductions in above-ground ANPP, and a
54% increase in productivity's coefficient of variation. Furthermore,
despite a strong overall effect, reductions in productivity were
driven primarily by losses in graminoid and legume biomass, but forb
biomass did not change substantially. Productivity losses are con-
cerning given calcareous grasslands are important ecosystems that
are already vulnerable to other human impacts (Maddock, 2008).
Reductions in primary productivity and biomass in response to
drought have been widely reported in plant communities globally
(Haddad et al., 2002; Kréel-Dulay et al., 2022; Smith et al., 2024).
Reduction in productivity may be driven by water limitation, al-
tered patterns of nutrient cycling following precipitation extremes
(Haddad et al., 2002), or a diversion in the allocation of resources
from survival to reproduction (WeiRhuhn et al., 2011). A lack of bio-
mass reduction in the forbs may be a result of deeper rooting depth
in forbs relative to graminoids and legumes increasing access to
water (Sydes & Grime, 1984), or increased water limitation relative to
nitrogen limitation in legumes. Kréel-Dulay et al. (2022) found that
experimental manipulations of precipitation often underestimate
the impact of drought on biomass, failing to capture other abiotic
processes that are associated with drought in real-world settings,
including the interaction between drought timing and plant growth
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(Felton & Goldsmith, 2023). Furthermore, this calcareous grassland
is a mesic system with moderate levels of annual precipitation, and
productivity losses are likely to be amplified in more arid environ-
ments (Huxman et al., 2004; Moran et al., 2014). Ultimately, reduced
precipitation threatens grassland productivity world-wide, and thus
many ecosystem services that grasslands provide.

In addition to changes in mean productivity, drought also de-
creased the temporal stability by increasing the variance of produc-
tivity. Measures of stability in abundance (here biomass) can provide
comparable metrics that forecast broader community-level changes
as early warning signals (Clements & Ozgul, 2016; Wu et al., 2020).
While previous studies have explored stability metrics in grass-
lands over short timescales (He et al., 2022), we add an important
longer-term perspective to the narrative of grassland stability with
changing precipitation patterns. Reduced stability could be the re-
sult of resource limitation (drought) increasing dependence on nat-
ural variation in precipitation, where productivity mediated through
survival and reproduction is more reactive to limited precipitation
levels (Grime et al., 2008; WeiRhuhn et al., 2011). Worryingly, the
early warning signal of reduced stability in productivity is supported
by below-ground data from the calcareous grassland in Buxton, UK,
where the seedbanks are highly altered by drought conditions, which
may forecast rapid future community change (Basto et al., 2018).
Further studies explicitly exploring metrics of community stability
with respect to climate change in plant communities will provide
valuable forecasts of the changing state of our ecosystems.

Importantly, over éyears the diversity and composition of
communities in this calcareous grassland were largely resistant to

drought, despite the group-specific declines in the productivity of
grasses and legumes. It is currently unclear why the composition
metrics were largely unaffected by the productivity declines in
grasses and legumes. Key findings from other long-term studies on
calcareous grasslands support the composition resistance findings
(Craine et al., 2013; Grime et al., 2000, 2008), but we add further
temporal dynamics and investigation at the species level. We hy-
pothesise that the grassland resistance could be the result of two
main processes: (i) the maintenance of drought resistance through
increased species and functional diversity over time, and (ii) insuffi-
cient time for precipitation change to influence the community, that
is, lagged effects. There are clear global ecological signals that higher
species diversity in linked to high stability (Craven et al., 2018; Hector
et al., 2010). Importantly, resistance to climate extremes can also be
compromised by reduced species diversity (Isbell et al., 2015). At the
individual level, plant resistance is linked to functional traits such
as leaf economic traits and root thickness (Anderegg et al., 2016;
Tucker et al., 2011). At the community level, increased functional
diversity, which is linked to species diversity, can stabilise grasslands
after drought (Griffin-Nolan et al., 2019). Therefore, we hypothesise
that the relatively high biodiversity of calcareous grasslands (Isbell
et al., 2015), creates functional redundancy and therefore buffers
the community to environmental change. These patterns may also
be linked with wider climatic conditions, where arid grasslands have
slower functional recovery from drought compared with mesic
grasslands (Moran et al., 2014). Diversity in species and functional
traits coupled with climatic variability across habitats may there-
fore explain why some grassland communities have responses to
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precipitation extremes (Harrison et al., 2015), and others do not
(Grime et al., 2008). Long-term studies investigating coupled func-
tional and community responses to precipitation extremes will be
crucial in teasing apart these patterns.

Our observations of resistance may also be explained by tem-
poral factors. Interestingly, despite group-specific reductions in
biomass for graminoids and forbs, these changes were not mirrored
in community composition from percentage cover. However, the
group-specific results for biomass may indicate that there will be
shifts in community composition in the future, especially when there
is mortality and turnover in perennial species. Understanding links
between productivity and community composition, either through
functional redundancy or species turnover and mortality, is a vital
next step in this system. Furthermore, compared with some other
grassland habitats, these calcareous grasslands have many perennial
species that survive for several years. From 14 years of data from a
calcareous grassland in the north of England, there was temporal
drift in the community but overall resistance, which may also have
been linked to longer-living species surviving but reacting in growth
to interannual variation in the climate (Grime et al., 2008). A delayed
turnover is also supported by the seed bank, which had strong re-
sponses to drought conditions in the same system, suggesting that
subsequent generations in the community will have lasting impacts
of drought (Basto et al., 2018). Therefore, our findings do not rule
out long-term impacts from climate change on grassland communi-
ties, which may occur abruptly when tolerance limits are reached
(Trisos et al., 2020), or in synergy with other drivers such as habitat
fragmentation (Brook et al., 2008; Klaus et al., 2021).

In addition to community resistance to drought, we found that nei-
ther productivity or community composition responded to irrigation
in this calcareous grassland. Given that soil moisture content at the
end of the growing season was not substantially increased in the irri-
gation treatment, the resistance of the community to irrigation could
indicate failure in the irrigation treatment to successfully increase soil
moisture levels on the freely draining soil and underlying bedrock.
Although failure of the irrigation treatment is a likely explanation, the
readings of soil moisture were taken during the late summer when
precipitation is typically lower, and so further study of the irrigation
treatment's efficacy is needed. Furthermore, community resistance to
irrigation is a finding that has been replicated across several grassland
irrigation experiments globally (DeMalach et al., 2017). Nevertheless,
in other systems precipitation increases have been associated with
community and functional changes, also in conjunction with warm-
ing (Collins et al., 2022; Kimmel et al., 2019). Therefore, resistance to
precipitation could also reflect an insufficiency in the extremity of the
precipitation addition (Smith et al., 2024), and further study of the ef-
ficacy of precipitation manipulation is needed.

Our final key finding was a general (treatment-independent) tem-
poral change in the community, where richness increased by over 7
species m ™2 between 2016 and 2021 and a shift in community compo-
sition. The addition of the temporal dynamics in the community was
one key advantage of the current study, and future work should focus
on long-term temporal patterns in community change in response to
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precipitation extremes. The most likely explanation is that temporal
changes indicate ongoing secondary succession following the cessa-
tion of agriculture in ~1980 and sheep grazing before the experiment,
with both long-term recovery and community change following graz-
ing. An earlier climate change experiment that compared responses
of a calcareous grassland at Harpur Hill in Buxton with those of the
Wytham Upper Seeds found grassland diversity and composition was
more stable in the established pasture at Buxton compared with the
larger changes seen in Upper Seeds that the authors attribute to its

secondary successional state (Grime et al., 2000, 2008).

4.1 | Caveats

There are several factors that we did not control in the current ex-
periment that have the potential to impact community responses to
precipitation extremes. First, while it is unlikely that the temporal
dynamics observed are purely successional change after agriculture,
grazing at the site occurring up to the start of the experiment, and
other experiments at the site may have impacted the current commu-
nity (Gibson & Brown, 1991; Grime et al., 2000). A switch from graz-
ing to mowing at the start of the experiment may be responsible for
the current temporal shift in the community and increase in species
richness. Second, is the role of spatial dynamics and immigration from
other grasslands in the area, or meta-community dynamics, which we
did not control in the current study (Furey et al., 2022). Immigration
can maintain high levels of local species diversity in plant communities
(Loreau & Mouquet, 1999), and while out of the scope of the current
study, immigration may also have an impact, particularly on tempo-
ral dynamics. However, Upper Seeds is relatively isolated from other
nearby areas of calcareous grassland. Third, the role of microclimate
on community change, which has been demonstrated as an important
mediator in grassland drought responses (Mazalla et al., 2022). The
drought treatment shelters in particular may have influenced light
availability, and created irregular patterns of rainfall (when combined
with wind) that influenced the community. However, we controlled
for these structural effects using a procedural control, which is rarely
available in precipitation manipulation experiments, and a replicated
block design, and found no detectible differences between proce-

dural control and ambient control plots.

5 | CONCLUSION

The long-term monitoring of calcareous grassland communities
with respect to experimentally controlled precipitation change can
reveal detailed community responses, which are not available from
snapshots of the community. Measuring and predicting the impact
of climate change on plant communities can be facilitated by the
approach taken here that combines long-term data on community
composition and productivity. Future work should combine commu-
nity and productivity data with information on functional traits and
the corresponding below-ground responses.



JACKSON ET AL.

Esnmsu
ECOLOGICAL
SOCIETY
AUTHOR CONTRIBUTIONS

This study was established by Kadmiel Maseyk and Andrew

Journal of Ecology

Hector. Pl support and resources were provided by Andrew
Hector, Roberto Salguero-Gémez, Kadmiel Maseyk, Nick Hawes
and Clare S. Lawson. Data were collected primarily by Clare S.
Lawson and Andrew Hector, with contributions to data collection
from all authors. John Jackson performed data analysis and ex-
ploration, with support from Sara L. Middleton, Andrew Hector
and Roberto Salguero-Gémez. John Jackson wrote the initial draft
with support from Sara L. Middleton, Andrew Hector and Roberto
Salguero-Goémez. Critical manuscript feedback and approval were
provided by all authors.

ACKNOWLEDGEMENTS

Special thanks to N. Fisher, N. Havercroft and K. Crawford for field
logistic support at Wytham throughout the study. Thanks also to M.
Stone and D. Gowing for their work setting up and supporting the
experiment. Also, thanks for assistance in the field from J. Haynes,
L. Clements, L. McManus, H. King, D. Encarnation, A. Patwary and L.
Hinchcliffe. John Jackson was funded by the Amazon Web Service
Test Bed Funding scheme ‘Monitoring and Predicting Biodiversity
Resilience through Al & Robotics’ to Roberto Salguero-Gémez and
Nick Hawes and by a John Fell Funds grant to Roberto Salguero-
Gomez. Roberto Salguero-Gémez was funded by a NERC IRF (NE/
M018458/1). Andrew Hector was supported by the John Fell Fund.
Sara L. Middleton was supported by a NERC studentship (awards
NE/L002612/1 and NE/S007474/1). Andrew Hector, Kadmiel
Maseyk and the Raindrop project were supported by the John Fell
Fund, the Ecological Continuity Trust, the Patsy Wood Trust and the
British Ecological Society.

CONFLICT OF INTEREST STATEMENT
Andrew Hector is an editor of the Journal of Ecology, but took no

partin the peer review and decision-making processes for this paper.

PEER REVIEW

The peer review history for this article is available at https://www.
webofscience.com/api/gateway/wos/peer-review/10.1111/1365-
2745.14282.

DATA AVAILABILITY STATEMENT

All code, output and data used in the current study are archived
using the Zenodo repository: https://doi.org/10.5281/zenodo.
8135588 (Jackson et al., 2023), which were created from the follow-
ing GitHub repository: https://github.com/jjackson-eco/raindrop_
biodiversity_analysis.

ORCID
J. Jackson " https://orcid.org/0000-0002-4563-2840

S. L. Middleton "= https://orcid.org/0000-0001-5307-8029

R. Salguero-Gémez "= https://orcid.org/0000-0002-6085-4433

A. Hector " https://orcid.org/0000-0002-1309-7716

REFERENCES

Abberton, M., Conant, R., & Batello, C. (2010). Grassland carbon seques-
tration: Management, policy and economics. Proceedings of the work-
shop on the role of grassland carbon sequestration in the mitigation of
climate change. FAO.

Allen, C. R., Angeler, D. G., Chaffin, B. C., Twidwell, D., & Garmestani, A.
(2019). Resilience reconciled. Nature Sustainability, 2(10), 898-900.
https://doi.org/10.1038/541893-019-0401-4

Anderegg, W. R. L., Klein, T., Bartlett, M., Sack, L., Pellegrini, A. F. A.,
Choat, B., & Jansen, S. (2016). Meta-analysis reveals that hydrau-
lic traits explain cross-species patterns of drought-induced tree
mortality across the globe. Proceedings of the National Academy
of Sciences of the United States of America, 113(18), 5024-5029.
https://doi.org/10.1073/pnas.1525678113

Basto, S., Thompson, K., Grime, J. P, Fridley, J. D., Calhim, S., Askew, A. P.,
& Rees, M. (2018). Severe effects of long-term drought on calcare-
ous grassland seed banks. npj Climate and Atmospheric Science, 1(1),
1. https://doi.org/10.1038/541612-017-0007-3

Brook, B. W., Sodhi, N. S., & Bradshaw, C. J. A. (2008). Synergies among
extinction drivers under global change. Trends in Ecology & Evolution,
23(8), 453-460. https://doi.org/10.1016/j.tree.2008.03.011

Burkner, P. C. (2017). brms: An R package for Bayesian multilevel mod-
els using Stan. Journal of Statistical Software, 80. https://doi.org/10.
18637/jss.v080.i01

Clarke, K. R. (1993). Non-parametric multivariate analyses of changes in
community structure. Australian Journal of Ecology, 18(1), 117-143.
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x

Cleland, E. E., Collins, S. L., Dickson, T. L., Farrer, E. C., Gross, K. L.,
Gherardi, L. A., Hallett, L. M., Hobbs, R. J., Hsu, J. S., Turnbull, L., &
Suding, K. N. (2013). Sensitivity of grassland plant community com-
position to spatial vs. Temporal variation in precipitation. Ecology,
94(8), 1687-1696. https://doi.org/10.1890/12-1006.1

Clements, C. F., & Ozgul, A. (2016). Including trait-based early warning
signals helps predict population collapse. Nature Communications,
7. https://doi.org/10.1038/ncomms10984

Collins, C. G., EImendorf, S. C., Smith, J. G., Shoemaker, L., Szojka, M.,
Swift, M., & Suding, K. N. (2022). Global change re-structures al-
pine plant communities through interacting abiotic and biotic ef-
fects. Ecology Letters, 25(8), 1813-1826. https://doi.org/10.1111/
ele.14060

Craine, J. M., Ocheltree, T. W., Nippert, J. B., Towne, E. G., Skibbe, A. M.,
Kembel, S. W., & Fargione, J. E. (2013). Global diversity of drought
tolerance and grassland climate-change resilience. Nature Climate
Change, 3(1), 63-67. https://doi.org/10.1038/nclimate1634

Craven, D., Eisenhauer, N., Pearse, W. D., Hautier, Y., Isbell, F., Roscher,
C., Bahn, M., Beierkuhnlein, C., Bonisch, G., Buchmann, N., Byun,
C., Catford, J. A., Cerabolini, B. E. L., Cornelissen, J. H. C., Craine, J.
M., De Luca, E., Ebeling, A., Griffin, J. N., Hector, A., ... Manning, P.
(2018). Multiple facets of biodiversity drive the diversity-stability
relationship. Nature Ecology & Evolution, 2(10), 1579-1587. https://
doi.org/10.1038/s41559-018-0647-7

DeMalach, N., Zaady, E., & Kadmon, R. (2017). Contrasting effects of
water and nutrient additions on grassland communities: A global
meta-analysis. Global Ecology and Biogeography, 26(8), 983-992.
https://doi.org/10.1111/geb.12603

Donohue, I., Petchey, O. L., Montoya, J. M., Jackson, A. L., Mcnally, L.,
Viana, M., Healy, K., Lurgi, M., O'Connor, N. E., & Emmerson, M. C.
(2013). On the dimensionality of ecological stability. Ecology Letters,
16(4), 421-429. https://doi.org/10.1111/ele.12086

Fahey, T. J., & Knapp, A. K. (Eds.). (2007). Principles and standards for mea-
suring primary production. Oxford University Press.

Fay, P. A., Kaufman, D. M., Nippert, J. B, Carlisle, J. D., & Harper, C. W.
(2008). Changes in grassland ecosystem function due to extreme
rainfall events: Implications for responses to climate change. Global


https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14282
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14282
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14282
https://doi.org/10.5281/zenodo.8135588
https://doi.org/10.5281/zenodo.8135588
https://github.com/jjackson-eco/raindrop_biodiversity_analysis
https://github.com/jjackson-eco/raindrop_biodiversity_analysis
https://orcid.org/0000-0002-4563-2840
https://orcid.org/0000-0002-4563-2840
https://orcid.org/0000-0001-5307-8029
https://orcid.org/0000-0001-5307-8029
https://orcid.org/0000-0002-6085-4433
https://orcid.org/0000-0002-6085-4433
https://orcid.org/0000-0002-1309-7716
https://orcid.org/0000-0002-1309-7716
https://doi.org/10.1038/s41893-019-0401-4
https://doi.org/10.1073/pnas.1525678113
https://doi.org/10.1038/s41612-017-0007-3
https://doi.org/10.1016/j.tree.2008.03.011
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x
https://doi.org/10.1890/12-1006.1
https://doi.org/10.1038/ncomms10984
https://doi.org/10.1111/ele.14060
https://doi.org/10.1111/ele.14060
https://doi.org/10.1038/nclimate1634
https://doi.org/10.1038/s41559-018-0647-7
https://doi.org/10.1038/s41559-018-0647-7
https://doi.org/10.1111/geb.12603
https://doi.org/10.1111/ele.12086

JACKSON ET AL.

Change Biology, 14(7), 1600-1608. https://doi.org/10.1111/j.1365-
2486.2008.01605.x

Felton, A. J., & Goldsmith, G. R. (2023). Timing and magnitude of
drought impacts on carbon uptake across a grassland biome.
Global Change Biology, 29(10), 2790-2803. https://doi.org/10.
1111/gch.16637

Franklin, J., Serra-Diaz, J. M., Syphard, A. D., & Regan, H. M. (2016). Global
change and terrestrial plant community dynamics. Proceedings of
the National Academy of Sciences of the United States of America,
113(14), 3725-3734. https://doi.org/10.1073/pnas.1519911113

Furey, G. N., Hawthorne, P. L., & Tilman, D. (2022). Might field exper-
iments also be inadvertent metacommunities? Ecology, 103(7),
e€3694. https://doi.org/10.1002/ecy.3694

Gherardi, L. A, & Sala, O. E. (2013). Automated rainfall manipulation sys-
tem: A reliable and inexpensive tool for ecologists. Ecosphere, 4(2),
1-10. https://doi.org/10.1890/ES12-00371.1

Gibson, C. W. D. (1986). Management history in relation to changes in
the Flora of different habitats on an Oxfordshire Estate, England.
Biological Conservation, 38, 217-232.

Gibson, C. W. D., & Brown, V. K. (1991). The nature and rate of devel-
opment of calcareous grassland in southern Britain. Biological
Conservation, 51, 297-316.

Grét-Regamey, A., Rabe, S.-E., Crespo, R., Lautenbach, S., Ryffel, A., &
Schlup, B. (2014). On the importance of non-linear relationships be-
tween landscape patterns and the sustainable provision of ecosys-
tem services. Landscape Ecology, 29(2), 201-212. https://doi.org/
10.1007/510980-013-9957-y

Griffin-Nolan, R. J., Blumenthal, D. M., Collins, S. L., Farkas, T. E., Hoffman,
A. M, Mueller, K. E., Ocheltree, T. W., Smith, M. D., Whitney, K. D.,
& Knapp, A. K. (2019). Shifts in plant functional composition fol-
lowing long-term drought in grasslands. Journal of Ecology, 107(5),
2133-2148. https://doi.org/10.1111/1365-2745.13252

Grime, J. P, Brown, V. K., Thompson, K., Masters, G. J., Hillier, S. H.,
Clarke, I. P., Askew, A. P., Corker, D., & Kielty, J. P. (2000). The
response of two contrasting limestone grasslands to simulated
climate change. Science, 289(5480), 762-765. https://doi.org/10.
1126/science.289.5480.762

Grime, J. P,, Fridley, J. D., Askew, A. P., Thompson, K., Hodgson, J. G., &
Bennett, C. R. (2008). Long-term resistance to simulated climate
change in aninfertile grassland. Proceedings of the National Academy
of Sciences of the United States of America, 105, 10028-10032. www.
pnas.org/cgi/content/full/

Gupta, A., Rico-Medina, A., & Cafo-Delgado, A. I. (2020). The physiol-
ogy of plant responses to drought. Science, 368(6488), 266-269.
https://doi.org/10.1126/science.aaz7614

Haddad, N. M., Tilman, D., & Knops, J. M. H. (2002). Long-term oscilla-
tions in grassland productivity induced by drought. Ecology Letters,
5(1), 110-120. https://doi.org/10.1046/j.1461-0248.2002.00293.x

Harrison, S. P., Gornish, E. S., & Copeland, S. (2015). Climate-driven di-
versity loss in a grassland community. Proceedings of the National
Academy of Sciences of the United States of America, 112(28), 8672-
8677. https://doi.org/10.1073/pnas.1502074112

He, Y. L., Wang, J. S., Tian, D. S., Quan, Q., Jiang, L., Ma, F. F, Yang, L.,
Zhang, F. Y., Zhou, Q. P., & Niu, S. L. (2022). Long-term drought aggra-
vates instability of alpine grassland productivity to extreme climatic
event. Ecology, 103(11), e3792. https://doi.org/10.1002/ecy.3792

Hector, A., Hautier, Y., Saner, P., Wacker, L., Bagchi, R., Joshi, J., Scherer-
Lorenzen, M., Spehn, E. M., Bazeley-White, E., Weilenmann, M.,
Caldeira, M. C., Dimitrakopoulos, P. G., Finn, J. A., Huss-Danell,
K., Jumpponen, A., Mulder, C. P. H., Palmborg, C., Pereira, J. S.,
Siamantziouras, A. S. D., ... Loreau, M. (2010). General stabilizing
effects of plant diversity on grassland productivity through pop-
ulation asynchrony and overyielding. Ecology, 91(8), 2213-2220.
https://doi.org/10.1890/09-1162.1

Herben, T., Krahulec, F., Hadincova, V., & Pechackova, S. (1995). Climatic
variability and grassland community composition over 10years:

BRITISH 13
E ECOLOGICAL J—
SOCIETY

Separating effects on module biomass and number of modules.
Functional Ecology, 9(5), 767-773.

Hopkins, A., & Prado, A. D. (2007). Implications of climate change for
grassland in Europe: Impacts, adaptations and mitigation options: A
review. Grass and Forage Science, 62, 118-126.

Huxman, T. E., Smith, M. D,, Fay, P. A., Knapp, A. K., Shaw, M. R., Loik, M.
E., Smith, S. D., Tissue, D. T., Zak, J. C., Weltzin, J. F., Pockman, W.
T., Sala, O. E., Haddad, B. M., Harte, J., Koch, G. W., Schwinning, S.,
Small, E. E., & Williams, D. G. (2004). Convergence across biomes to
a common rain-use efficiency. Nature, 429(6992), 651-654. https://
doi.org/10.1038/nature02561

IPNI. (2022). International plant names index. The Royal Botanic Gardens,
Kew, Harvard University Herbaria & Libraries and Australian
National Botanic Gardens.

Isbell, F., Craven, D., Connolly, J., Loreau, M., Schmid, B., Beierkuhnlein,
C.,Bezemer, T. M., Bonin, C., Bruelheide, H., De Luca, E., Ebeling, A.,
Griffin, J. N., Guo, Q., Hautier, Y., Hector, A., Jentsch, A., Kreyling,
J., Lanta, V., Manning, P, ... Eisenhauer, N. (2015). Biodiversity
increases the resistance of ecosystem productivity to climate ex-
tremes. Nature, 526(7574), 574-577. https://doi.org/10.1038/natur
e15374

Jackson, J., Middleton, S. L., Lawson, C. S., Jardine, E., Hawes, N., Maseyk,
K., Salguero-Gémez, R., & Hector, A. (2023). Experimental drought
reduces the productivity and stability of a calcareous grassland.
Zenodo, https://doi.org/10.5281/zenodo.8135588

Kardol, P., Campany, C. E., Souza, L., Norby, R. J., Weltzin, J. F., & Classen,
A. T. (2010). Climate change effects on plant biomass alter domi-
nance patterns and community evenness in an experimental old-
field ecosystem. Global Change Biology, 16(10), 2676-2687. https://
doi.org/10.1111/j.1365-2486.2010.02162.x

Kimmel, K., Dee, L., Tilman, D., Aubin, I., Boenisch, G., Catford, J. A,
Kattge, J., & Isbell, F. (2019). Chronic fertilization and irrigation
gradually and increasingly restructure grassland communities.
Ecosphere, 10(3), €02625. https://doi.org/10.1002/ecs2.2625

Klaus, F., Tscharntke, T., Uhler, J., & Grass, |. (2021). Calcareous grass-
land fragments as sources of bee pollinators for the surrounding
agricultural landscape. Global Ecology and Conservation, 26, e01474.
https://doi.org/10.1016/j.gecco.2021.e01474

Knapp, A. K., Avolio, M. L., Beier, C., Carroll, C. J. W.,, Collins, S. L., Dukes,
J. S., Fraser, L. H., Griffin-Nolan, R. J., Hoover, D. L., Jentsch, A.,
Loik, M. E., Phillips, R. P., Post, A. K., Sala, O. E., Slette, I. J., Yahdjian,
L., & Smith, M. D. (2017). Pushing precipitation to the extremes in
distributed experiments: Recommendations for simulating wet and
dry years. Global Change Biology, 23(5), 1774-1782. https://doi.org/
10.1111/gcb.13504

Knapp, A. K., Hoover, D. L., Wilcox, K. R., Avolio, M. L., Koerner, S. E., La
Pierre, K. J., Loik, M. E., Luo, Y., Sala, O. E., & Smith, M. D. (2015).
Characterizing differences in precipitation regimes of extreme wet
and dry years: Implications for climate change experiments. Global
Change Biology, 21(7), 2624-2633. https://doi.org/10.1111/gch.
12888

Kréel-Dulay, G., Mojzes, A., Szitar, K., Bahn, M., Batary, P., Beier, C.,
Bilton, M., De Boeck, H. J., Dukes, J. S., Estiarte, M., Holub, P.,
Jentsch, A., Schmidt, I. K., Kreyling, J., Reinsch, S., Larsen, K. S.,
Sternberg, M., Tielbérger, K., Tietema, A., ... Pefuelas, J. (2022).

Field experiments underestimate aboveground biomass response
to drought. Nature Ecology & Evolution, 6(5), 540-545. https://doi.
org/10.1038/s41559-022-01685-3

Loreau, M., & Mouquet, N. (1999). Immigration and the maintenance of
local species diversity. The American Naturalist, 154(4), 427-440.
https://doi.org/10.1086/303252

Luo, W., Muraina, T. O., Griffin-Nolan, R. J.,, Ma, W,, Song, L., Fu, W., Yu,
Q., Knapp, A.K.,Wang, Z., Han, X., & Collins, S. L. (2023). Responses
of a semiarid grassland to recurrent drought are linked to commu-

nity functional composition. Ecology, 104(2), €3920. https://doi.
org/10.1002/ecy.3920

Journal of Ecology


https://doi.org/10.1111/j.1365-2486.2008.01605.x
https://doi.org/10.1111/j.1365-2486.2008.01605.x
https://doi.org/10.1111/gcb.16637
https://doi.org/10.1111/gcb.16637
https://doi.org/10.1073/pnas.1519911113
https://doi.org/10.1002/ecy.3694
https://doi.org/10.1890/ES12-00371.1
https://doi.org/10.1007/s10980-013-9957-y
https://doi.org/10.1007/s10980-013-9957-y
https://doi.org/10.1111/1365-2745.13252
https://doi.org/10.1126/science.289.5480.762
https://doi.org/10.1126/science.289.5480.762
http://www.pnas.org/cgi/content/full/
http://www.pnas.org/cgi/content/full/
https://doi.org/10.1126/science.aaz7614
https://doi.org/10.1046/j.1461-0248.2002.00293.x
https://doi.org/10.1073/pnas.1502074112
https://doi.org/10.1002/ecy.3792
https://doi.org/10.1890/09-1162.1
https://doi.org/10.1038/nature02561
https://doi.org/10.1038/nature02561
https://doi.org/10.1038/nature15374
https://doi.org/10.1038/nature15374
https://doi.org/10.5281/zenodo.8135588
https://doi.org/10.1111/j.1365-2486.2010.02162.x
https://doi.org/10.1111/j.1365-2486.2010.02162.x
https://doi.org/10.1002/ecs2.2625
https://doi.org/10.1016/j.gecco.2021.e01474
https://doi.org/10.1111/gcb.13504
https://doi.org/10.1111/gcb.13504
https://doi.org/10.1111/gcb.12888
https://doi.org/10.1111/gcb.12888
https://doi.org/10.1038/s41559-022-01685-3
https://doi.org/10.1038/s41559-022-01685-3
https://doi.org/10.1086/303252
https://doi.org/10.1002/ecy.3920
https://doi.org/10.1002/ecy.3920

JACKSON ET AL.

Journal of Ecology B Eloew

Maddock, A. (2008). Upland calcareous grassland: UK BAP priority habitat
description. UK Biodiversity Action Plan. http://jncc.defra.gov.uk/
page-5706http://www.jncc.defra.gov.uk/page-5155http://webar
chive.nationalarchives.gov.uk/20150302161254/http://jncc.
defra.gov.uk/page-5706

Mazalla, L., Diekmann, M., & Dupre, C. (2022). Microclimate shapes
vegetation response to drought in calcareous grasslands. Applied
Vegetation Science, 25(3), e12672. https://doi.org/10.1111/avsc.
12672

Meng, B., Li, J., Maurer, G. E., Zhong, S., Yao, Y., Yang, X., Collins, S. L., &
Sun, W. (2021). Nitrogen addition amplifies the nonlinear drought
response of grassland productivity to extended growing-season
droughts. Ecology, 102(11), e03483. https://doi.org/10.1002/ecy.
3483

Moran, M. S., Ponce-Campos, G. E., Huete, A., McClaran, M. P., Zhang,
Y., Hamerlynck, E. P., Augustine, D. J., Gunter, S. A., Kitchen, S. G,
Peters, D. P. C., Starks, P. J., & Hernandez, M. (2014). Functional
response of U.S. grasslands to the early 21st-century drought.
Ecology, 95(8), 2121-2133. https://doi.org/10.1890/13-1687.1

Nakagawa, S., & Schielzeth, H. (2010). Repeatability for gaussian and
non-gaussian data: A practical guide for biologists. Biological
Reviews, 85(4), 935-956. https://doi.org/10.1111/j.1469-185X.
2010.00141.x

O'Mara, F. P. (2012). The role of grasslands in food security and climate
change. Annals of Botany, 110(6), 1263-1270. https://doi.org/10.
1093/aob/mcs209

Oskanen, J., Simpson, G., Blanchet, F., Kindt, R., Legendre, P., Minchin,
P., O'Hara, R., Solymos, P., Stevens, M., Szoecs, E., Wagner, H.,
Barbour, M., Bedward, M., Bolker, B., Borcard, D., Carvalho, G.,
Chirico, M., De Caceres, M., Durand, S., ... Weedon, J. (2022). vegan:
Community ecology package [computer software]. CRAN.

Parmesan, C., & Hanley, M. E. (2015). Plants and climate change:
Complexities and surprises. Annals of Botany, 116(6), 849-864.
https://doi.org/10.1093/aob/mcv169

Peeters, A. (2009). Importance, evolution, environmental impact and
future challenges of grasslands and grassland-based systems in
Europe. Grassland Science, 55(3), 113-125. https://doi.org/10.
1111/j.1744-697X.2009.00154.x

Petermann, J., & Buzhdygan, O. (2021). Grassland biodiversity. Current
Biology, 31, R1195-R1201.

Phillips, B. B., Shaw, R. F., Holland, M. J., Fry, E. L., Bardgett, R. D., Bullock,
J. M., & Osborne, J. L. (2018). Drought reduces floral resources for
pollinators. Global Change Biology, 24(7), 3226-3235. https://doi.
org/10.1111/gcb.14130

Pimm, S. (1984). The complexity and stability of ecosystems. Nature, 307,
321-326.

Poschlod, P., Kiefer, S., Fischer, U., & Bonn, S. (1998). Plant species rich-
ness in calcareous grasslands as affected by dispersability in space
and time. Applied Vegetation Science, 1, 75-91.

R Core Team. (2022). R: A language and environment for statistical comput-
ing [computer software]. R Foundation for Statistical Computing.
http://www.r-project.org/

Reckling, M., Ahrends, H., Chen, T.-W., Eugster, W., Hadasch, S.,
Knapp, S., Laidig, F., Linstadter, A., Macholdt, J., Piepho, H.-P.,
Schiffers, K., & Déring, T. F. (2021). Methods of yield stability
analysis in long-term field experiments. A review. Agronomy for
Sustainable Development, 41(2), 27. https://doi.org/10.1007/
s13593-021-00681-4

Rennie, S., Adamson, J., Anderson, R., Andrews, C., Bater, J., Bayfield,
N., Beaton, K., Beaumont, D., Benham, S., Bowmaker, V., Britt,
C., Brooker, R., Brooks, D., Brunt, J., Common, G., Cooper, R.,
Corbett, S., Critchley, N., Dennis, P., ... Wood, C. (2017). UK en-
vironmental change network (ECN) meteorology data: 1991-2015
[computer software]. NERC Environmental Information Data
Centre.

Ridding, L. E., Bullock, J. M., Pescott, O. L., Hawes, P., Walls, R., Pereira,
M. G., Thacker, S. A., Keenan, P. O., Dragosits, U., & Pywell, R. F.
(2020). Long-term change in calcareous grassland vegetation and
drivers over three time periods between 1970 and 2016. Plant
Ecology, 221(5), 377-394. https://doi.org/10.1007/s11258-020-
01016-1

Shannon, C. E., & Weaver, W. W. (1963). The mathematical theory of com-
munications. University of lllinois Press.

Simpson, E. (1949). Measurement of diversity. Nature, 163, 688. https://
doi.org/10.1038/163688a0

Smith, M. D., Wilkins, K. D., Holdrege, M. C., Zong, N., & Zuo, X. (2024).
Extreme drought impacts have been underestimated in grass-
lands and shrublands globally. Proceedings of the National Academy
of Sciences of the United States of America, 121(4), e2309881120.
https://doi.org/10.1073/pnas.2309881120

Sternberg, M., Brown, V. K., Masters, G. J., & Clarke, I. P. (1999). Plant
community dynamics in a calcareous grassland under climate
change manipulation. Plant Ecology, 143(1), 29-37. https://doi.org/
10.1023/A:1009812024996

Sydes, C. L., & Grime, J. P. (1984). A comparative study of root develop-
ment using a simulated rock crevice. The Journal of Ecology, 72(3),
937. https://doi.org/10.2307/2259542

Trisos, C. H., Merow, C., & Pigot, A. L. (2020). The projected timing
of abrupt ecological disruption from climate change. Nature,
580(7804),496-501. https://doi.org/10.1038/s41586-020-2189-9

Tucker, S. S., Craine, J. M., & Nippert, J. B. (2011). Physiological drought
tolerance and the structuring of tallgrass prairie assemblages.
Ecosphere, 2(4), art48. https://doi.org/10.1890/ES11-00023.1

Van Meerbeek, K., Jucker, T., & Svenning, J. (2021). Unifying the con-
cepts of stability and resilience in ecology. Journal of Ecology, 109(9),
3114-3132. https://doi.org/10.1111/1365-2745.13651

Vehtari, A., Gelman, A., & Gabry, J. (2017). Practical Bayesian model eval-
uation using leave-one-out cross-validation and WAIC. Statistics
and Computing, 27(5), 1413-1432. https://doi.org/10.1007/s1122
2-016-9696-4

Wagg, C., O'Brien, M. J., Vogel, A., Scherer-Lorenzen, M., Eisenhauer,
N., Schmid, B., & Weigelt, A. (2017). Plant diversity maintains long-
term ecosystem productivity under frequent drought by increasing
short-term variation. Ecology, 98(11), 2952-2961. https://doi.org/
10.1002/ecy.2003

Wang, Y., Yu, S., & Wang, J. (2007). Biomass-dependent susceptibility
to drought in experimental grassland communities. Ecology Letters,
10(5), 401-410. https://doi.org/10.1111/j.1461-0248.2007.01031.
X

WeiBhuhn, K., Auge, H., & Prati, D. (2011). Geographic variation in the
response to drought in nine grassland species. Basic and Applied
Ecology, 12(1), 21-28. https://doi.org/10.1016/j.baae.2010.11.005

Willems, J. H. (1990). Calcareous grasslands in continental Europe. In S.
H. Hillier, D. W. H. Walton, & D. A. Wells (Eds.), Calcareous grass-
lands—Ecology and management (pp. 3-10). Bluntisham Books.

Wu, Q., Ren, H., Wang, Z., Li, Z., Liu, Y., Wang, Z., Li, Y., Zhang, R., Zhao,
M., Chang, S. X., & Han, G. (2020). Additive negative effects of
decadal warming and nitrogen addition on grassland community
stability. Journal of Ecology, 108(4), 1442-1452. https://doi.org/10.
1111/1365-2745.13363

SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1: Preliminary results of soil moisture differences.

Figure S2: No temporal trend in ANPP.

Figure S3: Exploring skew in ANPP.
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Figure S4: Primary productivity separated by functional group.
Figure S5: The log-linear relationship between temporal stability in
ANPP and mean ANPP.

Table S1: Model selection for ANPP.

Table S2: Model selection for group-level ANPP.

Table S3: Model selection for temporal stability of productivity.
Table S4: Model selection for the Shannon-Weiner index.

Table S5: Model selection for the Simpson's index.

Table S6: Model selection for species richness.

Table S7: Model selection for NMDS axis 1.

Table S8: Model selection for NMDS axis 2.

Table S9: Model selection for NMDS axis 3.

Figure S6: Weather effects on ANPP.

Figure S7: Weather effects on biodiversity.
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Figure S8: NMDS precipitation treatment effects.
Figure S9: Analysis of community similarities.
Figure S10: Significant temporal trends in relative abundance for

four species.
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