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Abstract

Aims Climate change threatens agriculture world-
wide, and grasslands must adapt to withstand and miti-
gate the effects of extreme climatic events. While plant
diversity may boost resilience, grassland responses to
compound drought-heatwave (CDHW) events remain
unclear. As young plants are particularly vulnerable
to stress, this study investigated the effects of climate
extremes during grassland establishment.

Methods Two successive CDHWs, simulating aver-
age spring and summer stresses in western Europe,
were applied to newly established plants from dis-
tinct functional groups: perennial ryegrass (Lolium
perenne L.), white clover (Trifolium repens L.), and
chicory (Cichorium intybus L.). Additionally, drought
and heatwave components of CDHWs were tested
separately to estimate their effects. Climate-con-
trolled growth chambers ensured precise control of
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environmental conditions, allowing for accurate meas-
urements of plants’morphological and physiological
responses.

Results  Yield responses to CDHW were driven by
significant interaction among species, climate, and
stress timing. Summer CDHW events reduced yields
in white clover and chicory by 73% and 38%, respec-
tively, with drought as the primary driver of stress. This
trend was reversed with the occurrence of two succes-
sive CDHWs, resulting in an average 22% higher yield
compared to summer CDHW alone, highlighting the
importance of stress timing and recurrence in priming
plants. Notably, chicory yield increased by 45% under
spring CDHW conditions compared to control.
Conclusion This study underscores the importance of
diversifying grassland systems to enhance resilience to
climate change. It provides insights into the responses
of different species to CDHW events, which can guide
the design of multi-species mixtures for the future.

Keywords Multi-species swards - Climate
extremes - Functional groups - Grassland -
Establishment phase
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CDHW Compound drought-heat-
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HW Heatwave event
D Drought event
Numbers 1, 2 and 12 accompanying treatment abbre-

viations 1 Spring stress

2 Summer stress

12 Both spring and summer
stresses

FG Functional group

Introduction

Climate change poses a major threat to agriculture.
The increasing frequency and intensity of extreme
weather events, such as droughts, heavy rainfall and
heatwaves, are expected to have a more profound
impact on agricultural systems than gradual changes
in average temperature (Arias et al. 2021; De Boeck
et al. 2010). Among these events, simultaneous
drought and heatwave occurrences, referred to as
compound drought-heatwave (CDHW) events, are of
particular concern due to their adverse effects on crop
growth due to the simultaneously increased evapo-
transpiration rates and reduced precipitation (Tejedor
et al. 2024). The frequency, intensity, and duration
of CDHW events are projected to increase fourfold
across 70% of global land areas under medium- and
high-emission scenarios (Yin et al. 2023). There-
fore, agricultural systems, particularly forage-based
grasslands, must not only adapt to these changing
climate conditions but also comply with emerging
policies aimed at developing mitigation strategies to
ensure future sustainability (Lambers and Cong 2022;
Malisch et al. 2024; Martin et al. 2020).

Managed grasslands cover a significant portion
of global agricultural land and are essential for live-
stock production, with demand for these products
expected to double by 2050 (Rojas-Downing et al.
2017). When established as leys (i.e., temporary
grasslands sown within crop rotations), they are an
important tool to diversify cropping systems and
thereby improve nutrient cycling, as well as miti-
gating carbon losses compared to monocropping of
arable crops (Cong et al 2019; Lemaire et al. 2015).
However, rising temperatures and shifting weather
patterns threatens grassland productivity, with spe-
cies composition and management practices play-
ing a crucial role resilience (Lee et al. 2017; Loka
et al. 2019; Tamboli et al. 2023). To address these
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challenges, diversifying grassland systems by incor-
porating different functional groups, such as grasses,
legumes, and forbs, has been proposed as a promis-
ing strategy to enhance resilience (i.e., the ability to
recover quickly and fully during periods of adequate
environmental conditions following a stress event)
and mitigate the negative effects of climate change
(Grange et al. 2021; Haughey et al. 2023; Liischer
et al. 2022). Diverse plant communities can create
synergistic interactions which improve the overall
resistance (i.e., the degree of impairment during a
stress event) of grassland swards to environmental
stress (Finn et al. 2013; Haughey et al. 2023). For
example, deep rooted species have been shown to
actively shift their water uptake to deeper soil layers
under drought (Hoekstra et al. 2015), and thereby
contribute to hydraulic lift—a phenomenon where
some of the water from deeper soil layers is redis-
tributed to the topsoil, thereby benefiting plants
without a deep rooting system (Oliveira et al. 2024).
However, the specific roles of different species
and functional groups in promoting these benefits,
especially under climate extremes such as CDHW
events, remain poorly understood.

Droughts and heatwaves result from complex
interactions among physical processes that are heav-
ily influenced by seasonal and region-specific climate
variability (Yin et al. 2023). Although heatwaves
are usually defined as temperature extremes, there’s
no universal definition (Marx et al. 2021; Perkins-
Kirkpatrick et al. 2017; Perkins and Fischer 2013). In
western Europe, heatwaves are closely linked to pre-
cipitation deficits, which can actually serve as a driv-
ing factor in their occurrence (Domeisen et al. 2023;
Teuling 2018). In such scenarios, dry soils limit
evapotranspiration, reduce convective cloud forma-
tion, increase sunshine, and ultimately drive higher
maximum temperatures, further raising atmospheric
demand (i.e., high vapor pressure deficit; VPD) (De
Boeck et al. 2010; Hunt 2007). The complex interplay
of these factors makes it difficult to quantify the com-
bined effects of CDHW events, but existing research
predicts amplifying impacts of drought and heatwave
effects individually (Wang et al. 2024).

The seasonal timing and recurrence of CDHW
events are, however, critical variables often overlooked
in experimental designs (De Boeck et al. 2011; Jentsch
et al. 2007; Shan et al. 2024). While many stud-
ies focus on climate extremes occurring in summer,
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CDHW events may also take place in other seasons,
such as spring, resulting in different plant response
dynamics (Craine et al. 2012; Shan et al. 2024; Qu
et al. 2024). Spring CDHW events for instance, despite
having lower absolute temperatures, can still cause
significant stress, particularly in young plants at sen-
sitive phenological stages (De Boeck et al. 2016). In
spring-sown grassland leys, early CDHW events may
stunt growth, although moderate early stress may also
enhance resilience to future climatic events (Wang
et al. 2024). Timing and recurrence add complexity,
with intervals between CDHW events influencing their
cumulative effects (Wang et al. 2024). Short intervals
may exacerbate stress, while longer gaps might allow
recovery, although excessively long intervals could
reduce “stress memory,” potentially weakening adap-
tive responses (Wohlgemuth et al. 2022). Some species
acclimate to repeated events, while others experience
compounded reductions in carbon uptake and respira-
tion (Dong et al. 2022; Qu et al. 2024). The impacts
of CDHW events, therefore, are context-dependent,
driven by season, interval timing, plant species and
phenological stages.

In this study, we simulated typical CDHW events
for western Europe, along with their isolated compo-
nents, drought and heatwave, under highly controlled
conditions. Our primary objective was to assess how
three forage species (Lolium perenne L., Trifolium
repens L., and Cichorium intybus L., each represent-
ing a distinct functional group) respond to CDHW
events during their establishment phase. Since biomass
was harvested only once, at the end of the experiment
rather than immediately after each stress event, this
study primarily captures resilience rather than imme-
diate resistance. Our specific objectives were to: (i)
Analyze morphological (e.g., canopy cover, biomass
production, allocation, and leaf area) and physiologi-
cal (i.e., crop water stress index via infrared imaging)
responses to CDHW events and determine whether
species with contrasting functional traits exhibit dis-
tinct resilience under CDHW conditions, (ii) assess
potential cultivar-level responses to these treatments,
and (iii) determine whether the combined effects of
drought and heatwaves (CDHW) differ from the sum
of their isolated impacts. Furthermore, all climatic
treatments were simulated as either a single event in
spring or summer, or two repeated events in spring
and summer, to examine whether early exposure to
stress activates adaptive mechanisms or if the effects of

multiple events accumulate, leading to greater reduc-
tion in productivity. This research contributes to the
development of diversified, resilient grassland systems
capable of maintaining productivity and sustainability
under challenging climatic conditions.

Materials and methods
Plant material and growth conditions

Three plant species, each representing a distinct func-
tional group commonly found in multispecies grass-
land leys, were selected for this experiment: peren-
nial ryegrass (Lolium perenne L.; grass), white clover
(Trifolium repens L.; legume), and chicory (Cicho-
rium intybus L.; non-leguminous forb). Monocultures
were sown in microcosms (10.5 cm diameter, 40 cm
height), filled with a 50:50 (v/v) mixture of sand and
topsoil (10% sand, 72% silt, 18% clay) sourced from
agricultural fields in the Filderstatt region (Esslin-
gen, Germany). The bulk density within the pots was
adjusted to 1.14 g cm™>. To represent each species,
an equal-proportion mixture of cultivars was sown,
with each cultivar clearly identified within the pots.
The selected cultivars were as follows: Lolium per-
enne (two seeds per cultivar per pot: ‘Abosan’, ‘Flin-
ston’, ‘Nashota’, ‘Saqui’), Cichorium intybus (four
seeds per cultivar per pot: ‘Choice’, ‘Puna’), and
Trifolium repens (three seeds per cultivar per pot:
‘Brianna’, ‘Coolfin’, ‘Iona’). The sowing density was
determined based on field seed application rates in
Germany, ensuring that an equal proportion of culti-
vars was maintained within each pot. To account for
potential variation in germination rates, seeds were
sown in triplicate per hole. After germination, excess
seedlings were carefully removed using tweezers to
ensure that each pot contained the intended number
of plants per species and cultivar.

The experiment was conducted using five climate-
controlled chambers (Votsch VB 1514/S, BioLine) at
the Institute of Landscape and Plant Ecology, Univer-
sity of Hohenheim, and established on March 27 th,
2024. Each chamber had an internal area of 1.5 m?,
a total volume of 2.4 m® and internal dimensions of
1.4 m (height) x0.750 m (depth) x1.27 m (width).
The climate profiles used were derived from weekly
average data from Stuttgart Airport (years 1991 to
2005), allowing for regulation of temperature, CO,
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concentration, relative humidity and light intensity.
These profiles were rotated weekly to simulate the
spring establishment of grasslands, encompassing
a growing season starting on March 31 st, until July
19 th. CO, concentration was maintained at 400 ppm
throughout the experiment, and light intensity fol-
lowed a diurnal course with a maximum photon flux
density of 1000 pmol m™2 s™! around noon. Fertiliza-
tion was conducted shortly after seedling emergence,
with a NPK solution applied according to German
agricultural  guidelines  (Landwirtschaftskammer
Niedersachsen 2020) and based on soil analysis
results. The application rate, equivalent to 40% of the
yearly recommended dose for a four-cut system, was
36 kg P ha™', 100 kg K ha™', and 60 kg N ha™'. This
rate corresponds to the first-dose application and was
proportional to the experiment duration.

Experimental design and CDHW simulation

For the initial 56 days after sowing, all plants were
grown under identical climate and watering condi-
tions. Plants were kept near field capacity, moni-
tored through the gravimetric method. Additionally,
soil moisture sensors (ECH20 EC-TM, Decagon
Devices, USA) were installed at depths of 15 cm and
30 cm in selected microcosms to track soil water con-
tent throughout the experiment. To minimize both
between- and within-chamber effects, microcosms
were rotated weekly among the climate chambers,
and their positions were re-randomized within each
chamber during rotation. Tinytag sensors (Gemini
Data Loggers, UK) were deployed in each chamber
to ensure uniform air temperature and relative air
humidity levels, with recording intervals every 15
min.

Climatic treatments included a two-factor CDHW
event, consisting of a simultaneous heatwave (HW)
and edaphic drought (D) period. Additionally, iso-
lated drought (D) and heatwave (HW) treatments
were applied separately to investigate the isolated ver-
sus combined effects of these stressors. All treatments
were implemented at two timepoints: starting on
May 28 th (63 days after-sowing) to represent spring
stress, and June 28 th (91 days after-sowing) to repre-
sent summer stress. Plants were exposed to either one
of these stress periods or both (Table 1). The param-
eters for climatic modifications were adapted from
De Boeck et al. (2010). Each single-factor HW lasted
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nine days, with maximum air temperatures increased
by +8 °C, minimum temperatures by +3.4 °C, and
humidity reduced by 17% relative to the base weekly
climate profile (i.e., simulating increased atmos-
pheric demand). This resulted in maximum calculated
VPDs of 1.80 kPa during spring and 2.21 kPa during
summer, compared to the control VPDs of 0.93 and
1.15 kPa, respectively. Drought-only treatments also
lasted nine days (timed with the HW treatments) and
involved halting irrigation from day one, with soil
moisture monitored every 24 h to track reductions in
water content. The same parameters were combined
simultaneously to simulate the CDHW event. Impor-
tantly, for perennial ryegrass during the summer D
and CDHW conditions, 100 ml of water was applied
to the plants on July 2nd (95 days after-sowing) to
prevent the pot’s water content from dropping further.
This was necessary as grasses exhibited more intense
drought symptoms, and the water application was
essential to prevent them from dying. Finally, after
each CDHW, HW, or D event, plants were returned to
optimal watering conditions, and the climate settings
were reverted to the baseline values identical to the
control.

The experiment lasted a total of 112 days. It
included 90 microcosms, structured using a fractional
factorial design: 3 climates (D, HW, CDHW) %3
stress timings (spring, summer, both) X3 plant spe-
cies (perennial ryegrass, white clover, chicory) X3
replicates, totaling 81 microcosms. Additionally, a
well-irrigated baseline-climate control was included
for comparison (1 control X3 plant species X3 rep-
licates =9 microcosms), bringing the total to 90
microcosms.

Measurements

Canopy cover was measured weekly from photo-
graphs taken throughout the experiment, starting 49
days after sowing. Each pot was photographed indi-
vidually from above, using a tripod set at a fixed
height (1 m) to minimize variability and light influ-
ence. Canopy cover analysis was performed using
Image] software (Schneider et al. 2012), with the pot
diameter set as a reference scale. Plant surface area
was selected by applying a color-based threshold
optimized for plant material, effectively removing the
background. The canopy cover area (cm?) was then
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Table 1 Summary of all climate treatments, detailing maximum and minimum temperatures, relative humidity levels, and maximum
VPD for baseline and altered climate profiles during spring and summer stress simulations

Abbreviation Treatment description Timing of stress Tempera- Relative VPD (MAX)
ture (°C) humidity  kPa
(%)
Max Min Max Min

Control Baseline-climate, well-irrigated plants during all experi-  Spring 16.9 10.8 78.7 51.5 0.93
ment Summer 20.7 13.5 822 52.8 1.15

CDHW1 Compound drought-heatwave event simulated in spring Spring 249 142 653 427 1.8
Summer 20.7 135 822 528 1.15
CDHW2 Compound drought-heatwave event simulated in summer  Spring 169 10.8 78.7 51.5 0.93
Summer 28.7 169 682 43.8 221

CDHW12 Compound drought-heatwave events simulated in spring ~ Spring 249 142 653 427 1.8
and summer Summer 28.7 169 68.2 43.8 221
Dl Drought simulated in spring Spring 169 10.8 78.7 51.5 0.93
Summer 20.7 135 822 528 1.15
D2 Drought simulated in summer Spring 169 10.8 78.7 51.5 093
Summer 20.7 135 822 528 1.15
D12 Drought simulated during spring and summer Spring 169 10.8 78.7 51.5 0.93
Summer 20.7 135 822 528 1.15

HWI1 Heatwave simulated in spring Spring 249 142 653 427 1.8
Summer 20.7 135 822 528 1.15
HW2 Heatwave simulated in summer Spring 169 10.8 78.7 51.5 0.93
Summer 287 169 68.2 438 221

HWI12 Heatwaves simulated in spring and summer Spring 249 142 653 427 1.8
Summer 28.7 169 68.2 438 221

calculated based on pixel measurements and normal-
ized by the pot’s surface area (cm?).

Additionally, thermal images were captured using
an infrared camera (VarioCAM hr/S inspect 165 s,
InfraTec, Dresden, Germany) at three time points:
before, immediately after, and nine days post-CDHW
events. The Crop Water Stress Index (CWSI) was cal-
culated from these images using IRBIS® software
(InfraTec, Dresden, Germany), following Costa et al.
(2013). Emissivity was set at 0.96, and artificial refer-
ences (filter paper) were used to define upper and lower
temperature baselines. CWSI, derived from infrared
imaging, serves as an indirect non-invasive indicator
of plant gas exchange and stomatal regulation under
stress (Costa et al. 2013). Under optimal conditions,
plants dissipate heat through stomatal opening and
transpiration, maintaining lower leaf temperatures and
thus lower CWSI values. In contrast, stomatal closure
restricts transpiration, limiting the plant’s ability to reg-
ulate temperature under stress. This leads to elevated

leaf temperatures due to the absence of transpirational
cooling, resulting in higher CWSI values.

At the conclusion of the experiment, plants were
harvested to measure total biomass, aboveground
biomass, belowground biomass, and the root/shoot
ratio for each species and treatment. To determine
cultivar proportions within the species, the above-
ground biomass was carefully harvested for each
cultivar. Leaf area was measured using a portable
leaf area meter (LI- 3000 C, with LI-3050 C Trans-
parent Belt Conveyor Accessory, Licor, Lincoln,
NE, USA). For belowground biomass, roots were
washed according to standard procedures (Bohm
1979), dried on paper towels, and weighed for fresh
biomass. Dry weights were recorded after drying
plant material at 60 °C until constant weight.

Statistical analysis

All analyses were conducted in R (R Core Team 2024).
A three-way linear model was used to assess the effects
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of climate treatment (Control, D, HW, CDHW), stress
timing (Spring, Summer, Both), and species (Lolium
perenne, Trifolium repens, Cichorium intybus) on yield.
Due to the fractional factorial design of the experiment,
the climate control group was assumed as the baseline
across all timing levels to enable a complete analysis.
This model tested for main effects and interactions, pro-
viding an overall assessment of yield responses to cli-
mate and timing treatments across species.

Given significant interactions among climate, tim-
ing, and species, a one-way ANOVA followed by Tuk-
ey’s HSD test (P <0.05) was conducted separately for
each species to allow pairwise comparisons between
key treatments (i.e., CDHW in spring, CDHW in sum-
mer, and CDHW in both seasons). The same approach
was applied to leaf area, root biomass, root/shoot ratio,
canopy cover, and thermal imaging data, adjusting the
response variable accordingly. For time-series data
(i-e., canopy cover and thermal imaging), ANOVA and
Tukey’s test were conducted at specific time points:
canopy cover was analyzed at 105 days after sowing,
while thermal imaging data were assessed at 63, 71,
and 80 days after sowing (spring stress) and at 91, 99,
and 108 days after sowing (summer stress).

To determine whether CDHW effects exceeded the
expected additive response of individual drought and
heatwave impacts, the initial three-way linear model
was used to test for deviations from additivity. A con-
trast test was performed using the hypothesisTest pack-
age in R (R Core Team 2024) within each species and
stress timing to compare CDHW biomass responses
against the sum of drought- and heatwave-only treat-
ments. This approach allowed us to determine whether
CDHW effects were purely additive (i.e., matching the
expected sum of drought and heatwave effects) or if
interactions resulted in synergistic (greater than addi-
tive) or antagonistic (less than additive) effects.

Cultivar composition changes were analyzed by
estimating the relative change (%) in aboveground
biomass per cultivar compared to its expected bio-
mass under control conditions. These values were
analyzed within each species using ANOVA and
Dunnett’s test (P <0.05) to determine whether cli-
mate treatments led to significant cultivar-level dif-
ferences relative to the control. This helped assess
whether species-level biomass responses to CDHWs
were driven by uniform cultivar responses or specific
cultivar contributions.
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Results

Impact of CDHW events on plant growth and stress
indicators

The progression of canopy cover throughout the experi-
ment displayed distinct patterns among the species
under different treatments. Growth rates declined across
all species during the CDHW events, with more pro-
nounced declines observed during the summer event
(CDHW?2) compared to the control (Fig. 1). Perennial
ryegrass showed full recovery post-stress, resulting in no
significant difference in canopy cover between CDHW-
exposed and control treatments (Online Resource 1). In
contrast, CDHW exposure induced more pronounced
and lasting changes in the canopy growth of chicory and
clover, resulting in significant differences over time.

At 105 days after-sowing, chicory exhibited one
of the highest canopy cover measurements under
the CDHWI1 treatment, showing an increase of 47%
(P =0.002) relative to the control. However, chico-
ry’s canopy cover was lowest in the CDHW?2 treat-
ment, with a decrease of 39% (P =0.008) compared
to the control. White clover demonstrated reductions
in canopy cover relative to the control at 105 days
after-sowing: a non-significant decrease of 12% under
CDHWI1, and significant (P <0.05) reductions of
73%, and 64% for CDHW2, and CDHW12, respec-
tively. Notably, exposure to two consecutive stress
periods (CDHW12) led to a non-significant higher
canopy cover in chicory (25%) and clover (35%) com-
pared to exposure to CDHW?2 alone.

The Crop Water Stress Index (CWSI) results high-
lighted elevated stress levels in plants subjected to
CDHW treatments. Significant differences in CWSI
measurements were evident across all species at both
the beginning (63 and 91 days after-sowing, respec-
tively) and end (71 and 99 days after-sowing, respec-
tively) of the stress periods compared to the control
(P £0.05; Fig. 1). Nine days post-stress, CWSI levels
normalized across species, showing no significant dif-
ference from the control, indicating a return to base-
line stress levels (Online Resource 1).

CDHW events effects on yield, resource allocation
and leaf area

The three-way linear model indicated significant
interactions between climate, timing, and species
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Fig. 1 Canopy cover and crop water stress index (CWSI) for
different species under compound drought-heatwave (CDHW)
treatments and control. CDHWs were applied in spring (1),
summer (2) or both (1 and 2). a) Canopy cover progression

(F =17.86, P< 0.001), highlighting that biomass
responses to CDHW treatments were dependent on
both species identity and stress timing. Overall bio-
mass differed significantly among species, with per-
ennial ryegrass exhibiting the highest biomass under
control conditions (Estimate =6.46, SE =0.47, P<
0.001), followed by white clover (Estimate =3.51,
SE =0.67, P< 0.001) and chicory (Estimate =2.35,
SE =0.67, P< 0.001). Although CDHW treatments
generally reduced biomass, the magnitude of these
reductions varied across species and stress timing,
with greater declines observed in white clover and
chicory. Timing effects were particularly evident,
as biomass reductions under summer CDHW had a
stronger impact on biomass compared to spring (Esti-
mate =— 1.72, SE =0.95, P= 0.073), while exposure
across both seasons did not lead to additional reduc-
tions beyond those observed in summer alone.

throughout the experiment, different letters indicate significant
(P <0.05) differences among treatments within each functional
group, based on Tukey’s test; b) CWSI values before and after
each stress period, indicated by vertical gray dashed lines

Pairwise comparisons revealed that none of the
CDHW treatments had a significant effect on yield
of perennial ryegrass. In contrast, CDHWs signifi-
cantly impacted the yields of chicory and white clover
(Fig. 2). Especially in chicory, the timing of CDHWs
significantly impacted the effect on yield, though, as
CDHWI resulted in a 45% (P =0.004) increase in
aboveground biomass compared to the control, as well
as a tendency to increase belowground biomass by
43% (P =0.16). Contrary to that, both CDHW2 and
CDHW 12 resulted in yield reductions of 38% and 26%
(P =0.012 and P= 0.075, respectively) compared to
the control. For white clover, on the other hand, both
CDHW?2 and CDHW 12 resulted in yield reductions
of 73% (P =0.01) and 61% (P =0.012), respectively,
whereas CDHW!1 did not affect yield (P =0.74).

Belowground biomass production showed simi-
lar patterns to aboveground biomass, maintaining
a relatively stable root/shoot ratio across all species

@ Springer



Plant Soil

(a)
C. intybus L. perenne T. repens
i 2.0
a A
A
a4 5
- 5 x 2
o) a a ap 1.5
= b a -
2 c be & B 8
& =
g )
o 0 t I 10 >
2 I bb| &
© -~
£ € be a ® b
2 b x 8
8 a 05 =
> ° a T x| * °
a ¢}
[ ] a
® a® 0.0
10 a e
—@— Root —#— Shoot X Ratio
(b)
e a \
& 1200 |
5 = |
~ b
g 800 | ‘
g c bc 3 2! a a
- a a ==
4S5 400 = _qgﬁ Eh b b
3 nb‘
ar —
U U R - R
FRFTR TR CRSN
FLEE LY CE

Treatment

Fig. 2 a) Aboveground biomass (green), belowground bio-
mass (brown), and root/shoot ratio (X) across all compound
drought-heatwave (CDHW) treatments and control. b) Box-
plot showing leaf area measurements for CDHW treatments
and control. Numbers 1, 2 or 1 and 2 following the treatment
abbreviations represent the timing of stress applied: spring,
summer or spring and summer, respectively. Letters indicate
significant (P< 0.05) differences among treatments within
each functional group, based on Tukey’s test results for a)
aboveground (green letters), belowground biomass (brown let-
ters) and b) leaf area

and CDHW treatments when compared to the control.
However, a slight reduction in the root/shoot ratio was
observed for chicory under the CDHW?2 treatment
compared to the control, decreasing from 1.31 to
0.84, respectively (Tukey test, P= 0.068). Similarly,
pairwise comparisons indicated a marginal decrease
in root/shoot ratio, noted for both white clover and
chicory when comparing CDHW1 to CDHW2. Spe-
cifically, white clover’s root/shoot ratio declined
from 0.50 to 0.32 (P =0.066), while chicory’s ratio
decreased from 1.31 to 0.84 (P =0.07).
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Leaf area results from pairwise comparisons also
seemed to mirror the trends observed in yield. For
perennial ryegrass, leaf area remained unchanged
across all CDHW treatments compared to the con-
trol. Chicory, however, showed the greatest increase
in leaf area under CDHW1, with a 41% increase rela-
tive to the control (P =0.005). The lowest leaf area
for chicory was observed under CDHW?2, showing
a significant 38% reduction (P =0.021), while the
reduction under CDHW12 (29%) was not statistically
significant compared to the control (P =0.076). For
white clover, significant reductions in leaf area were
recorded under both CDHW2 (72%, P= 0.004) and
CDHW12 (62%, P= 0.01), with no significant differ-
ence between these two treatments.

Isolated effects of drought and heatwaves

The combined effects of heatwaves and drought had a
more pronounced impact on yield compared to each
stressor individually (Fig. 3), but the magnitude and
direction of these interactions varied by species and
stress timing (three-way linear model: F= 17.86, P <
0.01). Among the affected species (i.e., white clover
and chicory), CDHW treatments led to significant
biomass reductions, primarily driven by drought,
which alone reduced biomass by 31% on average but
was not statistically significant (P =0.64). In contrast,
heatwaves alone had neutral or even positive effects
on yield.

For perennial ryegrass, the three-way linear
model showed that neither drought nor heatwaves
alone significantly reduced biomass at any timing.
In fact, heatwaves had a significant positive effect
(P =0.017). The hypothesis test assessing whether
CDHW effects exceeded the sum of individual
stressor effects was non-significant in spring (F
=0.31, P= 0.589), summer (F =3.38, P= 0.103),
and across both seasons (F =1.54, P= 0.248). The
combined effect of drought and heatwaves did not
exceed the expected additive response, showing no
synergistic interaction for perennial ryegrass.

For white clover, the three-way linear model indi-
cated no significant effect of drought (P =0.320) or
heatwaves (P =0.391) alone. The hypothesis test
for CDHW was non-significant in spring, but sig-
nificant in summer (F =5.87, P= 0.042) and across
both seasons (F =5.32, P= 0.050). Biomass loss
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Fig. 3 Reduction in yield for different species and seasons
induced by compound drought-heatwave events (CDHW)
and its individual components—drought and heatwave. Yield
reduction was calculated as the relative change (%) in dry
aboveground biomass compared to the well-irrigated baseline
climate control, and is presented for visualization purposes

under CDHW was higher than the expected additive
response in these seasons, with a significant devia-
tion from additivity.

For chicory, the three-way linear model showed
that neither drought nor heatwaves alone signifi-
cantly affected biomass. The hypothesis test for
CDHW indicated a non-significant effect in spring
(F =3.83, P=0.086) but a significant effect in sum-
mer (F =7.78, P= 0.024) and across both seasons
(F =64.05, P< 0.001). Similar to white clover, the
significant deviation from an additive response sug-
gests a synergistic interaction, where the combined
stressors resulted in biomass losses that were dis-
proportionately greater than expected.

Within-species variation in stress response

The overall amount of dry biomass produced per cul-
tivar within species remained relatively consistent

only. Statistical analyses were conducted on absolute dry
aboveground biomass values. Asterisks (*) indicate significant
interactions where the combined effect of drought and heat-
wave (CDHW) exceeded the additive expectation of individual
stressors, based on the hypothesis test (drought +heatwave
#CDHW, P<0.05)

across treatments, with a few notable exceptions
(Fig. 4). In white clover, the cultivar "Tona’ yielded sig-
nificantly more under heatwave (HW) treatments com-
pared to the control, with relative increases in yield
of 168% (P =0.034), 234% (P =0.001), and 188%
(P =0.013) for HW1, HW2, and HW12, respectively.
Similarly, in chicory, the cultivar ’Choice’ showed
a non-significant yield increase of 86% under HW12
compared to the control (P =0.061).

Discussion

The escalating frequency and intensity of compound
drought-heatwave (CDHW) events represent a grow-
ing challenge for agricultural systems, including
grasslands, where responses to these events remain
poorly understood (Craine et al. 2012; Huang et al.
2024). The CDHW scenarios in this study were based
on current climate profiles for Germany, derived from
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average data, and simulated following the climatic
characteristics of European heatwaves described by
De Boeck et al. (2010). These scenarios offer a real-
istic framework for assessing grassland responses to
extreme climate events. Our study demonstrates that
grassland species in the establishment phase exhib-
ited varied responses to CDHW events, highlighting
the importance of species-specific traits in determin-
ing resilience and/or resistance to climate extremes.

@ Springer

Among the tested species, perennial ryegrass showed
the highest resilience to CDHW stress, white clover
the lowest, and chicory exhibited mixed responses
that fluctuated with the seasonality of stress. These
differences observed in yield likely stem from spe-
cies-specific characteristics that influence resilience
and resistance, which may also extend to the func-
tional group (FG) level; variation in drought tolerance
among FGs can play a greater role in grassland resil-
ience than species diversity alone (Komainda et al.
2020; Mackie et al. 2019).

Grasses, for instance, have relatively shallow roots,
making them more susceptible to prolonged drought;
however, they can demonstrate rapid recovery follow-
ing stress events (Haughey et al. 2023; Hofer et al.
2017a; Hoover et al. 2014; Volaire et al. 2014). Nar-
row leaves in grasses may also reduce evaporative
pressure, supporting resilience by minimizing water
loss. In our experiment, perennial ryegrass seemed
unaffected by the CDHW events, likely due to the rela-
tively short duration of stress. The rapid establishment
and root expansion characteristics of grasses probably
enabled perennial ryegrass to establish quickly within
the microcosms, enhancing resilience (Volaire et al.
2014). However, it is also important to acknowledge
that our model did not explicitly account for cultivar
diversity as a predictor, which could have influenced
species-level responses. Perennial ryegrass had the
highest cultivar diversity (four cultivars), followed by
white clover (three) and chicory (two), which may
have contributed to its greater stability under stress.
Additionally, the controlled conditions of our study
and the water applied during the summer stress (95
days after-sowing) likely contributed to this resilience,
thus larger-scale studies with prolonged stress might
reveal different outcomes. Forbs possess unique traits,
such as deep tap-root systems and higher root/shoot
ratios, which support water uptake from deeper soil
layers and make them well-suited to drought condi-
tions (De Boeck et al. 2016; Hofer et al. 2016; Mackie
et al. 2019). The effect of rooting depth is, however,
less relevant in the establishment period, thereby limit-
ing the benefits from a deep root. Chicory is frequently
reported as highly drought-tolerant and is increasingly
used in temperate mixtures (Haughey et al. 2018),
though its response in our study varied with event tim-
ing. A previous study based on both greenhouse and
field experiments determined, however, that chicory
can normally be considered successfully established
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after 40-50 days after-sowing, thereby indicating that
our chicory plants were sufficiently mature by the
time the stress treatments were started (Sanderson and
Elwinger 2000). The mixed results are likely a result
from the generally beneficial effect of elevated tem-
peratures, combined with the detrimental effects of
drought.

White clover, in contrast, consistently showed
reduced yield under all CDHW treatments. It was
particularly vulnerable to water stress, likely due to
its shallow roots and lower root/shoot ratio (Hoek-
stra et al. 2015; Hofer et al. 2017b). While legumes in
general can benefit from nitrogen fixation, which can
enhance water-use efficiency and resistance to stress
(Hofer et al. 2017a, b), white clover struggled in our
experiment, possibly due to the early-stage stress
application. The Crop Water Stress Index (CWSI)
results add further evidence to our findings, indicating
elevated stress levels across all species under CDHW
treatments, with no significant differences in CWSI
observed between the tested species. This suggests that
despite experiencing similar stress levels, species and/
or FG-specific traits played a crucial role in determin-
ing the observed differences in stress responses. CWSI
is an indirect measure of plant gas exchange rate, and
therefore photosynthetic capacity (Hernanda et al.
2024). Under optimal conditions, plants can cool their
surfaces through stomatal opening and transpiration.
However, under stress conditions plants close their
stomata to save water, losing their ability to regulate
temperature, which leads to increased CWSI values
and decreased photosynthesis (Grossiord et al. 2020).
Importantly, while CWSI measurements during sum-
mer CDHWSs were consistent, showing high values
in stressed plants and low values in unstressed ones,
spring measurements were highly variable. This vari-
ability could be due to smaller plants during spring, as
the influence of environmental variability on plant tis-
sue may confound thermal imaging data at this stage
(Costa et al. 2013; Still et al. 2019).

Similar to other studies, our findings emphasize
the potential of plant diversity as a key strategy for
managing and determining resilience to climate stress
(Bloor and Bardgett 2012; Isbell et al. 2015; Kahmen
et al. 2005; Liischer et al 2022). Multispecies mixtures
that combine grasses for rapid recovery, deep-rooted
forbs for drought tolerance, and nitrogen-fixing leg-
umes for improved water-use efficiency can enhance
resilience to CDHW conditions (Hofer et al. 2016,

2017b). Diversification, however, can extend across
scales, going beyond FGs and species to cultivar-level
diversity (Pollnac et al. 2014). Due to unique breeding
conditions, variations in stress tolerance between cul-
tivars can add an important layer of resilience (Reiss
and Drinkwater 2018; Wang et al. 2007). Increas-
ing intraspecific genetic variation through -cultivar
mixtures or varieties with broader genetic bases, has
shown to improve stability of yields and ecosystem
services, particularly under stress conditions (Deng
et al. 2021; Prieto et al. 2015; Wolff et al. 2024). In
grasslands, genotypic diversity within dominant spe-
cies enhanced ecosystem resilience, microbial diversity,
and soil health, sometimes even exceeding the benefits
of interspecific diversity (De Boeck et al. 2018; Des
Roches et al. 2018; Jiang et al. 2022). Exceptions in our
study were observed for cultivars lona’ (white clover)
and ’Choice’ (chicory), that showed significant yield
increases under stress treatments relative to their con-
trol performance, despite equal numbers of individuals
per cultivar in all pots. This suggests that species-level
yield increases under heatwave treatments were not
uniformly driven by all cultivars but were influenced
by specific cultivars contributing disproportionately to
the total biomass increase. The short and intense stress
periods, however, may have limited further differentia-
tion in yield performance among cultivars. Existing lit-
erature supports that prolonged stress, particularly dur-
ing the establishment phase, can magnify differences
in cultivar performance, thereby amplifying the role
of cultivar-level diversification in building resilience
(Dodd et al. 2001; Egan et al. 2021; Ghanaatiyan and
Sadeghi 2017; Wang et al. 2023).

Disentangling the individual contributions of
CDHW components to plant stress responses remains
a complex challenge due to their intertwined effects,
with some studies suggesting their combined impacts
often exceed the sum of individual factors (De Boeck
et al. 2016; Perkins 2015; Shtai et al. 2024; Wang
et al. 2024). In our study, summer and spring—summer
CDHW events significantly reduced yield by at least
26% in affected species, whereas individual stressors
did not. The hypothesis testing revealed that CDHW
effects exceeded the sum of individual drought and
heatwave effects in chicory, indicating a synergis-
tic response in summer and across both seasons
(spring—summer). In white clover, biomass reduc-
tions under CDHW also showed a significant devia-
tion from additivity in these seasons, suggesting a mild
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synergistic effect rather than a purely additive response.
Drought consistently emerged as the dominant factor
limiting yield during CDHWSs, while heatwaves alone
had milder or even positive effects. Heatwave effects
are typically temperature-driven, acting either directly
or indirectly (Mathieu et al. 2014; Wang et al. 2016).
Direct thermal damage to photosynthetic machinery
was unlikely in our study, particularly during spring,
as temperatures remained below critical thresholds
(Mueller and Seneviratne 2012; Zhao et al. 2023).
Instead, the positive effects of heatwaves observed in
some treatments suggest that elevated temperatures
during spring may have temporarily enhanced photo-
synthesis by bringing leaf temperatures closer to pho-
tosynthetic optima (Craine et al. 2012). Although high
VPD can lead to stomatal closure even when enough
water is available in the soil (Koehler et al. 2024; Mer-
ilo et al. 2018), the positive effects observed in heat-
wave-only treatments suggest that plants maintained
transpiration, resulting in increased biomass.

However, when coupled with drought, heatwaves
exacerbated stress through increased evaporative
demand (high VPD), amplifying water loss, simi-
larly to other studies (Craine et al. 2012; De Boeck
et al. 2016; Zhao et al. 2023). This was particularly
evident in both chicory and white clover, where
CDHW significantly reduced biomass beyond the
expected additive effects of drought and heatwaves,
suggesting greater physiological strain under com-
bined stress. These interactions were further reflected
in soil moisture responses during CDHWSs. During
spring events, soil water content dropped more under
CDHW treatments compared to drought-only, likely
due to the added atmospheric demand of heatwaves
(Online Resource 2). Interestingly, during summer
events, we observed minimal differences in soil water
content between CDHW and drought-only treat-
ments, with a slight tendency for the drought-only
treatment to lose water more rapidly in the initial
days (Online Resource 2). This could indicate that,
under summer CDHW conditions, plants detected the
combined stress earlier and activated coping mecha-
nisms sooner. In contrast, under drought-only condi-
tions, soil moisture continued to drop further, indi-
cating continued plant transpiration, which is in line
with previous research, suggesting that plants tend to
respond more quickly to edaphic drought when VPD
is high (Koehler et al. 2024).

@ Springer

The relative importance of soil water content over
VPD is evident above critical soil moisture thresh-
olds. However, as soil dries, the increasing influence
of VPD amplifies plant stress (Berauer et al. 2024).
This dynamic is closely tied to seasonality (i.e., tim-
ing of stress), as summer CDHWSs with higher tem-
perature extremes amplify stress effects, whereas
spring CDHWs often occur under milder condi-
tions that may prevent rapid soil moisture depletion
(Hahn et al. 2021; Wang et al. 2024). In our study,
soil water levels were higher after CDHW 1 compared
to CDHW2 (Online Resource 2). Correspondingly,
spring CDHWSs enhanced chicory biomass, whereas
summer CDHWs significantly reduced biomass in
both chicory and white clover. Nevertheless, spring
extremes are not uniformly advantageous, as the phe-
nological stage of plants at the time of stress adds
complexity to their responses (De Boeck et al. 2011;
Denton et al. 2017; Hahn et al. 2021). Early CDHW
events in spring-sown grasslands can be particularly
harmful, as younger plants with underdeveloped
root systems are more vulnerable. In some cases,
early-season stress may necessitate reseeding, delay-
ing establishment and increasing production costs.
Similarly, this sensitivity also extends to post-cut
regrowth, when plants are particularly vulnerable to
stress (Vogel et al. 2012).

Furthermore, our investigation of single versus
repeated CDHW events revealed that repeated stress
can influence the impact on plant biomass. Chicory
and white clover plants exposed to both spring and
summer CDHW events showed 16% and 28% greater
yields than those experiencing only summer stress,
respectively. This outcome could reflect a priming
effect, where early stress exposure induces physio-
logical or epigenetic changes that enhance the plant’s
ability to withstand subsequent stresses. Such prim-
ing, or "stress memory", has been well-documented
in the literature, with mechanisms including modi-
fications in gene expression, accumulation of stress-
related proteins, and phenotypic plasticity to opti-
mize stress response (Bruce et al. 2007; Walter et al.
2011). Recurrent stress, when paired with sufficient
recovery intervals, can enhance plant resilience;
notably, in grasses, this effect endured even after
complete aboveground biomass was harvested and
regrown (Walter et al. 2011; Wang et al. 2024). How-
ever, excessively frequent stress without sufficient
recovery can lead to cumulative damage, diminished
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photosynthetic efficiency, and reduced yield (Tombesi
et al. 2018; Walter et al. 2013). Conversely, prolonged
intervals between stress events may erode the benefits
of prior acclimatization, reducing a plant’s ability to
leverage its"stress imprint"effectively (Wohlgemuth
et al. 2022). Future research should focus on identi-
fying optimal recovery intervals and exploring the
physiological and molecular pathways underpinning
stress resilience in grassland species with varied tol-
erance mechanisms.

In summary, this study underscores the impor-
tance of diversity as a strategy for enhancing resil-
ience to climate extremes in grasslands. By exam-
ining responses across species, FGs, and cultivars
under both isolated and compound drought—heatwave
stresses, we discuss key traits that can be leveraged in
designing grassland mixtures. Our findings highlight
that the timing and recurrence of CDHW events sig-
nificantly influence outcomes, emphasizing the need
for multispecies mixtures and cultivar diversity to
sustain productivity and resilience under increasing
climate variability. While the use of climate chambers
in our study allowed for precise control over climatic
variables, the limited space within microcosms may
have constrained plant growth and stress responses
compared to field conditions (Hill et al. 2024). How-
ever, focusing on the establishment phase likely mini-
mized these effects, as the soil volume and depth pro-
vided were sufficient to support early-stage growth.
Similarly, while the simulated drought duration was
relatively short, it reflected the average length of
CDHW events in western Europe, providing a realis-
tic scenario, although longer droughts could exacer-
bate stress responses in certain species such as peren-
nial ryegrass (Hofer et al. 2017b; Mackie et al. 2019).
Given the inherent variability of climate extremes—
spanning geographical distribution, timing, intensity,
and recurrence—no single experiment can compre-
hensively simulate all possible scenarios. Future
research should explore CDHW events under vary-
ing stress intensities, durations, and recurrence inter-
vals to deepen our understanding of how timing and
“stress memory” interact. Investigating FG-specific
responses will be particularly valuable for optimizing
grassland resilience and productivity. Additionally,
studies addressing stress during the early establish-
ment phase and post-cut regrowth could clarify how
early-season stress primes plants for future events
or hinders development, providing critical insights

for timing-based management strategies to advance
grassland resilience science.
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