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Abstract
Compound climate extremes, such as concurrent warming and drought, are projected to increase, yet
their impacts on Korean conifer species remain poorly understood.

We investigated the individual and combined effects of extreme warming and drought on the survival,
physiology and growth of Pinus densiflora Siebold & Zucc. seedlings in South Korea.

Three-year-old P. densiflora seedlings were exposed in an open-field experiment to extreme warming (+
3.7 °C for 87 days), drought (100% precipitation exclusion for 33 days), and their combination. Survival,
gas exchange, height, root-collar diameter, and biomass fractions were measured during and after
treatment.

Extreme warming significantly reduced seedling survival, whereas drought did not. Both stressors
independently reduced stomatal conductance, net photosynthesis, and transpiration, while water-use
efficiency was maintained or increased; gas exchange recovered after treatments ceased. Neither
warming nor drought significantly affected aboveground growth or biomass. In contrast, root biomass
increased under individual warming or drought, but this compensatory response disappeared under
combined warming and drought.

P. densifloraseedlings showed physiological resilience and adaptive root allocation under individual
climate extremes, but compound warming and drought suppressed belowground compensation,
potentially increasing vulnerability and constraining regeneration under future climate change.

Key message
Extreme warming and drought each promoted compensatory root investment in seedlings, but their
combination reversed this response, indicating that compound climate stress constrains adaptive
belowground allocation.

1. Introduction
The Intergovernmental Panel on Climate Change (IPCC) reported that the frequency and intensity of
extreme climatic events, such as heatwaves and droughts, have significantly increased due to ongoing
global climate change (IPCC, 2021). According to the Shared Socioeconomic Pathways (SSP) scenarios,
extreme warming events in the mid-to-late 2000s are projected to become 5 to 20 times more frequent
and intense compared to those recorded in the 1950s (IPCC, 2021). Moreover, altered precipitation
patterns combined with increased evaporation rates are projected to amplify annual precipitation
variability, leading to more frequent and severe droughts (IPCC, 2021; Ripple et al., 2023).

The increasing incidence of these extreme climate phenomena poses significant threats to the
sustainability of terrestrial plant ecosystems (Arend et al., 2011; Penuelas et al., 2004). For instance,

Page 2/29



extreme warming imposes severe heat stress on plants. Although warming might enhance
photosynthesis and growth in cold, high-altitude ecosystems (Dusenge et al., 2023; Quan et al., 2024), it
often decreases these physiological traits and negatively affects survival in temperate and tropical forest
ecosystems (Adams et al., 2017; Frelich and Reich, 2010; Li et al., 2016). Moreover, elevated
temperatures induce soil moisture loss and increase atmospheric water demand, thereby increasing
vapor pressure deficit (VPD) (Balducci et al., 2015). Consequently, plants become increasingly
susceptible to severe water stress (Adams et al., 2017). Similarly, extreme drought, resulting from erratic
rainfall patterns and reduced annual precipitation, significantly reduces soil volumetric water content
(VWC), thereby directly inhibiting plant physiological functions and growth (Anjum et al., 2017).
Consequently, plants are compelled to activate a suite of acclimation and adaptation mechanisms to
maintain functional stability under these rapidly changing environmental conditions.

In response to climate change, plants develop adaptive strategies involving physiological adjustments
(Salvucci and Crafts-Brandner, 2004), growth pattern changes (Hatfield and Prueger, 2015) and
modifications of biomass allocation and accumulation (Poorter et al., 2012). For example, plants adjust
stomatal behavior by either increasing transpiration to dissipate heat or closing stomata to conserve
water in response to drought (Farquhar and Sharkey, 1982). However, such adaptive responses can
inadvertently increase the risk of dehydration or carbon starvation, ultimately compromising plant
survival (Adams et al., 2017; Urban et al., 2017). Additionally, plants commonly optimize biomass
allocation to above- or belowground components in response to environmental stressors, such as leaf
area expansion under high temperatures and enhanced root development under low water availability
(Poorter et al., 2012; Tumber‐Dávila et al., 2022). Nonetheless, these adaptive strategies, while beneficial
in the short term, may lead to reduced growth potential under improved environmental conditions or over
longer time scales (Anderson and Song, 2020). Furthermore, cellular and tissue-level damage becomes
more frequent under extreme stress conditions, substantially impairing plant competitive ability and
survival rates (Ummenhofer and Meehl, 2017).

Notably, simultaneous exposure to heat and drought imposes more severe stress on plants than either
condition alone, which can potentially exceed their adaptive capacity to sustain physiological function
(Ummenhofer and Meehl, 2017). Concurrent warming and drought exacerbate soil moisture depletion
(Naumann et al., 2018) and increase evapotranspiration, creating a feedback loop that further intensifies
drought severity (Zhou et al., 2019). Higher soil temperatures accelerate water loss, thereby amplifying
the severity of drought stress (Naumann et al., 2018). Under such conditions, plants face increasing
physiological difficulty as they must balance water conservation and temperature regulation (Reich et al.,
2018). If conditions persist, internal cellular water loss reduces specific heat capacity, diminishing turgor
pressure and resulting in permanent tissue damage and reduced photosynthetic capability (Seleiman et
al., 2021). Consequently, carbon-deficient plants may suffer impaired growth or mortality despite their
efforts to adapt to climate change. Unfortunately, the frequency of concurrent extreme warming and
drought events is projected to increase further, and the associated ecological impacts are expected to
persist and intensify over the following decades (Ummenhofer and Meehl, 2017). Although compound
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stress is a growing global concern, its impacts are expected to be particularly pronounced in regions
such as East Asia, where climate variability and warming trends are accelerating.

East Asia is considered highly vulnerable to climate change due to its regional monsoon-driven rainfall
patterns and rising average temperatures (Kim et al., 2021). Particularly in Korea, located within East
Asia’s temperate zone, an increased frequency of extreme warming and drought events has been
reported (Kim et al., 2022), potentially leading to critical changes in forest ecosystems, most notably in
coniferous forests. The proportion of coniferous forests in Korea has declined from approximately 48%
of the total forest area in the 1990s to roughly 34% (Bhusal et al., 2020; Matyssek et al., 2014). Further
reductions are anticipated if current climatic trends continue (Byun et al., 2010). Notably, severe
coniferous tree mortality frequently observed in southern regions of Korea has been primarily attributed
to severe drought stress induced by abnormal high-temperature events (Lee et al., 2004). Therefore,
research investigating climate adaptation strategies, especially those targeting representative conifer
species, is required to establish effective forest management practices.

Considering these trends, understanding plant adaptive strategies to combined effects of various
extreme climatic stressors is critical for ensuring the long-term sustainability of forest ecosystems. It is
essential not only to evaluate the immediate effects of extreme events but also to investigate their
lasting impacts on plant survival and performance, as well as potential long-term consequences for
ecosystem dynamics. Seedlings, in particular, represent the most vulnerable life stage, as their shallow
roots and limited carbon reserves make them especially sensitive to climatic extremes (Niinemets,
2010).

This study aims to evaluate the effects of extreme warming and drought stress on Pinus densiflora
Siebold & Zucc. seedlings which is a dominant conifer species in South Korea. We simulated projected
temperature increase and water stress for the mid-2050s using infrared heating and automated rainout
shelters, respectively, under open-field experiments. We specifically assessed how these extreme
climatic events would affect the physiology and growth dynamics of three-year-old P. densiflora
seedlings throughout the growing season (May to September 2022). We hypothesize that (1) the
exposure of seedlings to either extreme warming or drought would reduce physiological activity and
suppress growth and biomass accumulation, and (2) simultaneous exposure to both stressors would
amplify physiological and growth-related impairments beyond the effects of individual treatments.

2. Material and methods

2.1. Study site
The study was conducted from March to November 2022 in an open-field nursery site at Korea
University, Seoul, South Korea (37° 35′36″N, 127° 1′31″E). Seoul is located in a continental climate zone,
where temperatures are highly variable, and precipitation is concentrated during the summer rainy
season. According to the Korea Meteorological Administration (KMA, 2023), the mean annual
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temperature of Seoul was 13.2℃ in 2022. The annual precipitation was 1775.3 mm, of which 68.2%
(1210.9 mm) was concentrated between June and August, 2022 (KMA, 2023).

Twenty experimental plots of 1.5 m2 (1 m x 1.5 m) were established in the open-field nursery site on
March 18, 2022 (Fig. 1a). The soil in each plot was excavated to a depth of 60 cm, thoroughly mixed to
ensure homogeneity and then returned to each plot. To minimize interference among plots and prevent
lateral water intrusion during precipitation manipulation, each plot was bordered with a rubber packing
barrier installed to a depth of 30 cm below the ground surface. The soil was sandy loam (sand: 74.8%,
silt: 16.1%, clay: 9.1%) with a pH of 5.67.

We planted twenty-eight (4 7) three-year-old P. densiflora seedlings per plot on March 20, 2022
(Fig. 1b). Prior to planting, the average height and root collar diameter (RCD) of the seedlings were 30.1
cm and 4.9 mm, respectively. Before planting, the roots of every seedling were trimmed to a length of 15
cm, following the Korea’s national guidelines for seed and seedling management (KFS 2015).

2.2. Experimental design
To investigate the effects of future extreme climate events on P. densiflora seedlings, we designed our
treatments based on projected climate scenarios for Korea for mid-21st century. We selected warming
and drought as representative extreme climate events because they are already common in Korea and
are expected to increase in both frequency and duration in the future. Extreme warming was simulated
based on the maximum duration of warm days, and extreme drought was based on the maximum
duration of consecutive dry days. Extreme warming consisted of two temperature levels (TC: control,
TW: warming), and extreme drought consisted of two precipitation levels (PC: control, PD: drought). The
resulting four treatment combinations included TC + PC (control), TC + PD (extreme drought), TW + TC
(extreme warming) and TW + PD (combined warming and drought). The treatments were arranged in a
fully factorial design and replicated five times using a randomized complete block design with each
block including the four treatments (Fig. 2a).

The treatment duration and intensity were selected based on the SSP 5-8.5 scenario and the predictions
of two Korean climate models (Jung and Lee, 2019; Kim et al., 2021). According to these models, the
maximum duration of extreme warming and drought in Korea in mid-21st-century is projected to be 87
consecutive days and 33 days, respectively (Kim et al., 2021). The onset of extreme warming was
estimated to occur on May 14 (Jung and Lee, 2019). Given the growing frequency and springtime
concurrence of warming and drought in Korea (KEI, 2020; KMA 2022), both treatments were initiated on
the same date, May 14. Accordingly, the extreme warming treatment was carried out by increasing the
canopy temperature in TW plots by 3.7°C compared to TC plots for 87 days (i.e., from May 14 to August
10, 2022). The extreme drought treatment was carried out by blocking 100% precipitation in PD plots for
33 days (i.e., from May 14 to June 15, 2022).

We conducted our experiments in an open-field temperature and precipitation manipulation system (Kim
et al., 2023). Two Infrared heaters (FT-1000, Mor Electronic Heating Assoc., USA) were installed 60 cm

×
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above the seedling canopy on the TW plots (Fig. 2b). Dummy heaters were also placed in the TC plots to
account for the shadow effect. Infrared thermometers (SI-111, Campbell Scientific Inc., USA) were
installed 60 cm above the canopy of every plot to calculate the difference in canopy temperatures
between the TC and TW plots every five minutes and automatically activate infrared heaters to
compensate for the temperature difference.

The automatic rainout shelters (2.0 m length × 1.5 m width) were installed 1.6 m above the ground of the
PD plots (Fig. 2b). The rainout shelters were kept folded until the rain detector (HTL-301, Haimil, Korea)
sensed the raindrops to avoid differences in light intensity between the PC and PD plots. To measure the
soil temperature and volumetric water content (VWC), a soil temperature moisture sensor (CS655,
Campbell Scientific Inc., USA) was installed 10 cm underneath the soil surface of each plot. The data
were collected every half-hour by data loggers (CR1000X, Campbell Scientific Inc., USA) and a relay
system (SDM-CD16AC, Campbell Scientific Inc., USA).

2.3. Data collection
We collected several environmental data including canopy temperature, soil temperature, and VWC as
daily averages for each corresponding day of year (DOY: 130–311, Fig. 3) and three treatment periods:
Period 1 (concurrent temperature and precipitation manipulation), Period 2 (temperature-only
manipulation), and Period 3 (post-manipulation, Supplementary Table S1).

We monitored the survival rate of P. densiflora seedlings once a month throughout the experiment. The
leaf gas exchange rates were measured to quantify the physiological responses of P. densiflora
seedlings to the treatments using a portable photosynthesis system (LI-6800, Li-COR Inc., USA). Leaf gas
exchange measurements were conducted on cloudless, sunny days from 8:00 to 14:00. Measurements
were taken at least three days after a rainy day to minimize measurement errors due to residual moisture
on the leaves. From May to October 2022 measurements were performed six to eight times per month.
During the measurements, the chamber (6 cm length × 6 cm width) environment of the portable
photosynthesis system was maintained at constant conditions (flow: 700 µ mol s-1, fan speed: 10000
rpm, CO2 concentration: 400 µ mol, relative humidity: 60%, light intensity: 1500 µ mol m-2 s-1). Four
needles (two pairs of leaves) from two randomly selected seedlings per plot were used for each
measurement. Each pair was randomly selected from the middle of the stems that were newly
developed in the experimental year.

The gas exchange rates, including net photosynthetic rate (A, µmol H2O m-2 s-1), transpiration rate (E,

mmol H2O m-2 s-1), stomatal conductance (gsw, mmol H2O m-2s-1), and intercellular to ambient CO2

concentration ratio (CiCa) were calculated per unit leaf area. The leaf area was measured using a
scanner (Perfection 4990, EPSON, Japan) and estimated using a leaf area calculator program
(WinSEEDLE, Regents Inc., Canada). Instantaneous water use efficiency (WUE) and intrinsic water use
efficiency (iWUE) were determined as A/E and A/gsw, respectively.
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The growth of seedlings was measured twice: two days before the treatments (May 12, 2022) and the
day before the harvest (November 6, 2022). The height (cm) of every seedling was measured from the
ground to the apical tip with a folding ruler. Likewise, every seedling’s root collar diameter (RCD, cm) was
measured 1.5 cm above the ground with a digital caliper (500101, Mitutoyo, Japan). The measurement
results were used to estimate each seedling’s height-to-RCD ratio (H:D, cm cm-1).

Every seedling was harvested on November 7, 2022. Each harvested seedling was divided into three
parts: leaf, stem, and root. Each part was oven-dried at 65°C for 48 hours and weighed for their
respective biomass (g). The respective biomass was used to estimate the shoot-to-root ratio (S:R).

2.4. Statistical analysis
Two of the twenty plots (19th: TW + PC and 20th: TC + PC) were excluded from all subsequent analyses
due to partial malfunctions in the open-field system. The data from the remaining plots were analyzed
after removing outliers using the interquartile range (IQR) method.

The Kaplan–Meier analysis was used to evaluate seedling’s survival over time (Kaplan and Meier, 1958;
Noulèkoun et al., 2017). Survival curves under each treatment were estimated using the R package
“survival” (Therneau, 2015). The differences in the survival curves between the treatments were tested
using the log-rank test.

As most response variables exhibited non-normal distributions even after transformation, generalized
linear mixed models (GLMM) were used to assess the effects of extreme warming, drought, and their
interaction on seedling physiology (A, E, gsw, CiCa, WUE, and iWUE) and growth (height, RCD, biomass,
and S:R), using the R package “glmmTMB” (Brooks et al., 2017). Models were fitted using either the
Gaussian (WUE, iWUE, leaf, root and total biomass) or Gamma family (gsw, E, A, CiCa, stem biomass and
S:R) with a log link, depending on the distributional characteristics of each response variable. To
distinguish treatment effects during and after the experimental manipulation, separate models were
fitted for the three treatment periods (Periods 1–3). For the physiological parameters, time of
measurement and DOY were included as covariates to account for temporal variation. Plot ID was
included as random effects to account for repeated measurements within plots. For height and RCD,
initial values were included as covariates to account for baseline differences whereas individual tree ID
was included as a random factor. For the biomass components, tree ID was also used as a random term
in the GLMMs.

The significance of the fixed effects (warming or drought) and their interactions was evaluated using
Type III analysis of variance (ANOVA) via the car package (Fox and Weisberg, 2018; Noulèkoun et al.,
2025). The Tukey post-hoc test was employed to perform mean comparison in case of significant
treatment effects. When significant interactions were detected, planned contrasts was conducted to
evaluate the effect of warming within each precipitation level and vice versa, using the emmeans
package (Lenth, 2023). Contrasts were tested without adjustment for multiple comparisons as they
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represented a priori hypotheses about context-dependent treatment effects. All statistical analyses were
performed using R version 4.5.1 (R Core Team, 2025).

3. Results

3.1. Survival responses to the extreme warming and
drought treatments
Survival significantly differed among treatments (Fig. 4; log-rank p = 0.017). A reduction in seedling
survival due to extreme warming was observed in June, with an average survival rate of 94.4% in the TW 
+ PC plots, compared to 97.22% in TC + PC plots. By the end of the observation, October, survival
declined to 90.08% on average in the TW plots, while the TC plots maintained a higher rate of 96.43% on
average. In contrast, neither extreme drought nor its interaction with warming showed significant
differences in survival rates in the TC + PD and TW + PD plots compared to the TC + PC plot
(Supplementary Table S2).

3.2. Physiological responses to the extreme warming and
drought treatments
There was no significant interaction between extreme warming and drought on gas exchange
parameters of P. densiflora seedlings (Table 1, Fig. 5). However, individual treatment had a significant
effect on gas exchange parameters during temperature and precipitation manipulation.

Extreme warming, during temperature manipulation (Periods 1 and 2), significantly decreased A, E, and
gsw in the TW + PC plots on average by 17.3%, 14.6%, and 15.0% in Period 1, and by 18.2%, 25.8%, and
27.2% in Period 2 compared to the TC + PC plots, respectively (Fig. 5a-c). In contrast, CiCa, WUE, and
iWUE were significantly affected by extreme warming only during Period 2. During Period 2, CiCa in the
TW + PC plots decreased on average by 6.7%, while WUE and iWUE increased on average by 11.2% and
11.1% compared to the TC + PC plots, respectively (Fig. 5d-f).

Similarly, during Period 1, over the precipitation manipulation, extreme drought decreased A, E, and gsw
in the TC + PD plots on average by 20.1%, 23.5%, and 23.5% relative to the control plots, respectively.
Despite the cessation of precipitation manipulation, the legacy effects of extreme drought were evident
in Period 2. During Period 2, extreme drought decreased gsw and CiCa in TC + PD plots on average by
13.8% and 4.1% and increased iWUE on average by 11.5% relative to the TC + PC plots, respectively
(Fig. 5). By Period 3, when all manipulations concluded, the effects of extreme warming and drought
were not significant.
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Table 1
Summary of the results of Type III ANOVA performed on the generalized linear mixed-effects models
(GLMMs) assessing the response of gas exchange parameters (A, E, gsw, CiCa, WUE, and iWUE) to

extreme warming, drought, and their interaction, analyzed separately by temperature and precipitation
manipulation periods. Significant effects (p < 0.05) are shown in bold. GLMMs were fitted for each

period, with Time and DOY included as covariates and plot ID included as a random factor.
Factor A E gsw

Period
1

Period
2

Period
3

Period
1

Period
2

Period
3

Period
1

Period
2

Period
3

TW < 0.05 < 
0.001

n.s < 0.05 < 
0.001

n.s < 0.05 < 
0.001

n.s

PD < 0.05 n.s n.s < 0.01 n.s n.s < 0.01 < 0.05 n.s

TW×PD n.s n.s n.s n.s n.s n.s n.s n.s n.s

Time < 
0.001

< 
0.001

< 
0.001

< 
0.001

< 
0.001

< 
0.001

< 
0.001

< 0.05 < 
0.001

DOY < 
0.001

< 
0.001

< 
0.001

< 
0.001

< 
0.001

< 
0.001

< 
0.001

< 
0.001

< 
0.001

  CiCa WUE iWUE

  Period
1

Period
2

Period
3

Period
1

Period
2

Period
3

Period
1

Period
2

Period
3

TW n.s < 
0.001

n.s n.s < 
0.001

n.s n.s < 
0.001

n.s

PD n.s < 0.05 n.s n.s n.s n.s n.s < 0.05 n.s

TW×PD n.s n.s n.s n.s n.s n.s n.s n.s n.s

Time < 
0.001

< 0.01 < 
0.001

< 
0.001

< 
0.001

< 
0.001

< 
0.001

< 0.05 < 
0.001

DOY < 
0.001

< 
0.001

< 
0.001

< 
0.001

< 
0.001

< 
0.001

< 
0.001

< 
0.001

< 
0.001

TW: extreme warming (TW + PC), PD: extreme drought (TC + PD), Time: time of measurement, DOY: day
of the year, n.s.: not significant, A: net photosynthetic rate, E: transpiration rate, gsw: stomatal
conductance, CiCa: intercellular to ambient CO2 concentration ratio, WUE: Instantaneous water use
efficiency, iWUE: intrinsic water use efficiency.

3.3. Growth responses to the extreme warming and
drought treatments
Extreme warming and drought did not significantly affect the height or RCD of P. densiflora seedlings
(Table 2, Fig. 6a, 6b). The analysis of the H:R revealed that height was strongly correlated with RCD
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across the treatments (Fig. 6c). However, neither extreme warming nor drought influenced this
relationship (p > 0.05).

Table 2
Summary of the results of Type III ANOVA performed on the generalized linear mixed-effects models
(GLMMs) assessing the effects of extreme warming, drought, and their interaction on morphological
parameters (height, RCD, and H:R) and biomass (leaf, stem, root, total, and shoot-to-root ratio [S:R]).

Significant effects (p < 0.05) are shown in bold. GLMMs were fitted for growth and biomass variables,
with tree ID included as a random factor. Initial height and RCD values were included as covariates in the

models for height and RCD, respectively.
Factor Growth parameters Biomass

Height RCD H:R Leaf Stem Root Total S:R

TW n.s n.s n.s n.s n.s n.s n.s n.s

PD n.s n.s n.s n.s n.s n.s n.s n.s

TW×PD n.s n.s n.s n.s n.s < 0.01 n.s < 0.01

Initial height < 0.001 NA NA NA NA NA NA NA

Initial RCD n.s < 0.001 NA NA NA NA NA NA

TW: extreme warming (TW + PC); PD: extreme drought (TC + PD); NA: not appliable, n.s.: not
significant

Root biomass of P. densiflora seedlings showed a significant interaction effect between extreme
warming and drought (p < 0.01; Table 2, Fig. 7a, 8a). Extreme warming increased root biomass under
ambient precipitation (PC; +0.43 g, p = 0.004) but had no significant effect under extreme drought (PD; p 
= 0.089). Extreme drought increased root biomass under ambient temperature (TC; +0.36 g, p = 0.025)
while decreasing it under extreme warming (TW; -0.33 g, p = 0.020). S:R also exhibited significant
extreme warming and drought interaction (p < 0.01; Table 2, Fig. 7b, 8b). Extreme warming increased S:R
only under extreme drought (PD; +0.30, p = 0.001) but not under ambient precipitation (PC; p = 0.295).
Extreme drought decreased S:R under ambient temperature (TC; -0.29, p = 0.002) but not under extreme
warming (TW; p = 0.238). In contrast, leaf and stem biomass showed no significant responses to
warming, drought, or their interaction.

4. Discussion

4.1. Seedling survival was mainly affected by extreme
warming
Our results partially supported our first hypothesis but contradicted the second hypothesis. We found
that extreme warming in June (Period 1) was the primary driver of seedling mortality (Fig. 4). The
absence of combined effects of warming and drought suggests that P. densiflora seedlings may possess
sufficient drought tolerance capacity to withstand moderate water stress but lack comparable heat
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tolerance mechanisms. Although both extreme warming and drought maintained similar VWC levels in
the TW + PC and TC + PD plots during Period 1 (Supplementary Table S1, Fig. 3c), only extreme warming
caused a significant decrease in survival. This suggests that heat stress, rather than water limitation,
was the primary driver of mortality. Previous studies show that elevated temperatures can disrupt
protein structure, enzyme activity, and membrane integrity, causing direct physiological damage not
typically induced by drought alone (Bita and Gerats, 2013; Wahid et al., 2007). Our results suggest that P.
densiflora seedlings likely possess considerable drought tolerance but that sudden and intense early-
season warming may substantially reduce survival.

While reduced photosynthesis may also contribute to mortality, our findings do not support carbon
starvation as a major cause. If carbon depletion was the main cause of mortality, we would expect
mortality to continue or worsen throughout the temperature manipulation. Instead, survival declined
abruptly in June and remained low or stable thereafter. Additionally, extreme drought treatments, which
also suppress carbon assimilation, neither reduced survival (Fig. 4), nor the biomass (Fig. 7a) throughout
the experiment. Given that carbon starvation typically requires prolonged exposure and precedes visible
growth decline (McDowell and Sevanto, 2010), it is unlikely to have been the dominant driving
mechanism of seedling mortality in our experiment.

4.2. Extreme warming and drought reduce physiological
activities independently
Extreme warming and drought each exerted clear impacts on the physiological performance of P.
densiflora seedlings, supporting our first hypothesis that exposure to either stressor would suppress gas
exchange (Fig. 5a–f, Table 1). Both stressors induced rapid stomatal closure as evidenced by the
reduced A, E and gsw in response to warming and drought, consistent with the species’ isohydric
behavior, whereby stomata close promptly to prevent excessive water loss under declining water
availability (Garcia-Forner et al., 2016; Matyssek et al., 2014). Previous studies on P. densiflora seedlings
similarly report stomatal sensitivity to soil moisture depletion (An et al., 2022; Jo et al., 2025; Kim et al.,
2024) reflecting a drought-tolerant strategy that maintains water status at the expense of carbon
assimilation. In Period 1, reduced soil VWC in the extreme climatic treatments (Table S1, Fig. S2c) likely
triggered stomatal down-regulation, allowing seedlings to maintain WUE and iWUE at levels comparable
to the control despite strong constraints on gas exchange (Fig. 5c-f).

During Period 2, when only warming was applied, physiological activity remained significantly reduced
under the warming treatments. However, gsw remained suppressed under drought even after
precipitation manipulation ended. Soil VWC in TC + PD plots did not fully recover to control levels
(Supplementary Table S1, Fig. 5c), and seedlings appeared to retain conservative stomatal behavior
following prior water limitation. Such delays in stomatal reopening after drought relief have been
attributed to persistent hydraulic constraints, including incomplete recovery of leaf hydraulic
conductance (Knüver et al., 2025; Morabito et al., 2022). These mechanisms likely contributed to the
lagged stomatal response observed in Period 2. Interestingly, gsw also decreased under extreme
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warming during Period 2, despite soil moisture being higher than during the warming phase of Period 1.
Elevated temperatures increase atmospheric evaporative demand and leaf water loss, both of which
promote stomatal closure independent of soil water availability (Grossiord et al., 2020; Oren et al., 1999).
Moreover, stomatal responses to water stress are not always contingent to soil moisture availability, as
high VPD during summer can induce stomatal closure even under adequate soil water availability
(Novick et al., 2024). The reduced gsw under warming in Period 2 therefore, likely reflects an
atmosphere-driven stomatal response to extreme temperature and VPD conditions.

Seasonal progression substantially influenced physiological responses. Across treatments, A and E
increased in Period 2 relative to Period 1 (Fig. 5a–b), consistent with seasonal enhancement of conifer
photosynthetic capacity during needle maturation (Warren, 2006). Period 2 coincides with the period
when P. densiflora needles reach full maturity (Jo et al., 2019). However, under extreme warming,
reductions in gsw and E during Period 2 were more than twice those observed in Period 1, indicating that
heat stress coupled with high summer temperatures can override expected seasonal acclimation. This
aligns with previous findings that extreme warming imposed on high temperature background conditions
disproportionately constrain gas exchange in P. densiflora seedling (Jo et al., 2025).

Despite large declines in gsw and E, the reduction in A under extreme warming remained modest. This
decoupling suggests that photosynthesis was partially maintained by non-stomatal processes, likely
through thermal stimulation of biochemical reactions such as Rubisco activation and RuBP regeneration
(Farquhar and Sharkey, 1982). Many conifers exhibit peak Rubisco activation near 35°C (Crous et al.,
2022), implying that high temperatures may partially enhance biochemical capacity even under reduced
stomatal conductance. This result is consistent with a previous finding which reported that plants can
adjust their internal biochemical pathways to enhance carbon fixation efficiency even when stomatal
conductance is low (Yi et al., 2019). Consequently, the disproportionate decline in gsw relative to A in
response to warming likely increased intrinsic water-use efficiency (WUE and iWUE), while
simultaneously reducing the CiCa, as observed in TW + PC plots during Period 2 (Fig. 5d–f). This
demonstrates the ability of P. densiflora seedlings to adapt to warming through physiological
adjustments.

Plants experiencing severe temperature or drought stress often require extended recovery periods or
may suffer irreversible damage to their photosynthetic apparatus (Saxe et al., 2001). However, during
Period 3, we observed a recovery of net photosynthetic rate and related physiological parameters
following the cessation of temperature and precipitation manipulation. This observation suggests that
the imposed stress levels might be relatively mild for the species, despite being classified as extreme
based on future projections. This is corroborated by previous findings showing that mild stress induces
temporary declines in gas exchange, followed by rapid recovery once the stressor is removed (Ruehr et
al., 2019). Alternatively, it could be that the species possesses a high recovery capacity. In this regard,
similar patterns of rapid post-stress recovery have been reported across multiple species, including
Pinus taeda L. (Ameye et al., 2012), Vitis amurensis Rupr. (Luo et al., 2011), P. densiflora (Jo et al., 2019;
Jo et al., 2025), Larix kaempferi Lamb. (An et al., 2022; Kim et al., 2024), and Abies holophylla Maxim. (Jo
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et al., 2022). This adaptive capacity prevented the amplified stress responses that would have resulted in
synergistic interactions, demonstrating the high resilience of this drought-tolerant species to extreme
climate stress conditions in a short term.

4.3 Extreme warming and drought, both independently and interactively, influence biomass accumulation
and allocation but not seedling growth

Extreme climatic events often alter growth trajectories and biomass partitioning in woody species
(Tumber-Dávila et al., 2022; Umaña et al., 2021). We hypothesized that extreme warming and drought
would reduce overall growth. However, neither the individual treatments nor their interaction significantly
affected aboveground biomass, despite the observed reductions in net photosynthetic rates in response
to the treatments (Table 2, Fig. 6a). Two mechanisms can explain this apparent decoupling between
physiological and structural responses.

First, P. densiflora is a fixed-growth species whose current-year leaf and shoot production is largely
predetermined by leaf primordia formed during the previous growing season (Jo et al., 2019; Tsukahara
et al., 1985). Thus, aboveground growth in the treatment year depends more on prior-year resource
acquisition than on concurrent environmental conditions. Such decoupling is consistent with evidence
that conifer seedlings maintain new shoot growth by mobilizing internal reserves even when
photosynthesis is reduced (Ji et al., 2021; Woodruff and Meinzer, 2011). Similar reliance on nonstructural
carbohydrate (NSC) pools during drought has been documented in Pinus sylvestris L., enabling seedlings
to maintain growth and survival under restricted carbon assimilation (Galiano et al., 2011). Second, the
stress duration in our experiment may have been insufficient to alter aboveground structural
development. Many conifers exhibit lagged growth responses to heat and drought, whereby growth
suppression becomes evident only in subsequent seasons (Anderegg et al., 2015; Babst et al., 2014).
Thus, although photosynthetic activity declined, the growing season of P. densiflora which extends from
March through September, may have allowed seedlings to compensate once stress abated. Overall, our
result suggests that either nutrient availability remained adequate throughout the season or that
seedlings exhibited compensatory growth after the treatments ended (Poorter et al., 2012).

In contrast to aboveground growth, belowground biomass allocation exhibited significant responses to
extreme warming and drought interactions (Table 2, Fig. 8a). Under single stressors, both extreme
warming and extreme drought increased root biomass, but only when the other environmental factor
remained non-limiting. Under ambient precipitation, extreme warming increased root biomass, likely
reflecting increased evaporative demand and the need to enhance water uptake capacity. Likewise,
under ambient temperature, extreme drought stimulated compensatory root growth, consistent with well-
documented drought-avoidance strategies in woody plants (Brunner et al., 2015; Padilla and Pugnaire,
2007; Umaña et al., 2021). Soil moisture patterns during our experiment support this interpretation. Soil
VWC was significantly lower in both TW + PC and TC + PD plots relative to TC + PC during the treatment
manipulation (Supplementary Table S1), indicating increased physiological water use under the
treatments. Enhanced root growth under these individual stressors reflects a compensatory plant
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strategy to maintain water balance. When warming and drought co-occurred, root responses
fundamentally shifted. Under reduced precipitation, extreme warming no longer enhanced root biomass.
This aligns with experimental evidence showing that soil moisture acts as a primary limiting factor that
constrains warming-induced increases in fine root production in P. densiflora seedlings (Han et al., 2017).
In drying soil, declining hydraulic conductivity and drought-induced hormonal signals restrict carbon
allocation to root growth, causing warming-induced increases in root production to collapse once
moisture availability falls below a physiological threshold (Davies and Zhang, 1991).

More importantly, the drought-induced increase in root biomass reversed under elevated temperature. In
the TW + PD plot, root biomass declined. This pattern indicates that combined warming and drought
exceeded seedlings’ physiological thresholds, transitioning the response from compensatory growth to
stress-induced root impairment. Elevated temperature increases evapotranspiration and accelerates soil
water depletion, while drought-induced stomatal closure reduces transpirational cooling, amplifying
tissue heating (Farquhar and Sharkey, 1982; Prasad et al., 2008; Zhou et al., 2019). Reduced soil moisture
also decreases soil specific heat capacity, causing soils to warm more rapidly and potentially exposing
roots to damaging thermal loads (Haj Sghaier et al., 2022). Under such conditions, severe dehydration
diminishes cellular thermal buffering and increases susceptibility to irreversible damage (Seleiman et al.,
2021). This is consistent with previous findings where severe moisture deficits disrupted carbon
transport between shoots and roots in Pinus flexilis E., impairing root function and survival (Reinhardt et
al., 2015). Consistent with this mechanism, the TW + PD plot exhibited both the highest soil
temperatures and the lowest VWC during Period 1 (Supplementary Table S1). The elevated VWC
observed in Periods 2–3 may partly reflect reduced root water uptake capacity rather than solely
improved soil moisture, suggesting partial impairment of root function under compound stress. Given
the vulnerability of juvenile root tissues (Niinemets, 2010), the combined stresses likely led to root
suppression rather than compensation.

S:R responses closely paralleled root biomass patterns (Table 2, Fig. 7b, 8b). Under ambient temperature,
drought decreased S:R, indicating drought-induced increases in biomass allocation to root (Poorter et al.,
2012). However, this adaptive allocation disappeared under elevated temperature, supporting the
evidence that warming intensified drought-related stress and constrained root function. Under ambient
precipitation, extreme warming did not significantly alter S:R, even though root biomass increased. This
likely reflects proportional whole-plant growth rather than selective reallocation. In contrast, under
reduced precipitation, extreme warming increased S:R, driven primarily by a decline in root biomass
under combined extreme warming and drought. This pattern suggests that seedlings abandoned further
investment in compromised roots and instead allocated resources toward maintaining aboveground
structures, potentially to preserve future recovery capacity.

The stability of aboveground biomass across treatments, even when photosynthesis was lowest in the
TW + PD (Fig. 6), further supports a compensatory mechanism such as mobilization of NSCs (Galiano et
al., 2011) or fixed-growth (Jo et al., 2019) constraints that decouple aboveground production from
current carbon assimilation. Together, these findings indicate a hierarchical stress response: moderate
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single-factor stresses promote compensatory root growth, whereas severe co-occurring stresses induce
a switch toward survival-oriented allocation patterns, consistent with the stress-threshold framework
proposed by Ruehr et al. (Ruehr et al., 2019).

Although immediate aboveground morphological responses were limited, belowground impairment may
have important long-term consequences. Several studies have shown that drought- or heat-induced
physiological disruptions can suppress growth for multiple subsequent years (Anderegg et al., 2015;
Babst et al., 2014). Repeated or closely spaced extreme events may prevent root-system recovery,
creating cumulative legacy effects that progressively erode stress tolerance. Given projections of
increasingly frequent concurrent warming and drought (Ummenhofer and Meehl, 2017), this shift from
compensatory root proliferation under single stressors to root growth suppression under compound
stress highlights a critical risk for P. densiflora regeneration. Multi-year monitoring of belowground
function will be essential to determine whether seedlings can recover or whether compound extremes
impose lasting limits on forest regeneration potential.

5. Conclusion
This study examined how extreme climatic conditions influence the survival, physiological activity, and
biomass accumulation and allocation of P. densiflora seedlings. Extreme warming significantly reduced
survival during the early growth stage. Both extreme warming and drought suppressed stomatal
conductance, thereby reducing photosynthesis and transpiration while maintaining water-use efficiency.
However, these physiological responses were decoupled from aboveground biomass accumulation, as
none of the aboveground biomass fractions responded significantly to the treatments. In contrast, root
biomass and biomass allocation were affected by the treatments. Each stressor individually promoted
compensatory increases in root biomass under non-limiting conditions, whereas this response was
reversed under concurrent exposure to both stressors. The combination of extreme warming and
drought suppressed biomass allocation, suggesting that compound stress exceeded physiological
tolerance thresholds and impaired root function. These findings indicate that although P. densiflora
seedlings exhibit physiological resilience to individual stressors, their capacity to concurrent climate
extremes may be constrained by the loss of adaptive root allocation, which could reduce water uptake
capacity and compromise recovery during future stress events. However, because this study was
conducted over a single growing season, the observed physiological recovery and shifts in biomass
allocation may not fully capture the longer-term legacy effects of extreme warming and drought.
Therefore, longer-term assessments are needed to determine whether the observed suppression of
adaptive root allocation persists, recovers, or intensifies under repeated or prolonged compound climate
stress.
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Figures

Figure 1

(a) Panoramic view of the open-field experimental site and (b) three-year-old Pinus densiflora seedlings
(n = 28) planted in a plot of 2.5 m2 (1 m × 1.5 m).
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Figure 2

(a) Plot layout in the open-field experiment and (b) design of an automatic warming and drought system
using infrared heating lamps for extreme warming and rain shelters for extreme drought. TC+PC: control
(i.e., no warming and drought) treatment, TC+PD: drought only treatment, TW+PC: warming only
treatment, and TW+PD: warming + drought treatment.

Page 23/29



Figure 3

Daily average (a) canopy temperature (°C), (b) soil temperature (°C), and (c) soil volumetric water content
(VWC, %) during the experimental period according to the extreme warming and drought treatments. The
blue shadow indicates the temperature and precipitation manipulation period (Period 1; DOY:133-166),
and the pink shadow indicates the temperature manipulation period (Period 2; DOY: 166-222). DOY 223
to 311 represents the post-manipulation period (Period 3).
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Figure 4

Kaplan–Meier survival curves of Pinus densiflora seedlings under extreme warming and drought
treatments from May to October 2022. TC+PC: control (i.e., no warming and drought) treatment, TC+PD:
drought only treatment, TW+PC: warming only treatment, and TW+PD: warming + drought treatment.
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Figure 5

(a) Net photosynthesis rate (A), (b) transpiration rate (E), (c) stomatal conductance (gsw), (d) intercellular
to ambient CO2 concentrations ratio (CiCa), (e) instantaneous water use efficiency (WUE), and (f)
intrinsic water use efficiency (iWUE) of Pinus densiflora seedlings according to the periods of treatment
manipulation (Periods 1–3) under extreme warming and drought treatments. The bars topped with
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different superscripts indicate significant differences between treatments according to the Tukey post-
hoc test.

Figure 6

a) Height, (b) root collar diameter (RCD), and (c) relationship between height and RCD of Pinus densiflora
seedlings under extreme warming and drought treatments. The bars topped with different superscripts
indicate significant differences between treatments according to the Tukey post-hoc test.
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Figure 7

a) Biomass allocation among fractions and (b) shoot: root biomass ratio (S:R) of P. densiflora seedlings
under extreme warming and drought treatments. For each biomass fractions, bars topped with different
superscripts indicate significant differences between treatments according to the Tukey post-hoc test.
Descriptions of the treatment acronyms and boxplots are provided in Figures 1 and 3, respectively.

Figure 8

Interactive effects of extreme warming and drought on (a) root biomass and (b) shoot: root biomass
ratio (S:R) of Pinus densiflora seedlings. Lines connect predicted means under temperature control (PC,
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blue) and warming (PW, red) across extreme drought treatments (PC and PD). Non-parallel lines indicate
significant warming and drought interaction (p < 0.05).
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