
Open Research Online

Citation

Fenollosa, E.; Fernandes, P.; Hector, A.; King, H.; Lawson, C.S.; Jackson, J. and 
Salguero‐Gómez, R. (2024). Differential responses of community‐level functional traits to 
mid‐ and late‐season experimental drought in a temperate grassland. Journal of Ecology 
(Early access). 

URL

https://oro.open.ac.uk/99572/ 

License

(CC-BY 4.0) Creative Commons: Attribution 4.0

https://creativecommons.org/licenses/by/4.0/

Policy

This document has been downloaded from Open Research Online, The Open University's 
repository of research publications. This version is being made available in accordance 
with Open Research Online policies available from Open Research Online (ORO) Policies 

Versions

If this document is identified as the Author Accepted Manuscript it is the version after peer 
review but before type setting, copy editing or publisher branding

https://oro.open.ac.uk/99572/
https://www5.open.ac.uk/library-research-support/open-access-publishing/open-research-online-oro-policies
https://creativecommons.org/licenses/by/4.0/


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

Received: 7 June 2023  | Accepted: 23 June 2024

DOI: 10.1111/1365-2745.14395  

R E S E A R C H  A R T I C L E

Differential responses of community- level functional traits 
to mid-  and late- season experimental drought in a temperate 
grassland

E. Fenollosa1  |   P. Fernandes1 |   A. Hector1  |   H. King1 |   C. S. Lawson2 |   
J. Jackson1  |   R. Salguero- Gómez1

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 Author(s). Journal of Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society.

J. Jackson and R. Salguero- Gómez shared senior- author. 

1Department of Biology, University of 
Oxford, Oxford, UK
2School of Environment, Earth and 
Ecosystem Sciences, The Open University, 
Milton Keynes, UK

Correspondence
E. Fenollosa
Email: erola.fenollosa@gmail.com

R. Salguero- Gómez
Email: rob.salguero@biology.ox.ac.uk

Funding information
 Ministerio de Universidades; Ecological 
Continuity Trust; Natural Environment 
Research Council, Grant/Award Number: 
NE/M018458/1 and NE/X013766/1; 
David Kirby Memorial Fund

Handling Editor: Taofeek Muraina

Abstract
1. Extreme precipitation events are becoming more intense and frequent due to 

climate change. This climatic shift is impacting the structure and dynamics of nat-
ural communities and the key ecosystem services they provide. Changes in spe-
cies abundance under these conditions are thought to be mediated by functional 
traits, morpho- physiological characteristics of an organism that impact its fitness. 
Future environmental conditions may, therefore, favour different traits to those 
in present- day communities.

2. After 6 years of manipulated precipitation levels, including drought (−50% of am-
bient precipitation), irrigation (+50% of ambient precipitation), and control (ambi-
ent precipitation), we measured five key functional traits (plant height, leaf dry 
matter content [LDMC], leaf thickness, specific leaf area [SLA], and leaf phos-
phorus concentration) in 586 individual vascular plants to study the effects of 
precipitation changes on community- weighted functional traits. Additionally, we 
tested whether the precipitation change effects on the traits depend on the time 
of the growing season.

3. As expected, reduced precipitation impacted community composition only for the 
late- season timing, after the seasonal field mowing, but led to a significant change 
in all community- level plant traits between season timings. Under drought, com-
munities shifted towards shorter individuals with thicker but small leaves and 
lower phosphorous content. Overall, a combination of community reassembly 
and intraspecific variation contributed to community- weighted differences be-
tween control and drought plots for plant height, SLA, and LDMC traits. Species 
turnover was the main driver of community- weighted means (CWMs) shifts in all 
traits in the late- season but SLA. Whereas all traits showed variations at the com-
munity level with drought, SLA and LDMC were the most responsive traits at the 
species level. Nevertheless, our results suggest underestimation of intraspecific 
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1  |  INTRODUC TION

Climate change is predicted to alter the structure and function of biolog-
ical communities worldwide (Díaz & Cabido, 1997; IPCC, 2022). Along 
with increasing global temperatures, climate change may increase the 
intensity and frequency of extreme climatic events such as droughts 
and deluges in some regions globally (Fischer et al., 2013). Changes 
in precipitation, such as increased frequency of extreme droughts or 
deluges, will favour certain species over others (Lavorel et al., 2011; 
MacGillivray et al., 1995; Mueller et al., 2005; White et al., 2000). 
Plant functional traits, the organismal features that determine plants' 
fitness through their influence on survival, growth, and reproduction 
(Laughlin et al., 2020; Violle et al., 2007), can facilitate the quantifica-
tion of effects of extreme precipitation on natural plant communities 
(Díaz et al., 2016). Species favoured under novel climate regimes may 
have different functional traits to those found under previous regimes 
(Lavorel et al., 2011; White et al., 2000). As such, changes in functional 
trait values are expected to scale from individuals to whole commu-
nities (Griffin- Nolan et al., 2019; Lavorel et al., 2011; Luo et al., 2023; 
McGill et al., 2006), and impact the ecosystem structures and functions 
(Suding et al., 2008; Woodward & Diament, 1991). The relationship 
between individuals' functional traits and ecosystem function makes 
trait- based approaches promising tools for predicting community re-
sponses to climate change (Brodribb, 2017; Lavorel & Garnier, 2002; 
Quétier et al., 2007; Soudzilovskaia et al., 2013). Therefore, identify-
ing plant functional traits that are highly sensitive to the environment 
is critical for predicting changes in ecosystem structure and function 
under climate change (Andrew et al., 2022; Funk et al., 2017; Green 
et al., 2022; Lavorel et al., 2011; Lavorel & Garnier, 2002; McGill 
et al., 2006; Violle et al., 2007).

There has been considerable effort examining how environmen-
tal change shapes functional traits of plant communities (Kambach 
et al., 2023; Kimball et al., 2016; Lavorel & Garnier, 2002; McGill 
et al., 2006; Wellstein et al., 2017). Observational studies on pre-
cipitation gradients have shown significant correlations of func-
tional traits to precipitation level (Dwyer et al., 2014; Harrison 
et al., 2015; Wright et al., 2005). For example, a significant inverse 
correlation was found between specific leaf area (SLA) and arid-
ity when contrasting more than 2500 species at the global scale 
(Wright et al., 2005). However, experimental approaches could 
be more important for explicit, mechanistic understanding of 

functional traits in mediating community changes and in attributing 
trait changes to specific environmental drivers (Grime et al., 2000; 
Hoover et al., 2014; Jamieson et al., 1998; Kröel- Dulay et al., 2022; 
Luo et al., 2023; Wilcox et al., 2021). For example, a global meta- 
analysis DeMalach et al. (2017) revealed that an increase in precip-
itation increased community biomass and induced changes in the 
community composition. Similarly, experimental studies have shown 
that drought alters community composition and shifts community 
functional traits (Griffin- Nolan et al., 2019; Jackson et al., 2024; Luo 
et al., 2023). However, experimental studies with simultaneous ma-
nipulation of both precipitation increase and reduction are needed 
for the prediction of ecosystem responses to climate change via 
shifts in plant functional traits.

Whether environment- driven shifts in community functional 
traits are mainly driven by changes in community composition (i.e., 
interspecific variation), intraspecific variation, or both, through-
out the growing season remains poorly understood in functional 
trait studies. Not explicitly accounting for intraspecific variation is 
a likely reason why trait- based approaches have not yet delivered 
on being the ‘Holy Grail of Ecology’ (Shipley et al., 2016; Suding & 
Goldstein, 2008; Yang et al., 2020). Functional traits may vary sig-
nificantly within species (Moran et al., 2016; Siefert et al., 2015; 
Violle et al., 2012), and could shift mean community trait val-
ues, even if species composition remains unchanged perhaps due 
to stabilising effects (Bricca et al., 2022; Luo et al., 2023; Pichon 
et al., 2022). Similarly, the contribution of intraspecific trait variation 
to functional traits of plant communities may also change with plant 
ontogeny (i.e., different stages of plants development and growth) 
at different times of the growing season. For instance, young re-
covering communities (i.e. early- successional) are typically more 
sensitive to environmental shifts (Grime et al., 2000; Odum, 1969). 
Similarly, Lemoine et al. (2018) showed how drought timing played a 
crucial role in drought sensitivity in two short grasses, and Kimmel 
et al. (2019) revealed a gradual impact of increased precipitation on 
community structure across years. Yet, our understanding of how 
impacts of climate- driven, precipitation changes on plant functional 
traits depend on the time of the growing season remains limited 
(Tardella et al., 2021; Vitra et al., 2019).

Here, we experimentally manipulated precipitation for 6 years 
in a semi- natural calcareous grassland to examine precipitation vari-
ability effects on plant community composition, intraspecific trait 

variation due to sensitive species lower abundance under stress. No differences 
in CWMs of functional traits were observed between control and irrigated plots.

4. Synthesis: Our findings suggest that functional trait composition of grassland 
communities may shift under climate change- induced drought, depending on the 
growing season timings. Trait- based attempts to predict ecosystem functioning 
must account for such temporal variation in community trait values.

K E Y W O R D S
community- weighted means, drought, functional traits, intraspecific variability
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variability, and interspecific trait variability across the growing season. 
Specifically, we compared the functional trait composition between 
plots receiving a drought (−50% ambient precipitation) treatment, 
irrigation treatment (+50% ambient precipitation), and ambient pre-
cipitation (control plots) in mid (July 2021) versus late growing season 
(September 2021). We measured five functional traits (i.e., leaf dry 
matter content [LDMC], leaf thickness, SLA, leaf phosphorous concen-
tration, plant height) indicating leaf economics spectrum and plant size 
of the most abundant species (Díaz et al., 2016), and calculated their 
community- weighted trait means considering variation at the species 
level (specific community- weighted mean [CWM]) and without it (fixed 
CWM), using the framework proposed by Lepš et al. (2011). We used 
the trait data to address the following hypotheses: H1: Regardless 
of the time of the season, community composition will differ among 
precipitation treatments because the relative abundance of plants 
exhibiting drought tolerance traits (e.g., higher leaf thickness; Pérez- 
Harguindeguy et al., 2013) would increase in drought plots, but not in 
irrigated plots. H2: CWM trait values (fixed CWM and specific CWM) 
of each of the assessed traits would differ among the precipitation 
treatments because plants are likely to differ in their water- use strat-
egy under ambient versus drought versus irrigation treatments, regard-
less of growing season time. Specifically, we expect lower plant height 
and SLA, and higher LDMC and leaf thickness in drought plots, as 
most abundant species exhibit trait syndromes related to conservative 
water- use strategies that enhance their survival (and ultimately their 
abundance) under drought (Helsen et al., 2017; Kramp et al., 2022; Luo 
et al., 2023; Wright et al., 2004). On the other hand, we expect the 
contrasting effects on CWM traits in irrigated plots (Korell et al., 2021; 
Song et al., 2016). Leaf phosphorus concentration is also expected to 
be lower in drought plots than irrigated and ambient plots because of 
a it positive correlation with SLA along the leaf economics spectrum 
and the limitation in resource acquisition (Luo et al., 2023; Wright 
et al., 2004). We also expect the patterns of CWMs responses to dif-
fer between mid- season versus late- season, as the annual mid- season 
mowing management may influence the traits responses to the precip-
itation treatments during the late- season. Regardless of the precipita-
tion treatment, we expect the community composition change to be 
mainly driven by fixed CWM than specific CWM because of the post- 
mowing community reassembly. However, given the high sensitivity of 
early- successional plant communities to environmental change (Grime 
et al., 2000), we expect the role of fixed vs. specific CWM on com-
munity composition change to differ between the precipitation treat-
ments (Kimmel et al., 2019; Lemoine et al., 2018).

2  |  MATERIAL S AND METHODS

2.1  |  Study site

The experiment was conducted at the Upper Seeds field site 
(51°46′16.8′′ N 1°19′59.1′′ W, 155 m a.s.l.) in Wytham woods, 
Oxfordshire, UK. The study site is a calcareous temperate grassland 
characterised by a shallow soil depth (300–500 mm depth) alkaline 

soils (Gibson & Brown, 1991), a daily average temperature rang-
ing between −5 and 26°C, a mean annual temperature of 11.5°C 
(2016–2021), daily total precipitation of 0–40 mm (2016–2021) and 
an annual total precipitation of 686 mm (2016–2021) (Table S1). 
According to the Köppen- Geiger climate classification, the study site 
constitutes a maritime temperate climate (Cfb) (Peel et al., 2007). 
The site is currently managed for maintenance by mowing twice per 
year, a common practice across most European grasslands (Török 
et al., 2018). The first mowing takes place mid- growing season 
(late July), and the second at the end of the growing season (late 
September).

To test our hypotheses, we experimentally manipulated precipi-
tation levels using the RainDrop (rainfall and drought platform) long- 
term ecological experiment for 6 years, and in July and September 
2021 we determined species abundance and sampled the most 
abundant species using functional traits measurements. RainDrop 
is integrated in the DroughtNet global coordinated research net-
work (https:// droug htnet. weebly. com/ ). The RainDrop experiment 
has been running since 2016 and consists of twenty- five 5 m × 5 m 
permanent plots distributed across the study site in five randomised 
blocks (A:E) (Figure S1). Each block includes five plots that receive 
one of the following treatments during the growing season (March–
September): drought (−50% ambient precipitation), irrigation (+50% 
ambient precipitation), two ambient control plots (no manipulation), 
and procedural control (inverted rain shelters). Rain shelters inter-
cept 50% of precipitation for the drought plots. In each drought plot, 
precipitation is intercepted by gutters and collected in containers 
situated next to each rain shelter. Pipes connect these deposits to 
sprinklers that spray the water onto the adjacent irrigation plots. 
This design is based on the proposal of Yahdjian and Sala (2002) 
and Gherardi and Sala (2013), which has been applied across >100 
nodes of the DroughtNet network worldwide for exploring climate 
change- induced drought and deluge effects on community composi-
tion (Fischer et al., 2013; Smith et al., 2024). Furthermore, specific to 
our study site, climatic projections forecast shifts in annual precipi-
tation from −20% to +20% under the 8.5RCP for 2080–2099 com-
pared to 1981–2000 (UKCP18 Project, Met Office). Hence, the plots 
that experienced no precipitation manipulation served as ambient 
precipitation treatment (control) plots. Additionally, to control for 
shelter effects, each block has one procedural control plot. These 
consisted of rain shelters with inverted gutters that allow 100% of 
precipitation to pass through.

Ongoing work at this field site has revealed no differences in 
community composition between the procedural and ambient con-
trols (Jackson et al., 2024). Therefore, we did not measure traits from 
the procedural control plots, and instead sampled one additional am-
bient control plot per block. To minimise edge effects, we split the 
5 m × 5 m plot into four quarters and marked out a 1 m × 1 m quadrat 
in the centre of the study quarter from which we took all trait and 
abundance measurements. Data were collected at two different 
times along the growing season: mid- growing season (July 2021) and 
late- growing season (September 2021), just before each seasonal 
mowing.

https://droughtnet.weebly.com/
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2.2  |  Data and metrics

2.2.1  |  Species abundance

We collected species abundance data to assess community compo-
sition dissimilarity between the precipitation treatments (H1) and 
possible differences in CWMs between treatments (H2). To do so, 
we quantified species percentage cover for all vascular plant spe-
cies and bare soil percentage cover using a 1 m × 1 m quadrat (with 
10 cm grid) at each examined permanent plot. We first estimated the 
percentage cover independently for every species in each quadrat 
(one per plot), and next transformed these estimates into relative 
abundances that sum to 100%. Because the mid- season mowing re-
moved the inflorescence from all grasses, species identity was dif-
ficult to know for many graminoid species during the late- season, 
which may impact the observed community effects. In the late- 
season, only two of the graminoid species (Brachypodium pinnatum 
and Brachypodium sylvaticum) were identifiable at the species level 
because of their distinctive leaves. For these two Brachypodium spe-
cies, we recorded percentage cover as described above. Separately, 
we recorded the pooled abundance of all other graminoid species. 
Although we identified graminoid species in the mid- season, to en-
sure sound comparisons between mid- season and late- season abun-
dance data (non- metric multidimensional scaling [NMDS] analysis), 
we combined the mid- season abundance of non- Brachypodium 
graminoids in analyses to contrast CWMs among precipitation treat-
ments at the different times.

2.2.2  |  Trait measurement and CWM

We quantified key functional traits of the grassland community to 
test whether CWM trait values differ among precipitation treat-
ments and whether the differences are driven by different factors 
(interspecific vs. intraspecific trait variation) at the two contrasted 
growing seasons timings (H2). Trait measurement was performed 
at the same time species abundance was measured (July and 

September 2021). We measured height, SLA, leaf thickness, LDMC 
and leaf phosphorus on the most abundant species in each quadrat, 
totalling 586 individual plants. We measured traits using a stand-
ardised protocol (Pérez- Harguindeguy et al., 2013), briefly summa-
rised in Table 1. For the selected species to be representative of the 
community, we focused on species that contributed to a cumulative 
abundance of at least 80% within each quadrat, following Garnier 
et al. (2004) and Pakeman and Quested (2007). Next, in each quad-
rat, we randomly selected three mature, healthy individuals per 
species for trait measurement. Leaf traits were measured on one 
young but fully developed leaf per individual with the exception 
of leaf phosphorus, which require pooling three leaves per species 
per plot to obtain the 50 mg of dry weight required for the analysis 
(Esslemont et al., 2000). After pooling, 69 samples (out of a total of 
195 potential samples) reached the dry weight threshold and thus 
were eligible for analysis. Leaf phosphorus concentration was esti-
mated using inductively coupled plasma mass spectrometry follow-
ing Esslemont et al. (2000). Briefly, samples were digested with 1 mL 
of concentrated nitric acid and 0.7 mL of hydrogen peroxide at 50°C 
overnight and diluted 25 times with MiliQ water prior analysis.

Community- weighted means of each trait were calculated 
in each quadrat for all treatments. CWM are commonly used in 
trait- based ecology to quantify shifts in community mean trait val-
ues due to macro and micro- environmental selection (Bruelheide 
et al., 2018; Garnier et al., 2004; Griffin- Nolan et al., 2019; 
Kambach et al., 2023). We calculated CWM of the five assessed 
traits using the framework proposed by Lepš et al. (2011), and the 
trait.transform and trait.CWM functions from Lepš et al. (2011) and 
Götzenberger et al. (2020), which are included in cati R package 
(Taudiere & Violle, 2016). This framework disentangles the effect 
of interspecific variability (species turnover) and the combination 
of species turnover and their intraspecific trait variability as fixed 
CWMs and specific CWMs, respectively. Briefly, to calculate the 
specific CWMs, we multiplied the mean trait value per dominant 
species in each treatment by each species' relative abundance in 
the quadrat. The resulting species products were summed, and 
their abundances rescaled following de Bello et al. (2021). Our 

TA B L E  1  Brief descriptions of functional traits measured in this study and measurement protocol.

Trait Description

Height Shortest distance between ground and the highest photosynthetic tissue (leaf) without manipulation 
(excluding inflorescences). Measured using tape measure

Leaf dry matter content (LDMC) Dry mass of a leaf divided by its water- saturated mass. Dry mass obtained by drying leaf at 70°C for 72 h. 
Water- saturated mass measured within 5 h of sampling, with leaves being kept in vials containing water to 
prevent dehydration until measurement

Leaf thickness Thickness of leaf lamina, excluding leaf midrib and significant secondary veins. Measured using digital 
callipers

Specific leaf area (SLA) One- sided area of fresh leaf divided by its dry mass. Area measured in ImageJ (Schneider et al., 2012) after 
scanning each leaf alongside a ruler for calibration. Dry mass obtained by drying leaf at 70°C for 72 h

Leaf phosphorus concentration (P 
content)

Total amount of phosphorus per unit dry mass of leaf. Measured using ICP- MS (Esslemont et al., 2000).

Note: Descriptions summarised from Pérez- Harguindeguy et al. (2013).
Abbreviation: ICP- MS, inductively coupled plasma mass spectrometry.
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target of sampling species with a cumulative abundance of 80% 
was achieved for all traits in all quadrats, with the only exception 
of leaf phosphorus, for which the threshold was achieved in 25% 
of quadrats only (Table S2). Because we observed that the mea-
sured traits did not vary significantly across the growing season 
for any of the studied species, we used the same trait values for 
both growing season timings, with the exception of plant height. 
Due to the graminoids identification difficulties at the late- season, 
and because all graminoids (Agrostis capillaris, Arrhenatherum ela-
tius, B. pinnatum, B. sylvaticum, Dactylis glomerata, Holcus lanatus, 
and Trisetum flavescens) showed similar height in comparison to 
other functional groups in the mid- season, we used the height of 
B. pinnatum, the most abundant identifiable graminoid (ca. 34%, 
whereas the non- Brachypodium graminoids showed relative abun-
dances <18% at the mid- season), as the height of late- season non- 
Brachypodium graminoids. To calculate fixed CWM, a single mean 
trait value for individual species was used for all quadrats. Whilst 
changes in fixed averages across treatments would reflect species 
turnover, changes in specific averages reflect both between and 
within- species variability in traits (Lepš et al., 2011).

When trying to test for differences at the species level (intra-
specific variation), not all species presented a consistent number 
of samples, as their abundance might depend on the sensitivity 
to the treatment. We therefore restricted analysis of each spe-
cies responses to different treatments (i.e., precipitation- driven 
intraspecific variation) to the species that had enough replication 
to do so, considering the recommended replicate number to ac-
count for natural trait variation (n = 30 at each precipitation level, 
Pérez- Harguindeguy et al., 2013). These species consisted of three 
graminoids (B. pinnatum, T. flavescens, and A. elatius), three legumes 
(Medicago lupulina, Trifolium repens, and Trifolium pratense), and one 
non- leguminous forb (Crepis capillaris).

2.3  |  Statistical analysis

2.3.1  |  H1: Do precipitation treatments affect 
community composition?

We performed NMDS to contrast community composition be-
tween treatments (H1) using the vegan R package (Oksanen 
et al., 2020). NMDS is a form of dimension reduction that allows 
for differences in communities to be quantified. In its application 
to plant trait- based ecology, NMDS is based on the rank- order of 
species abundances and maximises the correlation between real- 
world distance and Bray Curtis distance in the ordination space. 
We assessed the significance of any differences in community 
composition using analysis of similarity (ANOSIM). To determine 
which species were responsible for any dissimilarities among 
treatments, we used similarity percentage (SIMPER). Differences 
between groups when performing multidimensional analysis 
(ANOSIM and SIMPER) were considered significant when the p- 
value was less than 0.05.

2.3.2  |  H2: How do precipitation manipulations 
alter CWM of traits in different periods of a season?

We fitted hierarchical linear mixed- effects models to test our ex-
pectations that both the specific and fixed CWM of each of the five 
assessed traits would differ between the three precipitation treat-
ments in mid- season and late- season periods, but the pattern of 
the differences for each trait would differ between the two grow-
ing season timings (H2). We used the R package lme4 to account 
for the blocked experimental design, where models were fit using 
maximum likelihood (Bates et al., 2015). Precipitation treatment 
(three levels: drought, control, irrigated) and timing in the growing 
season (two levels: mid-  vs. late- season) were fixed effects, and 
block was considered as a random effect (five levels: A:E, where all 
treatments are represented). A significant interaction effect of pre-
cipitation treatment and seasonal timing indicated that the impact 
of the precipitation manipulation differed between the two timings. 
To meet the assumptions of gaussian distributions in our models, 
we log- transformed plant height, whilst other traits' data were not 
transformed. When interpreting the output of mixed- effects mod-
els, we focused on differences based on the 95% confidence inter-
vals (CIs) overlap rather than relying on p- values following Flechner 
and Tseng (2011) and Bates et al. (2015), who discouraged the use of 
p- values in mixed- effect models.

Finally, to explore the link between trait and species abun-
dance precipitation sensitivity, we contrasted the observed rel-
ative abundance decrease under the drought treatment (as we 
observed significant differences, see Section 3) with the posi-
tion of all species along the two principal components of species 
traits variation using principal component analysis (PCA) from the 
PCAtools R package (Blighe & Lun, 2022). In addition, to further ex-
plore how specific CWM differ between treatments in each spe-
cies, we fitted linear mixed- effects models, with only precipitation 
treatment as a fixed effect for individual species with enough rep-
lication across treatments.

All analyses were performed in R (R Core Team, 2021, v. 4.2.1).

3  |  RESULTS

3.1  |  Changes in community composition

When the community composition data of both growing seasons 
were pooled together, we found little difference between the spe-
cies composition under the three precipitation treatments. This 
pattern is supported by the overlapping groups in the NMDS plot 
(Figure 1A). However, when growing season timings were consid-
ered separately, community composition in drought plots clustered 
separately from both control and irrigation treatments in the late- 
season (p = 0.001), but not in the mid- season (p > 0.05) (Figure 1B,C).

When we assessed how the community composition under 
the drought treatment differ from the other two treatments in the 
late- season, SIMPER analysis revealed that three species or groups 
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were responsible for 70% of this difference (Table 2). For the com-
parison between control and drought treatments, these species 
were B. pinnatum (tor grass), non- Brachypodium graminoids, and 
the legume Lotus corniculatus (bird's- foot trefoil, Table 2). On 
other hand, tor grass, non- Brachypodium graminoids, and T. repens 
were responsible for 70% of the differences between irrigation 
and drought plots. In both comparisons, the graminoids (includ-
ing B. pinnatum) and T. repens had lower relative abundances in 
drought plots compared to controls whilst L. corniculatus had 
higher relative abundances in drought plots (Table 2). However, 
only the difference in graminoids abundance (including B. pinna-
tum) had non- overlapping 95% CIs between control and drought 
treatments, with a significant decrease in relative abundance of 

73% B. pinnatum and 65% of other non- Brachypodium graminoids 
(Table 2).

3.2  |  CWMs under precipitation treatments

Precipitation treatment, specifically the drought treatment, af-
fected CWM trait values, but the effects were observed more 
strongly in the late- season (post- mowing) than in the mid- season 
(pre- mowing) (Figure 2). In the mid- season specific CWM of al-
most all the assessed traits (plant height, LDMC, SLA, and leaf 
phosphorus concentration) showed lower mean values in the 
drought plots compared to the control (Figure 2; non- overlapping 

F I G U R E  1  Community reassembly with precipitation treatments and growing season time. Non- metric multi- dimensional scaling (NMDS) 
plots showing differences in community composition between the treatments. Each point represents the community composition of a 
single quadrat, whilst its location in the plot represents its position in two- dimensional ordination space. Points that are closer together 
are expected to have similar community composition. Stress, a measure of goodness of fit that MDS tries to minimise, is estimated as the 
disagreement between observed distance and ordination distance that varies between 0 (total agreement) and 1 (total disagreement), is 
shown at bottom left of each plot. p- Values and R correspond to analysis of similarity (ANOSIM) results for the different grouping factors: 
Treatment and growing season time; and the R statistic: The degree of groups dissimilarity, where zero means groups are completely 
overlapped, and a positive value reflects how much bigger between groups variability is in contrast to within groups (up to one). Plots 
are drawn separately for (A) all community data across the summer of 2021, (B) the mid- season communities, and (C) the late- season 
communities. Ellipses depict 95% confidence levels and lowercase letters reflect significant differences between treatments (p- value).
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95% CIs). No significant differences between fixed CWM of con-
trol and drought plots were detected in the mid- season for any 
trait. Both specific and fixed CWM for all measured traits were 
also similar between irrigated and control plots in the mid- season 
(Figure 2; overlapping 95% CIs).

In the late- season, reduced precipitation induced differences 
in all traits in either specific, fixed or both CWMs. As in the mid- 
season, overlapping 95% intervals were detected for all traits in 
fixed and specific CWM between irrigation and control plots. In 
drought plots, a significant reduction in plant height, LDMC, and 

P content (in both specific and fixed CWM), an increase in leaf 
thickness (only in fixed CWM) and SLA (only in specific CWM) 
were observed (Figure 2). These differences were found mainly 
in the fixed CWM, where a single mean trait value is used, and 
therefore differences are associated with species turnover. As the 
specific CWM were calculated using a trait value per plot, it re-
flects not only species turnover but also reveals high intraspecific 
variability in plant height, LDMC and P content contributing to the 
differences between control and irrigation against the drought 
treatment.

TA B L E  2  Comparison of the species that cumulatively contribute to over 85% of the dissimilarity between the differences observed in 
Figure 1: The communities in the drought (D) vs. control (C) and irrigated (I) plots in the late- season.

Timing Comparison Species
Dissimilarity 
contribution (%)

Cumulative 
sum (%) Mean RA (%)

Late- Season Control–Drought Brachypodium pinnatum 35.4 35.4 D: 10.1–C: 36.9a

Graminoidsb 29.6 65 D: 11.0–C: 31.2a

Lotus corniculatus 12.6 77.6 D: 29.0–C: 10.9

Trifolium repens 4.4 82 D: 2.1–C: 4.8

Galium verum 3.1 85.1 D: 0.8–C: 2.9

Irrigation–Drought Brachypodium pinnatum 43.9 43.9 D: 10.1–I: 44.5

Graminoidsb 24.5 68.4 D: 11.0–I: 25.6

Trifolium repens 11.6 80 D: 2.1–I: 11.6

Lotus corniculatus 6.2 86.2 D: 29.0–I: 5.1

Note: Contributions to dissimilarities were calculated using SIMPER (similarity percentage) analysis. Mean relative abundances (RA) are species 
absolute abundance rescaled such that the abundances of all species in a quadrat sum to 100%.
aIndicates non- overlapping 95% confidence intervals between relative abundances of different treatments.
bExcludes Brachypodium species which were assessed separately.

F I G U R E  2  Community- weighted 
means (CWMs) of functional traits fixed 
(single mean trait used for each species, 
reflecting species turnover) and specific 
(different trait values for species in each 
quadrat were used, reflecting turnover 
and intraspecific variation) with treatment 
and growing season timing. Comparison 
of CWM values for each functional trait 
(A–E) between the three precipitation 
treatments: Control (green), drought 
(orange), and irrigation (blue). Each 
translucent small point represents the 
CWM of an individual quadrat, whilst 
bold points represent the mean for 
each timing (mid-  vs. late- season) with 
95% CI. Asterisks and different small 
letters symbolise non- overlapping 95% 
CI between mid-  versus late- growing 
season within each treatment and 
between treatments within each timing 
respectively. LDMC, leaf dry matter 
content; SLA, specific leaf area.
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Differences in CWM between growing season timings were ob-
served in all measured traits (Figure 2). The most notable effects 
were in plant height, LDMC and SLA, which were reduced in the 
late- season. Drought- treated plots showed higher differentiation 
between season timings than irrigated and control plots. Significant 
differences between mid-  and late- season timings in drought plots 
were observed in plant height, and leaf thickness fixed CWM and for 
both specific and fixed CWM in LDMC.

Considering that community composition differed between 
drought and control plots only in the late- season, we explored the 
association between certain trait values and the abundance reduc-
tion/increase that the species exhibited in the late- season. For this 
reason, we used PCA with the four traits with highest represen-
tation among all species found in the grassland plots (SLA, height, 
LDMC and thickness) (Figure 3a). The main axis of variation (PC1) 
was positively associated with LDMC and height and negatively as-
sociated with SLA, whereas thickness was the main driver of PC2. 
When including the community composition change that we ob-
served in the late- season (See previous section, Figure 1) in this bidi-
mensional space, species with higher relative abundance differences 
between control and drought plots in the late- season had higher val-
ues of PC1 and PC2 (i.e. at the 2D PCA plot, top right of plot). This 

association reveals that species with decreased relative abundance 
in drought plots in contrast to the control plots in the late growing 
season (drought- sensitive species) had higher height and LDMC, and 
smaller leaf thickness and SLA.

Both specific CWM and the association of some trait syndromes 
with abundance increase under drought suggest that intraspecific 
variation has an important role explaining CWM shifts. However, 
when trying to acknowledge the contribution of intraspecific vari-
ation in CWM drought shifts, not all species were abundant enough 
to test if they presented significantly different trait values under dif-
ferent precipitation regimes. Interestingly, the species with enough 
replication to assess intraspecific variation effects are the ones that 
contributed strongly to differences between treatments in terms of 
community composition as they explained a high percentage of the 
treatment's differentiation in SIMPER analysis (Table 2). Those spe-
cies are three graminoids (B. pinnatum, T. flavescens, and A. elatius), 
three legumes (M. lupulina, Trifolium repens, and T. pratense), and one 
non- leguminous forb (C. capillaris) (Figure 3b). Of the five functional 
traits we measured, only height showed significant intraspecific vari-
ation among the precipitation treatments in two of the seven species 
with sufficient intraspecific replication (Figure 3b). We observed this 
variation only in the late- season, with two species (M. lupulina and 

F I G U R E  3  (a) Functional traits variation plays a role on species relative abundance between precipitation treatments: Functional 
traits principal component analysis (PCA). Axis percentages represent the explained variance proportion from each component. The 
colours represent the species relative abundance difference between drought and control treatments at the late- season (i.e., when higher 
differences in community composition were observed, Figure 1). For each species relative abundance difference has been calculated as 
mean relative abundance in control plots − mean in drought plots. Species with higher relative abundance difference values are those 
that have reduced their relative abundance at drought plots. P leaf content is not included here, as only 34% of observations had all five 
measures, whereas considering the other four traits, 68% of the data were complete, from a total of 18 species. Each dot includes the mean 
value from the different plots at each treatment and growing season time. Species codes are: AG, Agrimonia eupatoria; BP, Brachypodium 
pinnatum; BS, B. sylvaticum; CC, Crepis capillaris; CM, Crataegus monogyna; CV, Clinopodium vulgare; CVi, Clematis vitalba; G, non- 
Brachypodium graminoids; GM, Galium mollugo; GV, Galium verum; HP, Hypericum perforatum; LC, Lotus corniculatus; ML, Medicago lupulina; 
PR, Potentilla reptans; TP, Trifolium prantense; TR, T. repens; VC, Veronica chamaedrys; VS, Vicia sativa. (b) Intraspecific trait variation among 
precipitation treatments. Summary of significant (non- overlapping or slightly overlapping 95% CI) intraspecific trait variation for the seven 
most dominant plant species in our experiment. Direction of arrows indicate change, whilst dashes represent no change in trait values. Cells 
marked “NA” indicate instances where no sufficient trait data were available to measure intraspecific variation. Complete data is summarised 
in Table S3. LDMC, leaf dry matter content; SLA, specific leaf area.
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T. repens) being shorter under drought (M. lupulina control: 3.83 log 
[mm], 95% CI 3.66–3.99; drought: 2.75 log [mm], CI 2.29–3.22; T. 
repens control: 4.3 log [mm], CI 4.08–4.51; drought: 3.74 log [mm], 
CI 3.41–4.08). T. repens was also taller in the late- season irrigation 
treatment (irrigation: 4.85 log [mm], CI 4.57–5.13). We observed a 
marginally significant increase in height for C. capillaris in the mid- 
season drought plots (control: 5.9, CI 5.77–6.03; drought: 6.14, CI 
6.01–6.27). Other than plant height, the only other trait that varied 
was SLA, which was marginally higher in the drought plots for B. pin-
natum (control: 18.9 mm2 mg−1, CI 17.9–19.7; drought: 21.8 mm2 mg−1, 
CI 19.6–23.8). Model output with complete means and CIs for each 
of these seven species is summarised in Table S3.

4  |  DISCUSSION

Climate change is altering biological communities globally, favouring 
some species based on their trait syndromes over others partly due 
to changes in the precipitation regime. Understanding the drivers 
of community- level functional traits is crucial to predict community 
responses to altered precipitation in natural plant communities. In 
this study, we investigated how traits respond to experimentally 
manipulated levels of precipitation, not only considering the com-
munity and the species, but also the individuals, which provide a 
better understanding of community variation. We report evidence 
for shifting CWM trait values in response to drought but not with 
increased precipitation.

4.1  |  Precipitation- induced community reassembly 
mostly contributes to community- weighted functional 
traits shifts in the late- season

As hypothesised (H1), we found differences in community composi-
tion among precipitation treatments in the late- season. When ex-
ploring which effect this community composition change had into 
CWM, we found that it was an important contributor to height, 
LDMC, P content and leaf thickness CWM shifts under drought in the 
late- season as fixed CWM differences (7% decrease in height, 15% 
LDMC, 35% P content and 24% increase in leaf thickness). LDMC 
was the only trait that showed a drought- induced reduction in spe-
cific CWM in contrast with fixed CWM (48% vs. 15% respectively), 
indicating a higher relative importance of intraspecific variation in 
addition to species turnover in comparison with the other traits. 
The absence of this effect in the mid- season may be related to the 
high sensitivity of early- successional communities to environmen-
tal changes (Grime et al., 2000; Odum, 1969). Previous short- term 
(1–3 years) studies have reported absence or small effects of pre-
cipitation changes on community reassembly (Batbaatar et al., 2022; 
Vitra et al., 2019). Vitra et al. (2019) observed that drought altered 
community- weighted functional traits in early and late- season, but 
did not observe abundance- driven species turnover and commu-
nity composition change, which would occur over longer drought 

perturbations (Smith et al., 2009). After 6 years of manipulated pre-
cipitation at our study site, we observed community composition 
changes with an important decrease of graminoid abundance under 
drought. The lower abundance of grasses in drought plots agrees 
with other experimental studies in calcareous grasslands (Morecroft 
et al., 2004; Sternberg et al., 1999). Interestingly, similar effects were 
observed under short- term manipulated and observed precipitation 
gradients with both species turnover and intraspecific variations 
contributing to community- weighted functional trait responses to 
precipitation changes in a grassland community (Zuo et al., 2021).

4.2  |  Community functional traits shift under 
drought but not irrigation

A 50% precipitation reduction in our temperate grassland community 
induced important shifts in CWMs of all examined functional traits. 
These shifts supported our hypothesis regarding how plant height, 
leaf thickness, SLA, and leaf phosphorous content should change 
with drought, but provided opposing support for our predictions 
regarding changes in LDMC (H2). Contrary to our expectation of in-
creased LDMC under drought (H2) in both mid-  and late- seasons, we 
observed a drought- induced 28% decrease in LDMC specific CWM 
in the mid- season (with no decrease in fixed CWM) and an almost 
50% reduction in specific CWM in the late- season (15% reduction 
in fixed CWM), reflecting the importance of species intraspecific 
variation in this trait, especially in the late- season. The hypothesised 
change in LDMC was based on previous findings of observational 
studies (Dwyer et al., 2014; Harrison et al., 2015; Wright et al., 2005). 
However, a decrease in LDMC can also occur due to the geometric 
relationship with leaf thickness: LDMC = 1/(SLA × Leaf thickness) 
(Vile et al., 2005). In addition, Wilcox et al. (2021) reported a nega-
tive relationship in a semiarid shortgrass prairie between leaf thick-
ness and LDMC, which could explain the decrease in LDMC because 
of leaf thickness increase.

The observed drought- induced changes in the CWM of plant 
height, leaf thickness, SLA, and leaf P content aligned with our 
expectations as well as with findings from previous observational 
(Fonseca et al., 2000; Moles et al., 2009) and experimental studies 
(Luo et al., 2023; Zuo et al., 2021). However, the CWM of all our 
examined traits remained unchanged under the irrigation treatment 
compared to the control. This pattern may be due to the high levels 
of evapotranspiration reported at this field site, suggesting that this 
system is not water- limited (Jamieson et al., 1998). The estimated 
precipitation supplied by the irrigation treatment would have been 
around 1000 mm year−1 (+50% of the ambient precipitation), which 
falls near the maximum annual precipitation at the climate type Cfb 
(maritime temperate climate) that the study site belongs to (Peel 
et al., 2007). Whilst manipulative experiments offer the unique op-
portunity to isolate environmental variables to test their effects on 
the community, they might fall short in perfectly simulating natural 
conditions, as key attributes as precipitation variability are challeng-
ing to replicate, and precipitation percentage reduction might have 
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differential effects in different biomes (Hoover et al., 2018; Knapp 
et al., 2015; Slette et al., 2019). An alternative explanation of a lack of 
effect in the irrigation treatment is that not enough time has passed 
yet. This is supported by the results from Kimmel et al. (2019) that 
observed gradual impacts of water addition over 10 years, whereas 
our study was conducted at the sixth year of treatment.

4.3  |  Species adjustments to precipitation seem to 
differ between growing season timings despite the 
complexity of studying intraspecific variation across 
stress gradients

Contrary to our hypothesis of the ability of species to adjust func-
tional traits under different precipitation levels (H2) (Pichon 
et al., 2022; Shipley et al., 2016; Violle et al., 2012), we report limited 
evidence of intraspecific variation in trait responses to drought when 
contrasting mean trait values for those species with sufficient replica-
tion. Only plant height, out of the five examined traits, varied signifi-
cantly among precipitation treatments at the individual level in two 
of the seven species that had enough replication across treatments. 
This finding aligned with differences in height between treatments 
for both specific and fixed CWM analyses. However, concluding that 
intraspecific variation plays only a small role in CWM drought- induced 
shifts would be a biased result. Plant species abundance strongly de-
pend on their distance to the optimal climatic conditions (Thuiller 
et al., 2004). In other words, species that need to adjust their metabo-
lism to non- optimal conditions are also likely to decrease their abun-
dance, due to the increased costs of stress responses (Baruch, 2011; 
Hutchinson, 1957; Lynn et al., 2023). Thus, the full spectrum of spe-
cies intraspecific variance might not be observed with enough repli-
cation if the magnitude of the stress or the time scale is high. In our 
study, we did observe the role of intraspecific variability in the differ-
ence between CWM fixed and specific, though this evidence was not 
supported when testing individual species intraspecific variation with 
the few species that showed enough replication across treatments. 
Our results highlight the complexity of studying intraspecific variation 
across stress gradients, and in accordance with recent literature, high-
light that the role of intraspecific variability in community shifts might 
be underestimated, and it might depend on the stress magnitude and 
temporal scale (Girard- Tercieux et al., 2023; Yang et al., 2020).

Drought- induced shifts in SLA and LDMC were driven by in-
terspecific variability both at mid-  and late- season timings as they 
showed none or lower differences in fixed CWMs between pre-
cipitation levels in contrast with specific CWMs. Species adjust-
ment of SLA and LDMC determined community responses under 
drought rather than species turnover, suggesting the responsive 
role of those traits in grassland communities under drought (Lavorel 
& Garnier, 2002; Liu et al., 2021; Violle et al., 2007), perhaps due 
to their relationship with hydraulic resistance (Olson et al., 2018) 
and water- use efficiency (Wellstein et al., 2017). All traits, with the 
exception of SLA, differed in fixed CWMs between treatments at 
the late- season time, supporting the role of species turnover in 

CWMs shifts in response to drought. The difference in community 
traits between the mid-  and late- season timings may be linked to 
the mid- season mowing of the field site. Previous studies in steppe 
ecophysiology stressed the importance of drought timing in drought 
sensitivity in short grasses (Lemoine et al., 2018). Additionally, 
young recovering communities are more sensitive to environmental 
changes (Grime et al., 2000; Odum, 1969). This effect could explain 
our finding of stronger treatment impacts in fixed CWM trait values 
after the mowing than before it. Furthermore, stronger effects of 
drought on community- weighted functional traits were observed 
after the growing peak (late- season) in two permanent grassland ex-
perimental sites at the Swiss Jura Mountains, which coincide with 
the longer and warmer summer days (Vitra et al., 2019). In our study, 
increased temperature and lower humidity may contribute to en-
hanced drought effects at the late- season.

Certain trait syndromes were determinant in this temperate 
grassland to species drought resistance: shorter plants (both at the 
individual and species levels) with thick but small leaves. This strat-
egy reduces evaporative surface and decreases hydraulic vulnera-
bility (Farquhar et al., 2002; Olson et al., 2018). This result aligned 
with previous results from Kramp et al. (2022), with smaller leave 
species being more resistant to drought in a temperate grassland in 
Germany. Our study also agrees with Kramp et al.'s emphasis of the 
importance of a multidimensional approach of variation in multiple 
traits when trying to understand grassland responses to drought. 
Grasses, taller plants with thinner leaves, strongly reduced their 
abundance under drought, thus suggesting drought might not favour 
fast growing species, as suggested by the meta- analysis by Wellstein 
et al. (2017). Our result agrees with the report of drought- induced 
community shift into slower growing and more- resistant species 
(Wilcox et al., 2021). However, Griffin- Nolan et al. (2019) found a 
shift from drought tolerance to drought avoidance strategies with 
drought intensity, with communities having higher SLA, nutrients 
content and leaf turgor loss point. Contrary to the last study, but in 
agreement with ours, Luo et al. (2023) reported community shifts to 
decrease leaf phosphorous content due to nutrient acquisition re-
striction under drought conditions. In the light of these mixed find-
ings, we support the recent proposal by Anderegg (2023) regarding 
the importance of exploring the link between plant strategies and 
traits. This selective impact of drought on different functional plant 
groups explains the reduction in functional diversity observed in 
this study in drought plots (Figure S2) and supports the reduction 
in functional diversity found in grasslands in some observational 
studies due to drought acting as an environmental filter (Harrison 
et al., 2015, 2018; Miller et al., 2019, but not in Griffin- Nolan 
et al., 2019). Our results indicate that functional diversity is a conse-
quence but not a driver of drought impacts on grasslands.

5  |  CONCLUSIONS

We provide key insights into how grassland communities may re-
spond to climate change. Overall, we found evidence that short, 
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thick- leaved plants may be favoured under drought conditions, 
whilst grasses may become less abundant, leading to community- 
level functional shifts. We observed some intraspecific trait plas-
ticity in response to drought, but the most dramatic effects were 
changes in community composition. The temporal variation of our 
CWM trait values suggests that effects of traits on ecosystem func-
tioning might not be consistent across time. Specifically, we dem-
onstrated how the importance of species turnover and intraspecific 
variation depends not only on the trait in question but the timing 
along the growing season (mid-  vs. late- season). Therefore, trait- 
based attempts to predict ecosystem functioning must account for 
such temporal variation in community trait values. This temporal 
variation of environmental drivers' impact may prove to be an im-
portant step towards the “Holy Grail” of predicting ecosystem func-
tioning from changes in traits.

AUTHOR CONTRIBUTIONS
Roberto Salguero- Gómez developed the original idea to study func-
tional traits between treatments and Phil Fernandes proposed the 
characterisation of those traits at the community level, evaluating 
the role of intraspecific variation and species turnover to shifts in 
community- wide functional traits. This idea was developed by Phil 
Fernandes under the supervision of Roberto Salguero- Gómez and 
John Jackson. Study design and data collection was performed by Phil 
Fernandes, John Jackson, Roberto Salguero- Gómez, Clare Lawson, 
Andy Hector and Hannah King. Phil Fernandes analysed the data 
and prepared an academic report under the supervision of Roberto 
Salguero- Gómez. Erola Fenollosa configured the first manuscript 
draft, recalculating CWM following reviewer's suggestions and includ-
ing additional data analyses. Initial manuscript feedback was provided 
by Roberto Salguero- Gómez. Further manuscript feedback was pro-
vided by all authors, who approved the manuscript for publication.

ACKNOWLEDG EMENTS
We thank the support team at Wytham Woods led by N. Fisher for 
their invaluable management of the experimental sites at Wytham 
Woods. We thank C. Adelmant for support in botanical surveys 
and field logistic support. We thank the constructive support by 
Alessandro Bricca, an anonymous reviewer and the associate edi-
tor whose comments greatly contributed to the improvement of 
the manuscript. Erola Fenollosa was supported by a Margarita 
Salas postdoctoral Fellowship from the Ministry of Universities in 
Spain hosted by Roberto Salguero- Gómez. The analyses were sup-
ported by a David Kirby Memorial Fund grant to Phil Fernandes 
with additional support by Roberto Salguero- Gómez. The work 
was supported by the Ecological Continuity Trust to Andy Hector, 
a NERC Independent Research Fellowship (NE/M018458/1) to 
Roberto Salguero- Gómez, and a NERC Pushing the Frontiers (NE/
X013766/1) to Roberto Salguero- Gómez.

CONFLIC T OF INTERE S T S TATEMENT
The authors have no conflicts of interest to declare. All co- authors 
have seen and agree with the contents of the manuscript and there 

is no financial interest to report. We certify that the submission is 
original work and is not under review at any other publication. Andy 
Hector is a Senior Editor of Journal of Ecology but took no part in the 
peer review and decision- making processes for this paper.

PEER RE VIE W
The peer review history for this article is available at https:// www. 
webof scien ce. com/ api/ gatew ay/ wos/ peer-  review/ 10. 1111/ 1365-  
2745. 14395 .

DATA AVAIL ABILIT Y S TATEMENT
Data available from the Dryad Digital Repository: https:// doi. org/ 
10. 5061/ dryad. kh189 32gb (Fenollosa et al., 2024).

ORCID
E. Fenollosa  https://orcid.org/0000-0002-6189-2124 
A. Hector  https://orcid.org/0000-0002-1309-7716 
J. Jackson  https://orcid.org/0000-0002-4563-2840 
R. Salguero- Gómez  https://orcid.org/0000-0002-6085-4433 

R E FE R E N C E S
Anderegg, L. D. L. (2023). Why can't we predict traits from the environ-

ment? New Phytologist, 237, 1998–2004. https:// doi. org/ 10. 1111/ 
nph. 18586 

Andrew, S. C., Gallagher, R. V., Wright, I. J., & Mokany, K. (2022). 
Assessing the vulnerability of plant functional trait strategies to 
climate change. Global Ecology and Biogeography, 31, 1194–1206. 
https:// doi. org/ 10. 1111/ geb. 13501 

Baruch, Z. (2011). Leaf trait variation of a dominant neotropical savanna 
tree across rainfall and fertility gradients. Acta Oecologica, 37, 455–
461. https:// doi. org/ 10. 1016/j. actao. 2011. 05. 014

Batbaatar, A., Carlyle, C. N., Bork, E. W., Chang, S. X., & Cahill, J. F. 
(2022). Multi- year drought alters plant species composition more 
than productivity across northern temperate grasslands. Journal of 
Ecology, 110, 197–209. https:// doi. org/ 10. 1111/ 1365-  2745. 13796 

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear 
mixed- effects models using lme4. Journal of Statistical Software, 67, 
1–48. https:// doi. org/ 10. 18637/  jss. v067. i01

Blighe, K., & Lun, A. (2022). PCAtools: PCAtools: Everything principal com-
ponents analysis. R package version 2.8.0. https:// github. com/ kevin 
blighe/ PCAtools

Bricca, A., Di Musciano, M., Ferrara, A., Theurillat, J. P., & Cutini, M. 
(2022). Community assembly along climatic gradient: Contrasting 
pattern between and within-  species. Perspectives in Plant Ecology, 
Evolution and Systematics, 56, 125675. https:// doi. org/ 10. 1016/j. 
ppees. 2022. 125675

Brodribb, T. J. (2017). Progressing from ‘functional’ to mechanistic traits. 
New Phytologist, 215, 9–11. https:// doi. org/ 10. 1111/ nph. 14620 

Bruelheide, H., Dengler, J., Purschke, O., Lenoir, J., Jiménez- Alfaro, B., 
Hennekens, S. M., Botta- Dukát, Z., Chytrý, M., Field, R., Jansen, 
F., Kattge, J., Pillar, V. D., Schrodt, F., Mahecha, M. D., Peet, R. K., 
Sandel, B., van Bodegom, P., Altman, J., Alvarez- Dávila, E., … Jandt, 
U. (2018). Global trait- environment relationships of plant commu-
nities. Nature Ecology & Evolution, 2, 1906–1917. https:// doi. org/ 10. 
1038/ s4155 9-  018-  0699-  8

de Bello, F., Carmona, C. P., Dias, A. T. C., Götzenberger, L., Moretti, M., & 
Berg, M. P. (2021). Handbook of trait- based ecology: From theory to R tools. 
Cambridge University Press. https:// doi. org/ 10. 1017/ 97811 08628426

DeMalach, N., Zaady, E., & Kadmon, R. (2017). Contrasting effects of 
water and nutrient additions on grassland communities: A global 

https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14395
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14395
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14395
https://doi.org/10.5061/dryad.kh18932gb
https://doi.org/10.5061/dryad.kh18932gb
https://orcid.org/0000-0002-6189-2124
https://orcid.org/0000-0002-6189-2124
https://orcid.org/0000-0002-1309-7716
https://orcid.org/0000-0002-1309-7716
https://orcid.org/0000-0002-4563-2840
https://orcid.org/0000-0002-4563-2840
https://orcid.org/0000-0002-6085-4433
https://orcid.org/0000-0002-6085-4433
https://doi.org/10.1111/nph.18586
https://doi.org/10.1111/nph.18586
https://doi.org/10.1111/geb.13501
https://doi.org/10.1016/j.actao.2011.05.014
https://doi.org/10.1111/1365-2745.13796
https://doi.org/10.18637/jss.v067.i01
https://github.com/kevinblighe/PCAtools
https://github.com/kevinblighe/PCAtools
https://doi.org/10.1016/j.ppees.2022.125675
https://doi.org/10.1016/j.ppees.2022.125675
https://doi.org/10.1111/nph.14620
https://doi.org/10.1038/s41559-018-0699-8
https://doi.org/10.1038/s41559-018-0699-8
https://doi.org/10.1017/9781108628426


12  |    FENOLLOSA et al.

meta- analysis. Global Ecology and Biogeography, 26, 983–992. 
https:// doi. org/ 10. 1111/ geb. 12603 

Díaz, S., & Cabido, M. (1997). Plant functional types and ecosystem func-
tion in relation to global change. Journal of Vegetation Science, 8(4), 
463–474. https:// doi. org/ 10. 2307/ 3237198

Díaz, S., Kattge, J., Cornelissen, J., Wright, I. J., Lavorel, S., Dray, S., 
Björn, R., Kleyer, M., Wirth, C., Prentice, I. C., Garnier, E., Bönisch, 
G., Westoby, M., Poorter, H., Reich, P. B., Moles, A. T., Dickie, J., 
Gillisson, A. N., Zanne, A. E., … Gorné, L. D. (2016). The global spec-
trum of plant form and function. Nature, 529, 167–171. https:// doi. 
org/ 10. 1038/ natur e16489

Dwyer, J. M., Hobbs, R. J., & Mayfield, M. M. (2014). Specific leaf area 
responses to environmental gradients through space and time. 
Ecology, 95(2), 399–410. https:// doi. org/ 10. 1890/ 13-  0412. 1

Esslemont, G., Maher, W., Ford, P., & Krikowa, F. (2000). The determina-
tion of phosphorus and other elements in plant leaves by ICP- MS 
after low- volume microwave digestion with nitric acid. Atomic 
Spectroscopy, 2, 42–45. https:// doi. org/ 10. 1186/ s1230 2-  022-  
00677 -  1

Farquhar, G. D., Buckley, T. N., & Miller, J. M. (2002). Optimal stomatal 
control in relation to leaf area and nitrogen content. Silva Fennica, 
36(3), 625–637. https:// doi. org/ 10. 14214/  sf. 530

Fenollosa, E., Fernandes, P., Hector, A., King, H., Lawson, C., Jackson, J., 
& Salguero- Gómez, R. (2024). Data from: Differential responses of 
community- level functional traits to mid-  and late- season experi-
mental drought in a temperate grassland. Dryad Digital Repository. 
https:// doi. org/ 10. 5061/ dryad. kh189 32gb

Fischer, E. M., Beyerle, U., & Knutti, R. (2013). Robust spatially aggre-
gated projections of cli- mate extremes. Nature Climate Change, 3, 
1033–1038. https:// doi. org/ 10. 1038/ nclim ate2051

Flechner, L., & Tseng, T. Y. (2011). Understanding results: P- values, confi-
dence intervals, and number need to treat. Indian Journal of Urology, 
27(4), 532–535. https:// doi. org/ 10. 4103/ 0970-  1591. 91447 

Fonseca, C. R., Overton, J. M. C., Collins, B., & Westoby, M. (2000). Shifts 
in trait- combinations along rainfall and phosphorus gradients. 
Journal of Ecology, 88(6), 964–977. https:// doi. org/ 10. 1046/j. 1365-  
2745. 2000. 00506. x

Funk, J. L., Larson, J. E., Ames, G. M., Butterfield, B. J., Cavender- Bares, 
J., Firn, J., Laughlin, D. C., Sutton- Grier, A. E., Williams, L., & Wright, 
J. (2017). Revisiting the Holy Grail: Using plant functional traits to 
understand ecological processes. Biological Reviews, 92(2), 1156–
1173. https:// doi. org/ 10. 1111/ brv. 12275 

Garnier, E., Cortez, J., Billès, G., Navas, M.- L., Roumet, C., Debussche, 
M., Laurent, G., Blanchard, A., Aubry, D., Bellmann, A., Neill, C., & 
Toussaint, J.- P. (2004). Plant functional markers capture ecosystem 
properties during secondary succession. Ecology, 85(9), 2630–2637. 
https:// doi. org/ 10. 1890/ 03-  0799

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., & Brown, V. K. (1991). The nature and rate of devel-
opment of calcareous grassland in Southern Britain. In biological 
conservation. Biological Conservation, 58(3), 297–316. https:// doi. 
org/ 10. 1016/ 0006-  3207(91) 90097 -  S

Girard- Tercieux, C., Maréchaux, I., Clark, A. T., Clark, J., Courbaud, B., 
Fortunel, C., Guillemot, J., Künstler, G., leMaire, G., Pélissier, R., 
Rüger, N., & Vieilledent, G. (2023). Rethinking the nature of intraspe-
cific variability and its consequences on species coexistence. Ecology 
and Evolution, 13, e9860. https:// doi. org/ 10. 1002/ ece3. 9860

Götzenberger, L., de Bello, F., Dias, A. T. C., Moretti, M., Berg, M. P., & 
Carmona, C. P. (2020). Handbook of trait- based ecology: From the-
ory to R tools. Cambridge University Press. http:// hdl. handle. net/ 
10261/  227019

Green, S. J., Cole, B. B., Natasha, H. A., & Larry, C. B. (2022). Trait- based 
approaches to global change ecology: Moving from description to 

prediction. Proceedings of the Royal Society B: Biological Sciences, 
289, 20220071. https:// doi. org/ 10. 1098/ rspb. 2022. 0071

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 
following long- term drought in grasslands. Journal of Ecology, 107, 
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/ scien ce. 289. 5480. 762

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. 15020 74112 

Harrison, S. P., LaForgia, M. L., & Latimer, A. M. (2018). Climate- driven 
diversity change in annual grasslands: Drought plus deluge does 
not equal normal. Global Change Biology, 24, 1782–1792. https:// 
doi. org/ 10. 1111/ gcb. 14018 

Helsen, K., Acharya, K. P., Brunet, J., Cousins, S. A. O., Decocq, G., 
Hermy, M., Kolb, A., Lemke, I. H., Lenoir, J., Plue, J., Verheyen, K., 
De Frenne, P., & Graae, B. J. (2017). Biotic and abiotic drivers of 
intraspecific trait variation within plant populations of three her-
baceous plant species along a latitudinal gradient. BMC Ecology, 17, 
38. https:// doi. org/ 10. 1186/ s1289 8-  017-  0151-  y

Hoover, D. L., Knapp, A. K., & Smith, M. D. (2014). Resistance and resil-
ience of a grassland ecosystem to climate extremes. Ecology, 95(9), 
2646–2656. https:// doi. org/ 10. 1890/ 13-  2186. 1

Hoover, D. L., Wilcox, K. R., & Young, K. E. (2018). Experimental droughts 
with rainout shelters: a methodological review. Ecosphere, 9(1), 
e02088. https:// doi. org/ 10. 1002/ ecs2. 2088

Hutchinson, G. E. (1957). Concluding remarks. Cold Spring Harbor 
Symposia on Quantitative Biology, 22, 415–427. https:// doi. org/ 10. 
1101/ SQB. 1957. 022. 01. 039

IPCC. (2022). Climate change 2022: Impacts, adaptation, and vulnerability. 
Contribution of Working Group II to the Sixth Assessment Report 
of the Intergovernmental Panel on Climate Change (H.-O. Pörtner, 
D. C. Roberts, M. Tignor, E. S. Poloczanska, K. Mintenbeck, A. 
Alegría, M. Craig, S. Langsdorf, S. Löschke, V. Möller, A. Okem, & B. 
Rama, Eds.). Cambridge University Press.

Jackson, J., Middleton, S. L., Lawson, C. S., Jardine, E., Hawes, N., Maseyk, 
K., Salguero- Gómez, R., & Hector, A. (2024). Experimental drought 
reduces the productivity and stability of a calcareous grassland. 
Journal of Ecology, 00, 1–15. https:// doi. org/ 10. 1111/ 1365-  2745. 
14282 

Jamieson, N., Barraclough, D., Unkovich, M., & Monaghan, R. (1998). Soil 
N dynamics in a natural calcareous grassland under a changing cli-
mate. Biology and Fertility of Soils, 27(3), 267–273. https:// doi. org/ 
10. 1007/ s0037 40050432

Kambach, S., Sabatini, F. M., Attorre, F., Biurrun, I., Boenisch, G., Bonari, 
G., Čarni, A., Carranza, M. L., Chiarucci, A., Chytrý, M., Dengler, J., 
Garbolino, E., Golub, V., Güler, B., Jandt, U., Jansen, J., Jašková, A., 
Jiménez- Alfaro, B., Karger, D. N., … Bruelheide, H. (2023). Climate- 
trait relationships exhibit strong habitat specificity in plant commu-
nities across Europe. Nature Communications, 14, 712. https:// doi. 
org/ 10. 1038/ s4146 7-  023-  36240 -  6

Kimball, S., Funk, J. L., Spasojevic, M. J., Suding, K. N., Parker, S., & 
Goulden, M. L. (2016). Can functional traits predict plant commu-
nity response to global change? Ecosphere, 7(12), 1602. https:// doi. 
org/ 10. 1002/ ecs2. 1602

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), e02625. https:// doi. org/ 10. 1002/ ecs2. 2625

https://doi.org/10.1111/geb.12603
https://doi.org/10.2307/3237198
https://doi.org/10.1038/nature16489
https://doi.org/10.1038/nature16489
https://doi.org/10.1890/13-0412.1
https://doi.org/10.1186/s12302-022-00677-1
https://doi.org/10.1186/s12302-022-00677-1
https://doi.org/10.14214/sf.530
https://doi.org/10.5061/dryad.kh18932gb
https://doi.org/10.1038/nclimate2051
https://doi.org/10.4103/0970-1591.91447
https://doi.org/10.1046/j.1365-2745.2000.00506.x
https://doi.org/10.1046/j.1365-2745.2000.00506.x
https://doi.org/10.1111/brv.12275
https://doi.org/10.1890/03-0799
https://doi.org/10.1890/ES12-00371.1
https://doi.org/10.1016/0006-3207(91)90097-S
https://doi.org/10.1016/0006-3207(91)90097-S
https://doi.org/10.1002/ece3.9860
http://hdl.handle.net/10261/227019
http://hdl.handle.net/10261/227019
https://doi.org/10.1098/rspb.2022.0071
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
https://doi.org/10.1073/pnas.1502074112
https://doi.org/10.1111/gcb.14018
https://doi.org/10.1111/gcb.14018
https://doi.org/10.1186/s12898-017-0151-y
https://doi.org/10.1890/13-2186.1
https://doi.org/10.1002/ecs2.2088
https://doi.org/10.1101/SQB.1957.022.01.039
https://doi.org/10.1101/SQB.1957.022.01.039
https://doi.org/10.1111/1365-2745.14282
https://doi.org/10.1111/1365-2745.14282
https://doi.org/10.1007/s003740050432
https://doi.org/10.1007/s003740050432
https://doi.org/10.1038/s41467-023-36240-6
https://doi.org/10.1038/s41467-023-36240-6
https://doi.org/10.1002/ecs2.1602
https://doi.org/10.1002/ecs2.1602
https://doi.org/10.1002/ecs2.2625


    |  13FENOLLOSA et al.

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 ex-
treme wet and dry years: Implications for climate change experi-
ments. Global Change Biology, 21, 2624–2633. https:// doi. org/ 10. 
1111/ gcb. 12888 

Korell, L., Auge, H., Chase, J. M., Harpole, W. S., & Knight, T. M. (2021). 
Responses of plant diversity to precipitation change are strongest 
at local spatial scales and in drylands. Nature Communications, 12, 
2489. https:// doi. org/ 10. 1038/ s4146 7-  021-  22766 -  0

Kramp, R. E., Liancourt, P., Herberich, M. M., Saul, L., Weides, S., 
Tielbörger, K., & Májeková, M. (2022). Functional traits and their 
plasticity shift from tolerant to avoidant under extreme drought. 
Ecology, 103(12), e3826. https:// doi. org/ 10. 1002/ ecy. 3826

Kröel- Dulay, G., Mojzes, A., Szitár, K., Bahn, M., Batáry, 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., Tielbörger, K., Tietema, A., … Peñuelas, J. (2022). 
Field experiments underestimate aboveground biomass response 
to drought. Nature Ecology & Evolution, 6(5), 540–545. https:// doi. 
org/ 10. 1038/ s4155 9-  022-  01685 -  3

Laughlin, D. C., Gremer, J. R., Adler, P. B., Mitchell, R. M., & Moore, M. 
M. (2020). The net effect of functional traits on fitness. Trends in 
Ecology & Evolution, 35(11), 1037–1047. https:// doi. org/ 10. 1016/j. 
tree. 2020. 07. 010

Lavorel, S., & Garnier, E. (2002). Predicting changes in community com-
position and ecosystem functioning from plant traits: Revisiting the 
Holy Grail. Functional Ecology, 16(5), 545–556. https:// doi. org/ 10. 
1046/j. 1365-  2435. 2002. 00664. x

Lavorel, S., Grigulis, K., Lamarque, P., Colace, M.- P., Garden, D., Girel, 
J., Pellet, G., & Douzet, R. (2011). Using plant functional traits to 
understand the landscape distribution of multiple ecosystem ser-
vices. Journal of Ecology, 99(1), 135–147. https:// doi. org/ 10. 1111/j. 
1365-  2745. 2010. 01753. x

Lemoine, N. P., Griffin- Nolan, R. J., Lock, A. D., & Knapp, A. K. (2018). 
Drought timing, not previous drought exposure, determines sensi-
tivity of two shortgrass species to water stress. Oecologia, 188(4), 
965–975. https:// doi. org/ 10. 1007/ s0044 2-  018-  4265-  5

Lepš, J., de Bello, F., Šmilauer, P., & Doležal, J. (2011). Community trait 
response to environment: Disentangling species turnover vs intra-
specific trait variability effects. Ecography, 34, 856–863. https:// 
doi. org/ 10. 1111/j. 1600-  0587. 2010. 06904. x

Liu, C., Li, Y., Yan, P., & He, N. (2021). How to improve the predictions of 
plant functional traits on ecosystem functioning? Frontiers in Plant 
Science, 12, 622260. https:// doi. org/ 10. 3389/ fpls. 2021. 622260

Luo, W., Griffin- Nolan, R. J., Song, L., Te, N., Chen, J., Shi, Y., Muraina, T. 
O., Wang, Z., Smith, M. D., Yu, Q., Knapp, A. K., Han, X., & Collins, 
S. L. (2023). Interspecific and intraspecific trait variability differen-
tially affect community- weighted trait responses to and recovery 
from long- term drought. Functional Ecology, 37, 504–512. https:// 
doi. org/ 10. 1111/ 1365-  2435. 14239 

Lynn, J. S., Gya, R., Klanderud, K., Telford, R. J., Goldberg, D. E., & 
Vandvik, V. (2023). Traits help explain species' performance away 
from their climate niche centre. Diversity and Distributions, 29, 962–
978. https:// doi. org/ 10. 1111/ ddi. 13718 

MacGillivray, C. W., Grime, J. P., & The Integrated Screening Programme 
(ISP) Team. (1995). Testing predictions of the resistance and re-
silience of vegetation subjected to extreme events. Functional 
Ecology, 9, 640–649. https:// doi. org/ 10. 2307/ 2390156

McGill, B. J., Enquist, B. J., Weiher, E., & Westoby, M. (2006). Rebuilding com-
munity ecology from functional traits. Trends in Ecology & Evolution, 
21(4), 178–185. https:// doi. org/ 10. 1016/j. tree. 2006. 02. 002

Miller, J. E. D., Li, D., LaForgia, M., & Harrison, S. (2019). Functional di-
versity is a passenger but not driver of drought- related plant diver-
sity losses in annual grasslands. Journal of Ecology, 107, 2033–2039. 
https:// doi. org/ 10. 1111/ 1365-  2745. 13244 

Moles, A. T., Warton, D. I., Warman, L., Swenson, N. G., Laffan, S. W., 
Zanne, A. E., Pitman, A., Hemmings, F. A., & Leishman, M. R. (2009). 
Global patterns in plant height. Journal of Ecology, 97(5), 923–932. 
https:// doi. org/ 10. 1111/j. 1365-  2745. 2009. 01526. x

Moran, E. V., Hartig, F., & Bell, D. M. (2016). Intraspecific trait variation 
across scales: Implications for understanding global change re-
sponses. Global Change Biology, 22, 137–150. https:// doi. org/ 10. 
1111/ gcb. 13000 

Morecroft, M. D., Masters, G. J., Brown, V. K., Clarke, I. P., Taylor, M. E., 
& Whitehouse, A. T. (2004). Changing precipitation patterns alter 
plant community dynamics and succession in an ex- arable grass-
land. Functional Ecology, 18(5), 648–655. https:// doi. org/ 10. 1111/j. 
0269-  8463. 2004. 00896. x

Mueller, R. C., Scudder, C. M., Porter, M. E., Talbot Trotter, R. I. I. I., 
Gehring, C. A., & Whitham, T. G. (2005). Differential tree mortality 
in response to severe drought: Evidence for long- term vegetation 
shifts. Journal of Ecology, 93, 1085–1093. https:// doi. org/ 10. 1111/j. 
1365-  2745. 2005. 01042. x

Odum, E. P. (1969). The strategy of ecosystem development. Science, 
164(3877), 262–270. https:// doi. org/ 10. 1126/ scien ce. 164. 3877. 
262

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., 
McGlinn, D., Minchin, P. R., O'Hara, R. B., Simpson, G. L., 
Solymos, P., Stevens, M. H. H., Szoecs, E., & Wagner, H. (2020). 
vegan: Community ecology package. https:// CRAN. R-  proje ct. org/ 
packa ge= vegan 

Olson, M. E., Soriano, D., Rosell, J. A., Anfodillo, T., Donoghue, M. J., 
Edwards, E. J., León- Gómez, C., Dawson, T., Camarero Martínez, 
J. J., Castorena, M., Echeverría, A., Espinosa, C. I., Fajardo, A., 
Gazol, A., Isnard, S., Lima, R. S., Marcati, C. R., & Méndez- Alonzo, 
R. (2018). Plant height and hydraulic vulnerability to drought and 
cold. Proceedings of the National Academy of Sciences of the United 
States of America, 115(29), 7551–7556. https:// doi. org/ 10. 1073/ 
pnas. 17217 28115 

Pakeman, R. J., & Quested, H. M. (2007). Sampling plant functional traits: 
What proportion of the species need to be measured? Applied 
Vegetation Science, 10(1), 91–96. https:// doi. org/ 10. 1111/j. 1654-  
109X. 2007. tb005 07. x

Peel, M. C., Finlayson, B. L., & McMahon, T. A. (2007). Updated world 
map of the Köppen- Geiger climate classification. Hydrology and 
Earth System Sciences, 11, 1633–1644.

Pérez- Harguindeguy, N., Díaz, S., Garnier, E., Lavorel, S., Poorter, H., 
Jaureguiberry, P., Bret- Harte, M. S., Cornwell, W. K., Craine, J. M., 
Gurvich, D. E., Urcelay, C., Veneklaas, E. J., Reich, P. B., Poorter, 
L., Wright, I. J., Ray, P., Enrico, L., Pausas, J. G., de Vos, A. C., … 
Cornelissen, J. H. C. (2013). New handbook for standardised mea-
surement of plant functional traits worldwide. Australian Journal of 
Botany, 61(3), 167. https:// doi. org/ 10. 1071/ BT12225

Pichon, N. A., Cappelli, S. L., & Allan, E. (2022). Intraspecific trait changes 
have large impacts on community functional composition but do 
not affect ecosystem function. Journal of Ecology, 110(3), 644–658. 
https:// doi. org/ 10. 1111/ 1365-  2745. 13827 

Quétier, F., Lavorel, S., Thuiller, W., & Davies, I. (2007). Plant- trait- based 
modeling assessment of ecosystem- service sensitivity to land- use 
change. Ecological Applications, 17(8), 2377–2386. https:// doi. org/ 
10. 1890/ 06-  0750. 1

R Core Team. (2021). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https:// www. R-  proje 
ct. org/ 

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH image to 
ImageJ: 25 years of image analysis. Nature Methods, 9(7), 671–675. 
https:// doi. org/ 10. 1038/ nmeth. 2089

Shipley, B., De Bello, F., Cornelissen, J. H. C., Laliberté, E., Laughlin, D. C., 
& Reich, P. B. (2016). Reinforcing loose foundation stones in trait- 
based plant ecology. Oecologia, 180(4), 923–931. https:// doi. org/ 
10. 1007/ s0044 2-  016-  3549-  x

https://doi.org/10.1111/gcb.12888
https://doi.org/10.1111/gcb.12888
https://doi.org/10.1038/s41467-021-22766-0
https://doi.org/10.1002/ecy.3826
https://doi.org/10.1038/s41559-022-01685-3
https://doi.org/10.1038/s41559-022-01685-3
https://doi.org/10.1016/j.tree.2020.07.010
https://doi.org/10.1016/j.tree.2020.07.010
https://doi.org/10.1046/j.1365-2435.2002.00664.x
https://doi.org/10.1046/j.1365-2435.2002.00664.x
https://doi.org/10.1111/j.1365-2745.2010.01753.x
https://doi.org/10.1111/j.1365-2745.2010.01753.x
https://doi.org/10.1007/s00442-018-4265-5
https://doi.org/10.1111/j.1600-0587.2010.06904.x
https://doi.org/10.1111/j.1600-0587.2010.06904.x
https://doi.org/10.3389/fpls.2021.622260
https://doi.org/10.1111/1365-2435.14239
https://doi.org/10.1111/1365-2435.14239
https://doi.org/10.1111/ddi.13718
https://doi.org/10.2307/2390156
https://doi.org/10.1016/j.tree.2006.02.002
https://doi.org/10.1111/1365-2745.13244
https://doi.org/10.1111/j.1365-2745.2009.01526.x
https://doi.org/10.1111/gcb.13000
https://doi.org/10.1111/gcb.13000
https://doi.org/10.1111/j.0269-8463.2004.00896.x
https://doi.org/10.1111/j.0269-8463.2004.00896.x
https://doi.org/10.1111/j.1365-2745.2005.01042.x
https://doi.org/10.1111/j.1365-2745.2005.01042.x
https://doi.org/10.1126/science.164.3877.262
https://doi.org/10.1126/science.164.3877.262
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.1073/pnas.1721728115
https://doi.org/10.1073/pnas.1721728115
https://doi.org/10.1111/j.1654-109X.2007.tb00507.x
https://doi.org/10.1111/j.1654-109X.2007.tb00507.x
https://doi.org/10.1071/BT12225
https://doi.org/10.1111/1365-2745.13827
https://doi.org/10.1890/06-0750.1
https://doi.org/10.1890/06-0750.1
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1007/s00442-016-3549-x
https://doi.org/10.1007/s00442-016-3549-x


14  |    FENOLLOSA et al.

Siefert, A., Violle, C., Chalmandrier, L., Albert, C. H., Taudiere, A., Fajardo, 
A., Aarssen, L. W., Baraloto, C., Carlucci, M. B., Cianciaruso, M. 
V., de L Dantas, V., de Bello, F., Duarte, L. D. S., Fonseca, C. R., 
Freschet, G. T., Gaucherand, S., Gross, N., Hikosaka, K., Jackson, B., 
… Wardle, D. A. (2015). A global meta- analysis of the relative extent 
of intraspecific trait variation in plant communities. Ecology Letters, 
18, 1406–1419. https:// doi. org/ 10. 1111/ ele. 12508 

Slette, I. J., Post, A. K., Awad, M., Even, T., Punzalan, A., Williams, S., 
Smith, M. D., & Knapp, A. K. (2019). How ecologists define drought, 
and why we should do better. Global Change Biology, 25(10), 3193–
3200. https:// doi. org/ 10. 1111/ gcb. 14747 

Smith, M. D., Knapp, A. K., & Collins, S. L. (2009). A framework for assess-
ing ecosystem dynamics in response to chronic resource alterations 
induced by global change. Ecology, 90(12), 3279–3289. https:// doi. 
org/ 10. 1890/ 08-  1815. 1

Smith, M. D., Wilkins, K. D., Holdrege, M. C., Wilfahrt, P., Collins, S. L., 
Knapp, A. K., Sala, O. E., Dukes, J. S., Phillips, R. P., Yahdjian, L., 
Gherardi, L. A., Ohlert, T., Beier, C., Fraser, L. H., Jentsch, A., Loik, 
M. E., Maestre, F. T., Power, S. A., Yu, Q., … Zuo, X. (2024). Extreme 
drought impacts have been underestimated in grasslands 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. 23098 81120 

Song, B., Niu, S., & Wan, S. (2016). Precipitation regulates plant gas ex-
change and its long- term response to climate change in a temperate 
grassland. Plant Ecology, 9(5), 531–541. https:// doi. org/ 10. 1093/ 
jpe/ rtw010

Soudzilovskaia, N. A., Elumeeva, T. G., Onipchenko, V. G., Shidakov, I. 
I., Salpagarova, F. S., Khubiev, A. B., Tekeev, D. K., & Cornelissen, 
J. H. (2013). Functional traits predict relationship between plant 
abundance dynamic and long- term climate warming. Proceedings of 
the National Academy of Sciences of the United States of America, 5, 
18180–18184. https:// doi. org/ 10. 1073/ pnas. 13107 00110 

Sternberg, M., Brown, V. K., Masters, G. J., & Clarke, I. P. (1999). Plant 
community dynamics in a calcareous grassland under climate 
change manipulations. Plant Ecology, 143(1), 29–37. https:// doi. org/ 
10. 1023/A: 10098 12024996

Suding, K. N., & Goldstein, L. J. (2008). Testing the Holy Grail frame-
work: Using functional traits to predict ecosystem change. New 
Phytologist, 180(3), 559–562. https:// doi. org/ 10. 1111/j. 1469-  8137. 
2008. 02650. x

Suding, K. N., Lavorel, S., Chapin Iii, F. S., Cornelissen, J. H. C., Díaz, S., 
Garnier, E., Goldberg, D., Hooper, D. U., Jackson, S. T., & Navas, M.- 
L. (2008). Scaling environmental change through the community- 
level: A trait- based response- and- effect framework for plants. 
Global Change Biology, 14(5), 1125–1140. https:// doi. org/ 10. 1111/j. 
1365-  2486. 2008. 01557. x

Tardella, F. M., Bricca, A., Chelli, S., Campetella, G., Canullo, R., Cutini, 
M., Goia, I. G., Postiglione, N., & Catorci, A. (2021). Species trait 
syndrome drives the leaves' functional variations of dominant 
grasses to modifications in summer water supply. Plant Ecology, 
222, 1113–1128.

Taudiere, A., & Violle, C. (2016). cati: An R package using functional traits 
to detect and quantify multi- level community assembly processes. 
Ecography, 39, 699–708. https:// doi. org/ 10. 1111/ ecog. 01433 

Thuiller, W., Lavorel, S., Midgley, G., & Lavergne, S. (2004). Relating plant 
traits and species distributions along bioclimatic gradients for 88 
Leuca- dendron taxa. Ecology, 85, 1688–1699. https:// doi. org/ 10. 
1890/ 03-  0148

Török, P., Janišová, M., Kuzemko, A., Rūsiņa, S., & Dajić Stevanović, 
Z. (2018). Grasslands, their threats and management in Eastern 
Europe. In V. R. Squires, J. Dengler, H. Feng, & L. Hua (Eds.), 
Grasslands of the world: Diversity, management and conservation (pp. 
64–88). CRC Press.

Vile, D., Garnier, E., Shipley, B., Laurent, G., Navas, M.- L., Roumet, C., 
Lavorel, S., Díaz, S., Hodgson, J. G., Lloret, F., Midgley, G. F., Poorter, 

H., Rutherford, M. C., Wilson, P. J., & Wright, I. J. (2005). Specific 
leaf area and dry matter content estimate thickness in laminar 
leaves. Annals of Botany, 96(6), 1129–1136. https:// doi. org/ 10. 
1093/ aob/ mci264

Violle, C., Enquist, B. J., McGill, B. J., Jiang, L., Albert, C. H., Hulshof, 
C., Jung, V., & Messier, J. (2012). The return of the variance: 
Intraspecific variability in community ecology. Trends in Ecology & 
Evolution, 27(4), 244–252. https:// doi. org/ 10. 1016/j. tree. 2011. 11. 
014

Violle, C., Navas, M.- L., Vile, D., Kazakou, E., Fortunel, C., Hummel, I., 
& Garnier, E. (2007). Let the concept of trait be functional! Oikos, 
116(5), 882–892. https:// doi. org/ 10. 1111/j. 0030-  1299. 2007. 
15559. x

Vitra, A., Deléglise, C., Meisser, M., Risch, A. C., Signarbieux, C., Lamacque, 
L., Delzon, S., Buttler, A., & Mariotte, P. (2019). Responses of plant 
leaf economic and hydraulic traits mediate the effects of early-  and 
late- season drought on grassland productivity. AoB Plants, 11(3), 
plz023. https:// doi. org/ 10. 1093/ aobpla/ plz023

Wellstein, C., Poschlod, P., Gohlke, A., Chelli, S., Campetella, G., Rosbakh, 
S., Canullo, R., Kreyling, J., Jentsch, A., & Beierkuhnlein, C. (2017). 
Effects of extreme drought on specific leaf area of grassland spe-
cies: A meta- analysis of experimental studies in temperate and sub- 
Mediterranean systems. Global Change Biology, 23(6), 2473–2481. 
https:// doi. org/ 10. 1111/ gcb. 13662 

White, T. A., Campbell, B. D., Kemp, P. D., & Hunt, C. L. (2000). Sensitivity 
of three grassland communities to simulated extreme temperature 
and rainfall events. Global Change Biology, 6(6), 671–684. https:// 
doi. org/ 10. 1046/j. 1365-  2486. 2000. 00344. x

Wilcox, K. R., Blumenthal, D. M., Kray, J. A., Mueller, K. E., Derner, J. D., 
Ocheltree, T., & Porensky, L. M. (2021). Plant traits related to pre-
cipitation sensitivity of species and communities in semiarid short-
grass prairie. The New Phytologist, 229, 2007–2019. https:// doi. org/ 
10. 1111/ nph. 17000 

Woodward, F. I., & Diament, A. D. (1991). Functional approaches to pre-
dicting the ecological effects of global change. Functional Ecology, 
5(2), 202–212. https:// doi. org/ 10. 2307/ 2389258

Wright, I. J., Reich, P. B., Cornelissen, J. H. C., Falster, D. S., Groom, P. K., 
Hikosaka, K., Lee, W., Lusk, C. H., Niinemets, Ü., Oleksyn, J., Osada, 
N., Poorter, H., Warton, D. I., & Westoby, M. (2005). Modulation 
of leaf economic traits and trait relationships by climate. Global 
Ecology and Biogeography, 14(5), 411–421. https:// doi. org/ 10. 
1111/j. 1466-  822x. 2005. 00172. x

Wright, I. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, 
F., Cavender- Bares, J., Chapin, T., Cornelissen, J. H. C., Diemer, M., 
Flexas, J., Garnier, E., Groom, P. K., Gulias, J., Hikosaka, K., Lamont, 
B. B., Lee, T., Lee, W., Lusk, C., … Villar, R. (2004). The worldwide 
leaf economics spectrum. Nature, 428(6985), 821–827. https:// doi. 
org/ 10. 1038/ natur e0240 

Yahdjian, L., & Sala, O. E. (2002). A rainout shelter design for intercepting 
different amounts of rainfall. Oecologia, 133, 95–101. https:// doi. 
org/ 10. 1007/ s0044 2-  002-  1024-  3

Yang, J., Lu, J., Chen, Y., Yan, E., Hu, J., Wang, X., & Shen, G. (2020). Large 
underestimation of intraspecific trait variation and its improve-
ments. Frontiers in Plant Science, 11, 53. https:// doi. org/ 10. 3389/ 
fpls. 2020. 00053 

Zuo, X., Zhao, S., Cheng, H., Hu, Y., Wang, S., Yue, P., Liu, R., Knapp, A. K., 
Smith, M. D., Yu, Q., & Koerner, S. E. (2021). Functional diversity re-
sponse to geographic and experimental precipitation gradients var-
ies with plant community type. Functional Ecology, 35, 2119–2132. 
https:// doi. org/ 10. 1111/ 1365-  2435. 13875 

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

https://doi.org/10.1111/ele.12508
https://doi.org/10.1111/gcb.14747
https://doi.org/10.1890/08-1815.1
https://doi.org/10.1890/08-1815.1
https://doi.org/10.1073/pnas.2309881120
https://doi.org/10.1073/pnas.2309881120
https://doi.org/10.1093/jpe/rtw010
https://doi.org/10.1093/jpe/rtw010
https://doi.org/10.1073/pnas.1310700110
https://doi.org/10.1023/A:1009812024996
https://doi.org/10.1023/A:1009812024996
https://doi.org/10.1111/j.1469-8137.2008.02650.x
https://doi.org/10.1111/j.1469-8137.2008.02650.x
https://doi.org/10.1111/j.1365-2486.2008.01557.x
https://doi.org/10.1111/j.1365-2486.2008.01557.x
https://doi.org/10.1111/ecog.01433
https://doi.org/10.1890/03-0148
https://doi.org/10.1890/03-0148
https://doi.org/10.1093/aob/mci264
https://doi.org/10.1093/aob/mci264
https://doi.org/10.1016/j.tree.2011.11.014
https://doi.org/10.1016/j.tree.2011.11.014
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1093/aobpla/plz023
https://doi.org/10.1111/gcb.13662
https://doi.org/10.1046/j.1365-2486.2000.00344.x
https://doi.org/10.1046/j.1365-2486.2000.00344.x
https://doi.org/10.1111/nph.17000
https://doi.org/10.1111/nph.17000
https://doi.org/10.2307/2389258
https://doi.org/10.1111/j.1466-822x.2005.00172.x
https://doi.org/10.1111/j.1466-822x.2005.00172.x
https://doi.org/10.1038/nature0240
https://doi.org/10.1038/nature0240
https://doi.org/10.1007/s00442-002-1024-3
https://doi.org/10.1007/s00442-002-1024-3
https://doi.org/10.3389/fpls.2020.00053
https://doi.org/10.3389/fpls.2020.00053
https://doi.org/10.1111/1365-2435.13875


    |  15FENOLLOSA et al.

Figure S1. Experimental design.
Figure S2. Functional richness across treatments.
Table S1. Climatic data for the experimental period (2016–2021), 
including the year of the study, 2021.
Table S2. Cumulative abundance of sampled species.
Table S3. Intraspecific variation summary.
Table S4. Hierarchical linear mixed- effect models results for fixed 
and specific CWM for all measured functional traits.

How to cite this article: Fenollosa, E., Fernandes, P., Hector, 
A., King, H., Lawson, C. S., Jackson, J., & Salguero- Gómez, R. 
(2024). Differential responses of community- level functional 
traits to mid-  and late- season experimental drought in a 
temperate grassland. Journal of Ecology, 00, 1–15. https://doi.
org/10.1111/1365-2745.14395

https://doi.org/10.1111/1365-2745.14395
https://doi.org/10.1111/1365-2745.14395

	Differential responses of community-level functional traits to mid- and late-season experimental drought in a temperate grassland
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study site
	2.2|Data and metrics
	2.2.1|Species abundance
	2.2.2|Trait measurement and CWM

	2.3|Statistical analysis
	2.3.1|H1: Do precipitation treatments affect community composition?
	2.3.2|H2: How do precipitation manipulations alter CWM of traits in different periods of a season?


	3|RESULTS
	3.1|Changes in community composition
	3.2|CWMs under precipitation treatments

	4|DISCUSSION
	4.1|Precipitation-induced community reassembly mostly contributes to community-weighted functional traits shifts in the late-season
	4.2|Community functional traits shift under drought but not irrigation
	4.3|Species adjustments to precipitation seem to differ between growing season timings despite the complexity of studying intraspecific variation across stress gradients

	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


