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Rainfall timing and intensity jointly affect ===

the survival and growth of seedling and juvenile
Poa crymophila in alpine rangelands
on the Qinghai-Tibetan Plateau

Xue-Yan Wang'", Yu-Kun Hu?, Shuai Jiang', Dan-Dan Li', Hai-Tao Miao"", Christina Hernandez’,
Samuel J. L. Gascoigne®* and Shou-Li Li"

Abstract

Background Rainfall intensity and timing may affect plant survival and growth differently across life stages. However,
there is still a lack of studies that simultaneously examine these combined effects on plant performance, which largely
limits our understanding of plant responses to climate change.

Methods Here, we examined the impacts of rainfall intensity (—75%, —50%, 0%, +50% and +75%) and rainfall tim-
ing (early growing season: June—July; late growing season: August-September) on the survival and growth of seed-
ling and juvenile Poa crymophila Keng, which is a dominant grass and serves as an important forage for livestock
on the alpine rangelands of Qinghai-Tibetan Plateau.

Results Rainfall intensity, timing, and plant life stage jointly affected the survival, growth, and biomass allocation
of P crymophila. Survival and growth increased with increasing rainfall, peaking under+50% rainfall for seedlings
and under+75% rainfall for juveniles. Early-season rainfall promoted survival and growth far more than late-season
rainfall, while early drought was more detrimental. Seedlings were more vulnerable to drought than juveniles

but showed greater flexibility in biomass allocation.

Conclusions Our study provides new insights into how rainfall timing and intensity interact with plant life stage
to jointly affect plant survival and growth. Our results underscore the importance of management measures to miti-
gate the detrimental effects of early-season drought during the seedling stage.
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Introduction

Climate change poses a pervasive threat to global bio-
diversity in recent decades, with at least 14% of spe-
cies worldwide facing a high risk of extinction (Trew
and Maclean 2021; IPCC 2022; Chai et al. 2025). It not
only changes the mean annual rainfall intensity, but also
strongly alters the timing of rainfall (Webster et al. 2021;
IPCC 2022), which may affect plant performance in dis-
tinct ways (Yu et al. 2025; Anees et al. 2025a; Kaur et al.
2023). Changes in rainfall intensity directly affect water
supply to plants, which further influence plants’ water
absorption and transportation, and consequently alter
plants’ morphology and biomass allocation strategy
(Pastore 2022; Cui et al. 2023; Anees et al. 2025d). Previ-
ous studies have found that decreased rainfall may lead
to reduced biomass accumulation (Kerup et al. 2017; Li
et al. 2021; Shen-Tu et al. 2025; Mehmood et al. 2025b),
lower plant height, and thinner and smaller leaves (Li
et al. 2022a). By contrast, increased rainfall could signifi-
cantly promote plant performance (Holdrege et al. 2020).
However, previous studies have also reported that, when
rainfall increased to a saturation point, a further increase
may harm plant growth and lead to reduced total bio-
mass due to anoxia stress and nutrient leaching (Zhang
et al. 2018). Therefore, studies over a gradient of rainfall
intensities are critical for a thorough understanding of
the effects of rainfall variation on plant performance, to
better inform biodiversity conservation in the face of cli-
mate change.

The effects of rainfall not only depend on the intensity,
but also strongly rely on the timing (Zhang et al. 2026).
Due to a higher water demand to support growth dur-
ing the early growing season, plants may benefit more
from an increase in rainfall earlier rather than later in
the growing season. Similarly, drought in the early grow-
ing season might be more detrimental to plant survival
and growth than that in the late growing season. Alter-
natively, an increase in rainfall during the late growing
season may be less beneficial or even harmful to plant
growth, because plants start to senesce and lack enough
photosynthetically active tissues to quickly respond to a
significant amount of water input (Parton et al. 2012). A
previous study in a steppe system found that increased
water supply in the early growing season promoted plant
growth and the overall aboveground net primary pro-
duction of the community (Derner et al. 2008). Similarly,
Parton et al. (2012) reported that precipitation in June
was more effective in promoting community produc-
tion than precipitation in August. These findings suggest
that not only the intensity of rainfall, but also the timing
of rainfall may play an important role in shaping plants’
performance under climate change. Therefore, studies
to simultaneously examine the intensity and timing of
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rainfall are essential to better assess the consequences of
changes in rainfall under climate change.

The response of plants to rainfall variation may depend
on life stage (Jiang and Jin 2021). The amount of carbon
storage varies across plant life stages, which may con-
sequently affect plants’ sensitivity and strategy to cope
with rainfall variation (Song et al. 2020; Funk et al. 2021).
For example, small seedlings have very limited resource
reserves, which may make them highly sensitive to envi-
ronmental variations affecting their photosynthesis
(Bond 2000; Augustine and Reinhardt 2018). As a result,
small seedlings may exhibit higher plasticity in biomass
allocation to prioritize photosynthesis maintenance
under environmental stresses (Bond 2000; Lum and Bar-
ton 2020). Alternatively, plants at later life stage, which
have a larger size and higher carbon storage, may have a
much higher tolerance to environmental stress and rely
less on the changes in biomass allocation (Jiang et al.
2022; Song et al. 2020). A previous study by Cavender-
Bares and Bazzaz (2000) in a forest system found that
young seedlings of an oak tree species, Quercus rubra,
were more sensitive to drought than mature individuals.
Similarly, Meyer-Griinefeldt et al. (2015) found that the
sensitivity of Calluna vulgaris, a perennial shrub species,
exhibited a decreasing sensitivity to drought with pro-
gressing life history. These studies suggest that plants at
early life stages are more sensitive than later life stages
to changes in the amount of rainfall. However, despite
these inferred responses to rainfall variation, it remains
unknown how plants at different life stages may adjust
their strategies to cope with concurrent changes in the
timing and intensity of rainfall. So far, partly due to the
substantial time and effort required to involve plants
across different life stages, there is still a lack of studies
that simultaneously examine the combined effects on
plant performance.

Here we simultaneously examined the effects of
changes in rainfall intensity and timing on the perfor-
mance of an alpine perennial plant species, Poa crymo-
phila, at seedling and juvenile stages on a rangeland of
the Qinghai-Tibetan Plateau. The Qinghai-Tibetan Pla-
teau has experienced considerable climate change in the
past decades, with a warming rate of twice the global
average (Xu et al. 2008). While rainfall in winter and
spring has generally increased, it has fluctuated substan-
tially in summer months during the past decades (Ding
et al. 2024). Therefore, examining the effects of rainfall
changes on plant growth and survival is critical to inform
the management of rangelands on the Qinghai-Tibetan
Plateau in the face of future climate change. We subjected
P. crymophila at seedling stage (individuals germinated in
the current spring) or juvenile stage (individuals germi-
nated in the previous spring) to five intensities of rainfall



Wang et al. Ecological Processes (2026) 15:12

made proportional to an ambient control [ie., —75%,
—50%, control (0%),+50% and+75%], which were either
applied in early growing season (June—July) or late grow-
ing season (August—September). Specifically, we tested
the following three hypotheses: (1) plant performance
increases with the increase of rainfall, because water is an
important limiting factor for plant survival and growth
on the Qinghai-Tibetan Plateau; (2) changes in rainfall
during the early growing season have more pronounced
effects on plant performance than in the late growing
season, i.e., the effect of drought will be more detrimen-
tal and the effects of increased rainfall will be more ben-
eficial, because the demand of water for plants is higher
in the early than in the late growing season; (3) seedlings
are more responsive than juveniles to changes in rainfall,
because younger individuals generally have lower carbon
storage and thus are more sensitive to environmental
variation.

Materials and methods

Study site

This study was conducted at the Research Station of
Alpine Meadow Grassland Ecosystem of the Institute
of Northwest Plateau Biology of the Chinese Academy
of Sciences (37°36" N, 101°19” E, 3215 m a.s.L.), located
in the northeastern part of the Qinghai-Tibetan Pla-
teau (Fig. la). This area has a typical plateau continen-
tal climate, which is dominated by the Southeast Asian
monsoon in summer and the Siberia high in winter. It
is characterized by a short growing season from May to
September and a long non-growing season from October
to April (Wang et al. 2021). The mean annual air temper-
ature is —1.2 °C, with a minimum of —14.5 °C in January
and maximum of 10.4 °C in July. The mean annual pre-
cipitation is 485.3 mm, with more than 80% of the precip-
itation concentrated in the growing season (Wang et al.
2021). The study site is a typical alpine rangeland, and the
vegetation is dominated by perennial herbaceous plants,
including Poa crymophila, Elymus nutans, Stipa aliena,
Festuca ovina, Kobresia humilis, Carex przewalskii, Saus-
surea pulchra, and Gentiana straminea (Liu et al. 2018).
The main soil type is Mat Cryic Cambisols, typical of
alpine rangeland soil (Yang et al. 2013).

Study species

Poa crymophila Keng is a perennial herbaceous species.
It is widely distributed on the alpine rangelands with an
altitude ranging 2000—4400 m on the Qinghai-Tibetan
Plateau. This species can grow to 20—-60 cm tall, with a
lifespan of about 10 years. Its leaves are rolled or folded
in half with a length of more than 10 cm. This species
can reproduce both sexually and vegetatively. Its vegeta-
tive reproduction occurs mainly through tiller formation,
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whereby new shoots emerge from the base of the parent
plant, allowing rapid colonization of available space (Wei
et al. 2021). Its inflorescences are conical in shape, and
the color of seeds turns brown when ripe in August—Sep-
tember. Poa crymophila is highly resistant to drought and
cold environmental conditions, so it is widely reseeded
for restoring degraded rangelands on the Qinghai-
Tibetan Plateau. This species is highly palatable to live-
stock and contains 10-18% crude protein in its leaves,
making it an important summer forage and a high-qual-
ity hay source for winter and spring feeding in pasture
areas of the Qinghai-Tibetan Plateau (Zhou et al. 2010).
Additionally, P crymophila possesses an extensive root
system that allows it to act as a competitive dominant,
while it simultaneously functions as a facilitator by cre-
ating a protected microclimate within its dense tussocks
(Li et al. 2022b). This dual role makes it an important
species in alpine rangelands on Qinghai-Tibetan Plateau
(Li et al. 2022c).

Experimental design

In late May 2022, we excavated 200 P. crymophila seed-
lings germinated in the current spring, with an average
height of 3.90+0.07 cm (mean+S.E.) in a field near the
Research Station of Alpine Meadow Grassland Ecosys-
tem of the Institute of Northwest Plateau Biology. The
seedlings had an average of 1.21+0.03 leaves, and an
average root length of 4.42+0.11 cm (meanz*S.E.). In
the same field, we excavated 200 individual juveniles of
similar size that germinated from seeds sown in pre-
vious spring. The juveniles had an average height of
6.05+0.06 cm (mean +S.E.), an average number of leaves
of 3.39+0.03 and an average root length of 6.42+0.14
cm (mean +S.E.). Finally, we transplanted each individ-
ual plant into cylindrical polyvinyl chloride (PVC) pipes
with a depth of 30 cm and a radius of 5 cm. We filled
these PVC pipes with soil taken from the same field site
where the excavated P crymophila plants grew. The soil
was sieved through a sieve with a mesh diameter of 1 cm
to remove plant roots. For individuals that died during
transplantation, we replaced them with individuals exca-
vated from the same field site. All seedling and juvenile
individuals in the PVC pipes received 0.9 L of water per
day, an amount based on the mean June—September rain-
fall under field conditions at the study sites. This level of
watering was sufficient for the full recovery of all individ-
uals before the start of rainfall treatments.

We initiated rainfall treatments two weeks post-
transplantation when the plants had recovered well.
The experiment followed a factorial design with two
levels of rainfall timing (early growing season vs. late
growing season), five levels of rainfall intensity (=75%,
—50%, 0%,+50%,+75%), and two life stages (seedlings
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Fig. 1 Geographical location in the study site (a) and the schematic diagram of experimental design (b). In the field experiment, a randomized
block design is adopted, in which life stages and rainfall treatments are assigned randomly. The early growing season rainfall treatments indicate
that seedlings and juveniles first receive different levels of rainfall during the early growing season, followed by normal environmental rainfall
during the late growing season. In contrast, the late growing season rainfall treatments indicate that seedlings and juveniles first receive normal
environmental rainfall in the early growing season, followed by different levels of rainfall during the late growing season
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vs. juveniles) (Fig. 1b). To compare the effects of differ-
ent rainfall intensities on P. crymophila, we set five rain-
fall levels (—=75%, —50%, 0%,450%,+75% of the average
rainfall level of the study area during the growing sea-
son). The ambient condition (0%) was based on the
average growing season precipitation over the past
five years (2015-2020) from the Research Station of
Alpine Meadow Grassland Ecosystem at the study site
(Table S1). The range of rainfall intensity (—75% to +75%)
is designed to encompass the extreme precipitation
anomalies recoded from 2015 to 2020 in the study region.
Furthermore, to assess the effects of the timing of rain-
fall on plant performance, we conducted two treatments
of rainfall timing: one during the early growing season (3
June—1 August), and the other during the late growing
season (2 August—30 September). This classification is
based on plants’ phenological and developmental stages.
Plants generally undergo rapid vegetative growth in June
and July, followed by reproduction and the initiation of
nutrient resorption in August and September. For the rest
of the time without rainfall treatment during the whole
experiment process, all plants received the same amount
of water as the control. We watered plants at a frequency
of every four days, which was set based on the rainfall
data at the Research Station of Alpine Meadow Grassland
Ecosystem. Additionally, to assess the effects of different
life stages on the response of P. crymophila to changes in
rainfall, we selected two life stages, which were seedlings
that germinated in the current spring, and juveniles that
germinated in the spring of previous year. Each treatment
had 20 replicates, resulting in 400 pots (2 rainfall timing
levels x5 rainfall intensity levels x 2 life stagesx 20 repli-
cates). We arranged the 400 pots in 4 randomized blocks,
with a distance of 50 cm between blocks. Each block
contained 100 randomly arranged pots, comprising five
replicates of all 20-treatment combinations. Pots were
embedded into pre-excavated holes in the alpine grass-
land soil, with each hole precisely matching the depth of
its corresponding pot. The pots were arranged in close
proximity, with minimal spacing between them.

We simulated rainfall treatments by manual watering.
To avoid the effects of ambient rainfalls, we built rainout
shelters, which excluded 100% of ambient precipitation
during the experiment period. The shelters had mini-
mal shading effects (<10% reduction in photosyntheti-
cally active radiation; wavelength range: 250-700 nm)
and exerted little impact on air and soil temperature.
The roofs of these shelters were 1.5 m high, allowing for
near surface air exchange while avoiding greenhouse
effects and disturbance of ambient rainfall. We fenced the
experimental area with barbed wire net to avoid animal
interference. The experiment treatment initiated on 3
June, 2022 and ended on 30 September, 2022, lasting for
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120 days, which approximately covered the whole grow-
ing season of P. crymophila on Qinghai-Tibetan Plateau.

Sampling and measurements

We measured plant height, number of leaves and root
length of each seedling and juvenile before transplanting.
We measured plant height and number of leaves again
when the experimental treatments were applied. During
the experiment period, we checked the plants’ survival
status and measured the height, number of leaves and
tillers and reproductive status of the surviving individuals
every two weeks.

At the end of the experiment, we recorded the survival
status of each individual, and measured the height, num-
ber of leaves and number of tillers for each living indi-
vidual. Then, we separated each plant into leaves, culms
and roots. We measured the root length, recorded images
of the leaf samples of each individual using a high-reso-
lution scanner (Uniscane 53, Qinghua Ziguang, Beijing,
China), and measured the total leaf area of each individ-
ual by analyzing leaf images with Image]J (v1.32j, National
Institutes of Health, Bethesda, MD, USA) (Schneider
et al. 2012). We oven dried the leaves, culms and roots
separately at 65 °C to determine their dry biomass. We
calculated the specific leaf area (SLA) by the ratio of leaf
area to leaf dry mass. We classified the combined dry bio-
mass of leaves and culms as aboveground biomass, and
defined root dry biomass as belowground biomass. We
estimated root to shoot ratio as the ratio of belowground
biomass to aboveground biomass. We calculated the
stage-specific survival rate under each treatment as the
number of individuals alive at the end of the experiment
divided by the number of individuals at the initiation of
the treatments. We calculated the relative growth rates
(RGRy,) of plant performance (i.e., aboveground biomass,
height, number of leaves, and number of tillers) from the
beginning to the end of the experiment using the follow-
ing equation:

InM;, — InM;,

RGRy = P .
2— U

where My, and My, represent the values of the respective
plant performance measured at start (¢1) and end (£) of
the experiment, respectively, and ¢, — ¢; is duration of the
experiment in days (Poorter 2001).

Statistical analyses

To assess the effects of rainfall intensity, rainfall timing,
and life stage on plant performance, we used mixed-
effects models (MEMs). In these models, rainfall inten-
sity, rainfall timing, life stage, and their interactions were
treated as fixed effects, while block was included as a
random effect. Survival was modeled using a binomial
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distribution with a logit link function. Growth (height,
root length, number of leaves and tillers, leaf area and
specific leaf area), biomass accumulation (aboveground,
belowground, and total biomass), biomass allocation
(root-shoot ratio), and relative growth rate (aboveground
biomass, height, number of leaves, and number of tillers)
were modeled using a Gaussian distribution with an iden-
tity link function. Models were fitted using the R pack-
age Ime4 (Bates et al. 2015). Fixed effects were evaluated
using Wald chi-squared test from the R package car (Fox
and Weisberg 2019), with significance determined via
type-1I test. When a fixed effect was significant (P<0.05),
post hoc pairwise comparisons among treatments were
conducted using the Least Significant Difference (LSD)
test on estimated marginal means derived from the
mixed-effects model implemented in the R package mult-
comp (Bretz et al. 2010). The LSD test is a widely used
post-hoc test to compare differences among treatment
means, particularly when the number of comparisons is
relatively small (Steel et al. 1997), as is the case in the cur-
rent study. All analyses were performed using the soft-
ware R 4.2.0 (R Core Team 2022).

Results

Survivorship

The survival of P. crymophila was significantly affected by
life stage (y*=4.47, P=0.047) and marginally affected by
the interaction between the intensity and timing of rain-
fall (y*=2.32, P=0.08; Table 1). The survival rate on aver-
age was significantly higher in juveniles than in seedlings
(Fig. S1). In particular, the survival rate of juveniles was
significantly higher than that of seedlings under the +75%
treatment (*=5.28, P=0.03). Furthermore, seedling
survival peaked in the+50% rainfall treatment (Fig. 2a),
whereas juvenile survival was highest in the+75% treat-
ment (Fig. 2b).

Growth

Life stage significantly affected plant growth in terms
of final height (y*=450.22, P<0.001), root length
(x*=172.90, P<0.001), the number of leaves (y*=100.06,
P<0.001) and tillers (y*=86.62, P<0.001), leaf area
(y*=241.04, P<0.001), and the relative growth rate of
height (y*=241.04, P<0.001; Table 1). In particular,
while seedlings had a lower final height (5.28+0.66 vs.
16.97 £1.28; Fig. S2A) and the relative growth rate of
height (0.03+0.004 vs. 0.09+£0.01; Fig. S3B) than juve-
niles, they had a higher number of leaves (45.86+8.92
vs. 26.18+3.52; Fig. S2D) and the relative growth rate
of leaves (0.65+0.11 vs. 0.23+0.03; Fig. S3C) than juve-
niles by the end of the experiment. Rainfall intensity
significantly affected final height (y*=10.89, P=0.027),
root length (y*=11.53, P=0.021), the number of leaves
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(x*=23.33, P<0.001) and tillers (y*=21.07, P<0.001),
leaf area (y*=21.67, P<0.001), the relative growth rate of
height (y*=9.74, P=0.044), number of leaves (y*=25.87,
P<0.001) and tillers (y*=21.12, P<0.001; Table 1). The
height, root length, number of leaves and tillers, leaf area,
and specific leaf area of juveniles increased with rainfall
intensity, reaching their highest values under+75% rain-
fall treatment (Fig. 3b, d, f; Fig. 4b, d, f). In contrast, these
growth metrics peaked under +50% rainfall in seedlings,
but started to decline when rainfall was further increased
to+75% (Fig. 3a, ¢, e; Fig. 4a, ¢, €). We did not detect any
significant effects of rainfall timing when applied alone to
any plant growth metrics (Table 1).

The interaction of life stage and rainfall intensity sig-
nificantly affected the relative growth rate of leaves
(x*=16.40, P=0.002; Table 1). In particular, the rela-
tive growth rate of height in juveniles significantly
increased under+75% treatment (Fig. 5d), while the
relative growth rate of leaves in seedlings significantly
increased under+50% treatment (Fig. 5e). Furthermore,
the interaction of rainfall timing and intensity signifi-
cantly affected leaf area (y*>=24.73, P<0.001), root length
(y*=13.63, P=0.008), the number of leaves (y*=12.97,
P=0.011) and tillers (y*=12.14, P=0.016), and the rela-
tive growth rate of leaves (y*=11.08, P=0.025) and till-
ers (y*=13.01, P=0.011; Table 1). With rainfall intensity
held the same, drought that occurred in the early growing
season had stronger negative effects on these measures
than those in the late growing season, while early rainfall
increase could more effectively improve these measures
than late rainfall (Figs. 3-5).

Biomass accumulation and biomass allocation

Biomass accumulation, in terms of total, aboveground
and belowground biomass, was jointly affected by life
stage, rainfall intensity, and the interaction between
timing and intensity of rainfall (Table 1). Overall, the
biomass accumulation was significantly higher in juve-
niles than in seedlings (y*=6.17, P=0.012; Table 1; Fig.
S4A-D). Furthermore, the biomass accumulation gener-
ally increased with rainfall intensity (Fig. 6). While the
biomass accumulation in juveniles reached the maximum
under +75% treatment (Fig. 6b, d, f), that of seedlings
reached the maximum under+50% treatment and then
remained stable or even started to decline with further
increase in rainfall (Fig. 6a, e). Importantly, we found the
effects of rainfall on biomass largely depended on the
timing. With rainfall intensity held the same, drought
that occurred at the early growing season was more
harmful to biomass accumulation than that in later grow-
ing season (Fig. 6a—f), while early rainfall addition was
more beneficial than late rainfall addition (Fig. 6a—f). The
interaction of rainfall timing and intensity with life stage
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Fig. 2 Effects of rainfall intensity and timing on the survival rate in seedlings (a) and juveniles (b) of Poa crymophila. Error bars represent standard

errors

had a significant effect on biomass allocation (y*=16.96,
P=0.001; Table 1). Seedlings increased belowground
biomass allocation to adapt to drought. Specifically,
seedlings exhibited a higher root-shoot ratio under the
—50% rainfall treatment when applied in the early grow-
ing season than when applied in the late growing season
(Fig. 6g). In contrast, rainfall intensity and timing did
not show any significant effect on the root-shoot ratio in
juveniles (Fig. 6h).

Discussion

Understanding how timing and intensity of rainfall may
differently affect plant performance at different life stages
is critical to inform biodiversity conservation under dif-
ferent climate scenarios (Anees et al. 2025¢; Mehmood
et al. 2025a). Here we simultaneously examined the
effects of changes in rainfall intensity and timing on the
survival and growth of the seedlings and juveniles of P
crymophila, a dominant plant species on the Qinghai-
Tibetan Plateau. We found that plant performance
declined with reduced rainfall, but such effects were
strongly regulated by the timing of rainfall. While earlier
drought had more severe effects on growth, increased
rainfall in the early growing season more effectively
improved plant performance than comparable changes
later in the season. Furthermore, we found that the
threshold of increase in rainfall to benefit plant growth

differed between life stages, highlighting the importance
of taking life stage into account for grassland conserva-
tion under climate change.

The effects of rainfall intensity on survival and growth

Rainfall intensity is an important environmental fac-
tor for this alpine species. In our study, the survival and
growth of P crymophila generally increased with rain-
fall intensity, with the highest values observed in juve-
niles under the+75% treatment—the maximum rainfall
level tested—supporting our hypothesis 1. High-inten-
sity rainfall can enhance water infiltration into deeper
soil layers (Bargués-Tobella et al. 2020; Haughey et al.
2020; Bauman et al. 2022). Juveniles possess significantly
longer roots and a larger photosynthetic apparatus (e.g.,
leaf area) than seedlings. This advantage promotes water
uptake with deeper root systems, and efficiently converts
the abundant resources into substantial growth and bio-
mass accumulation (Bargués-Tobella et al. 2020; Haughey
et al. 2020). However, although seedling performance ini-
tially improved with increasing rainfall, it declined once
rainfall exceeded +50%. This pattern suggests that seed-
lings may have reached water saturation at+50%, and
further increases in rainfall could become detrimental to
establishment, contradicting hypothesis 1. The relatively
short root systems and limited photosynthetic capac-
ity of seedlings restrict their ability to absorb and utilize
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resources (Poorter et al. 2012). Therefore, excess water is
known to limit root oxygen availability and impair root
function, nutrient uptake, and physiological activity,

thereby suppressing plant growth (Reyer et al. 2013; Yang
et al. 2014). For instance, O’Brien et al. (2024) reported
a 48% reduction in productivity and a 92% reduction



Wang et al. Ecological Processes

(2026) 15:12

Seedlings

80 (a)

=

60 2

40| b

Number of leaves

20

Early growing season
Late growing season
A

BT

Do

40
AB

30

20

Leaf area (cm”)

10

—i®

/8)

2/

=)
=
<

400

[
(3
=

Specific leaf area (cm

-75 -50

0 +50

Rainfall intensity (%)

Fig. 4 Effects of rainfall intensity and timing on number of leaves (a, b), leaf area (c, d), and specific leaf area (e, f) in seedlings and juveniles of Poa
crymophila. Error bars represent standard errors. Different uppercase letters indicate significant differences among different rainfall intensity
treatments. Different lowercase letters indicate significant differences between different rainfall timing treatments

in individual survival during periods of high rainfall.
Together, these findings indicate that the shift from
positive to negative effects occurs at different thresh-
olds across life stages. Our results, along with previous
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studies, highlight the need to evaluate rainfall changes
across a gradient of intensities and multiple developmen-

tal stages.
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The effects of rainfall timing on survival and growth

The effects of rainfall on plant performance may depend
on its timing (Volder et al. 2013; Hovenden et al. 2017;
Anees et al. 2025b). We found that increased rainfall in
the early growing season more effectively promoted P
crymophila growth, whereas early drought was more det-
rimental. These findings support our second hypothesis
that plants are more sensitive to rainfall changes in the
early growing season. Plants tend to have higher demand
and competition for water in the early growing season
due to higher metabolic activity and growth rate at this
time (Zhang et al. 2019). Adequate water availability at
this time promotes deeper rooting, improves hydraulic
architecture, and enhances photosynthesis and carbohy-
drate accumulation (Sperry and Love 2015), while early
drought can reduce photosynthesis via stomatal closure,
thereby suppressing growth (Wu et al. 2022; Yuan et al.
2025). Conversely, by the late growing season plants may
have accumulated sufficient carbohydrate reserves and
reached a stable phase of nutrient reabsorption, reduc-
ing their overall water demand (Hawkes et al. 2016;
Feng et al. 2023). In addition, most leaves have entered
the senescence stage during this period (Parton et al.
2012; Hermance et al. 2015), and are photosynthetically
less active, which may limit a plant’s ability to respond
quickly to increased water input (Flexas and Medrano
2002; Funk et al. 2021). As a result, plants may respond
less strongly to rainfall variation during the late growing
season. This result was also consistent with findings on
total community biomass (Post and Knapp 2019) and on
leaf or fruit development (Misson et al. 2010). Previous
studies have also found that early-season rainfall is criti-
cal for vegetation green-up and growth (Shaw et al. 2021;
Mehmood et al. 2025c) and later rewatering may not oft-
set the negative impacts of early-season drought on plant
development (Hawkes et al. 2016), consistent with find-
ings on community-level biomass responses (Hossain
and Beierkuhnlein 2018; Shaw et al. 2021). Our results
indicate that abundant water is more conducive to plant
growth during early growing season, whereas acute water
shortage during this time is more likely to lead to mortal-
ity or decreased growth (Walter et al. 2011). Our study
emphasizes the importance of taking timing into account
when studying the effects of rainfall variation under
future climate change. Furthermore, because rangelands
are widely used as livestock pastures, our findings sug-
gest that avoiding heavy grazing is crucial to prevent
additional negative impacts on plant survival and growth
during early-season drought. Additionally, because the
present study focused on a single species, it did not incor-
porate the effects of species interactions such as compe-
tition. Future experiments that explicitly include species
interactions may therefore offer more comprehensive
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guidance for rangeland management under variable rain-
fall conditions.

The effects of life stage on survival and growth

under variable rainfall

Plants at different life history stages may adopt different
growth and biomass allocation strategies to cope with
rainfall variation. In our study, seedlings allocated more
biomass to roots under earlier drought, while juveniles
maintained constant biomass allocation regardless of
rainfall intensity or timing. These findings support our
third hypothesis that seedlings are more responsive than
juveniles to changes in rainfall in terms of adjustment
of biomass allocation. By increasing their belowground
biomass allocation, seedlings can improve their water
absorption capacity in deep soil layers and thus increase
their water supply to support growth under drought
(Ramirez-Valiente et al. 2019). Contrastingly, juveniles
with a relatively higher carbon storage may be less sus-
ceptible to water stress, which may therefore allow them
to maintain a stable biomass allocation under drought.
Previous studies also found that seedlings were more
responsive than later life stages to changes in water sup-
ply in terms of a higher plasticity in biomass allocation
(Meyer-Griinefeldt et al. 2015). Therefore, our findings
together with previous studies highlight the importance
of simultaneously considering the effects of the timing
and intensity of rainfall, as well as the plant’s develop-
mental stage when designing conservation measures for
the rangelands on the Qinghai-Tibetan Plateau.
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