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ARTICLE INFO ABSTRACT

Keywords: World-wide, forests are experiencing drought-induced mortality. However, physiological adaptation to drought
Drought adaptation strategy is highly variable, which may lead to differential mortality patterns and alter community structure. In this study,
Photosynthesis

saplings of four common tree species (Ormosia pinnata, Dalbergia odorifera, Castanopsis fissa and Michelia mac-
clurei) grown in subtropical plantations in southern China were subjected to average rainfall and three drought
treatments, consisting of low (25% rainfall reduction), moderate (50% rainfall reduction) and high (75% rainfall
reduction) drought. To investigate their drought response strategies and select tree species with higher drought
tolerance, we examined plant traits, including tree growth, stomatal regulation, water relations, carbon dynamics
and morphology, that might contribute to drought tolerance. We found that O. pinnata adapted to drought by
decreasing turgor loss point (TLP) and increasing leaf dry matter content and leaf mass per area (LMA).
D. odorifera exhibited low leaf minimum conductance and high LMA as the key drought traits to reduce water
loss. C. fissa was slowest to initiate stomatal closure but completed stomatal closure more rapidly than the other
species. Drought reduced light-saturated photosynthetic rates (Aga) for O. pinnata, D. odorifera and C. fissa pri-
marily due to declining stomatal conductance (g;s), with lesser limitations due to the biochemical capacity of
Rubisco carboxylation (Vemax) and electron transport (Jmayx). M. macclurei was the first species to close stomata.
Drought did not affect Ay for M. macclurei due to stable photosynthetic biochemical processes; however, Vemax
regulation of Ag, increased with drought intensity. There was trait variation in the capacity of study trees to
tolerate drought, with M. macclurei exhibiting the highest capacity to tolerate drought due to key stomatal
(earlier stomatal closure) and hydraulic (lower TLP) traits reducing plant water loss with progressive drought
stress.

Stomatal regulation
Subtropical plantations
Water relation

* Correspondence to: No.723, Xingke Road, Tianhe District, Guangzhou, China.
E-mail address: ljxiu@scbg.ac.cn (J. Liu).

1 Ting Wu and Nadan Tan contributed equally to this work.

2 ORCID: 0000-0001-6045-036X

3 ORCID: 0000-0002-8497-2047

4 ORCID: 0000-0001-7850-1006

https://doi.org/10.1016/j.envexpbot.2022.105046

Received 5 June 2022; Received in revised form 11 August 2022; Accepted 17 August 2022
Available online 23 August 2022

0098-8472/© 2022 Elsevier B.V. All rights reserved.


mailto:ljxiu@scbg.ac.cn
www.sciencedirect.com/science/journal/00988472
https://www.elsevier.com/locate/envexpbot
https://doi.org/10.1016/j.envexpbot.2022.105046
https://doi.org/10.1016/j.envexpbot.2022.105046
https://doi.org/10.1016/j.envexpbot.2022.105046
Administrator
高亮


T. Wu et al.

Table 1
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Summary of species background information and measured predawn leaf water potentail (yp,4, MPa, n = 12), midday leaf water potentail (ymg, MPa, n = 12), the light-
saturated photosynthetic rate (Agyg, pmol m2 s n=12), stomatal conductance (gs, mol m?s?, n=12) and leaf mass per area (LMA, g cm?, n = 4) for the four tree
species with similar size at pre-drought. Values are means + standard errors. P50, the xylem water potential at which stem hydraulic conductivity was reduced by 50%;
TLP, turgor loss point. P50 and TLP were derived from Li et al. (2015) and Liu et al. (2019). P50 and TLP for D. odorifera were not studied in previous study.

Species Family Wpd Wmd Agar 8s LMA P50 TLP
Ormosia pinnata Leguminosae -0.21 + 0.03 -1.06 + 0.05 7.22 +£0.37 0.12 £ 0.01 168.65 + 11.11 -1.74 -1.39
Dalbergia odorifera Leguminosae -0.45 + 0.06 -1.16 + 0.07 11.07 £ 1.61 0.29 + 0.04 254.55 + 12.44 no no
Castanopsis fissa Fagaceae -0.19 +£ 0.01 -1.01 = 0.09 8.82+1.10 0.26 £+ 0.02 154.74 £ 24.66 -1.27 -2.35
Michelia macclurei Magnoliaceae -0.20 + 0.01 -0.70 + 0.12 7.12 +1.15 0.19 + 0.03 161.22 + 4.22 -3.54 -1.52

1. Introduction

The distribution pattern of rainfall has been altered by climate
change, which increases drought frequency and intensity at global and
regional scales (Lobell et al., 2011; IPCC, 2021). Drought is the principal
environmental factor limiting plant physiological processes and growth
in forest ecosystems (Li et al., 2018b; Duan et al., 2019), while
drought-induced tree mortality events have been widely observed in a
large variety of forest biomes (van Mantgem et al., 2009; Allen et al.,
2010, 2015). Tropical forests have high biodiversity and represent large
carbon sinks, as well as play important global roles in carbon and
biogeochemical cycles, and biodiversity conservation (Yu et al., 2014;
Lie et al., 2021). Trees exhibit highly variable physiological and
morphological plasticity to drought, such that the adaptive potential of
trees to drought remains unclear (Isaac-Renton et al., 2018). Tree death
caused by drought has altered forest community structure (Zhou et al.,
2013, 2014a) and reduced carbon sinks in tropical forests (Corlett,
2016).

Plant drought response strategies are complex and differ among co-
occurring species, thereby affecting plant survival (Blackman et al.,
2019). Stomatal regulation is one of the protective strategies used to
minimize the negative effects of water stress (Brodribb et al., 2003).
Species with tight stomatal regulation close stomata and reduce plant
water loss to maintain stable midday leaf water potential (¥1) and avoid
dehydration (Kumagai and Porporato, 2012), but this also limits CO5
availability for photosynthesis and inhibits plant growth (Quentin et al.,
2012). In contrast, species with weak stomatal regulation maintain
stomatal opening to sustain photosynthesis, but at a cost of significant
water loss, resulting in declines in W[, (Tardieu and Simonneau, 1998).
Generally, species with tight stomatal regulation exhibit earlier stomatal
closure than those with weak stomatal regulation in response to
declining water availability (Gonzalez-Rebeles et al., 2021), which
might be a vital strategy to avoid xylem cavitation (Li et al., 2019).
However, it is unclear which stomatal strategy is more favorable during
periods of drought (Fu and Meinzer, 2019). The ¥, at 50% and 90%
stomatal closure (Pgss50 and Pgsoo, respectively) is associated with em-
bolism thresholds (Klein, 2014), which represents the sensitivity of
stomata during progressive dehydration (Henry et al., 2019). For
instance, species with lower (more negative) Pg50 and Pgsog indicate that
plants maintain open stomata under more severe water stress (Bartlett
and Sinclair, 2021). Plant stomatal response to decreasing V|, influences
the dynamics of gas exchange, drought tolerance and productivity
(Bartlett et al., 2016).

In the context of extreme drought, water is still lost from the cuticle
after complete stomatal closure. The rate of water loss from the cuticle is
expressed as leaf minimum conductance (gnin) (Sack et al., 2003; Bar-
nard and Bauerle, 2013), which is considered a key drought tolerance
trait used to predict plant mortality (Martin-StPaul et al., 2017; Duursma
et al., 2019). Leaf turgor loss point (TLP) is the negative water potential
at which leaf cells lose turgor and close stomata, leading to reductions in
gas exchange and plant growth (Brodribb et al., 2003). Plants cannot
take up water to recover from wilting when soil water potential is lower
than TLP. Plants that exhibit more negative TLP under drought, which
allows them to maintain hydraulic conductance, gas exchange and

growth under lower water availability, have higher capacity to tolerate
water stress (Bartlett et al., 2012b, 2014). TLP is a commonly used trait
to quantify plant drought resistance and hence adaptive capacity to
water stress (Bartlett et al., 2012b).

Photosynthesis plays a critical role in determining plant fitness, but
may be substantially limited by drought (Talbi et al., 2020; Li et al.,
2021). Leaf light-saturated photosynthetic rate (Agy) is decreased by
drought, as a function of reductions in light-saturated stomatal
conductance (gssat), mesophyll conductance and biochemical processes
(Carmo-Silva et al., 2012). Stomatal limitation is represented by re-
ductions in stomatal conductance that generate lower Ag,, which is the
first process limiting Ag,; (Limousin et al., 2010). Additionally, lower
mesophyll conductance during drought could reduce CO; diffusion into
chloroplast stroma (Flexas et al., 2008). Under long-lasting drought,
biochemical limitations to photosynthesis are generated by reductions in
biochemical processes, including the maximum capacity for Rubisco
carboxylation (Vemax) and electron transport (Jmax), which reduce Agy¢
(Damour et al., 2009; Zhou et al., 2014b). Plant water uptake and
transport induced by transpiration promote nutrient acquisition from
soil (Cernusak et al., 2011). Thus, reduced transpiration due to stomatal
limitation might impair plant nutrient acquisition, which would further
inhibit photosynthetic biochemical processes (Yates et al., 2010; Pignon
and Long, 2020). Previous studies demonstrate that stomatal limitation
may transition to biochemical limitation when drought stress is inten-
sified (Misson et al., 2010; Drake et al., 2017). However, few studies
have explored the contribution of stomatal and biochemical limitations
(Jmax and Vemax) to Agae under drought for species with different stomatal
regulation (Drake et al., 2017; Salazar-Tortosa et al., 2018).

Four common tree species (Ormosia pinnata, Dalbergia odorifera,
Castanopsis fissa and Michelia macclurei) grown in subtropical plantations
in southern China were chosen for this study, which exhibited con-
trasting drought sensitivities defined by the xylem water potential of the
traits of stem hydraulic conductivity (P50) and TLP (Table 1). Zhou et al.
(2011) demonstrated that the annual number of no-rain days signifi-
cantly increased but soil moisture and water yield coefficient signifi-
cantly decreased in this region over the past few decades, indicating that
the frequency and intensity of drought have increased and further
affected tree survival and community structure (Zhou et al., 2013). Li
et al. (2015) reported that species with high drought tolerance often
increase their abundance in subtropical China. It has been shown that
M. macclurei exhibits a drought-avoidance strategy by accessing shallow
soil water (Ouyang et al., 2020), while it was still unknown whether the
other three tree species utilized drought-avoidance or drought-tolerance
strategies to adapt to drought. Here, we analyzed the responses of pro-
cess traits (stomatal regulation, water relations, gas exchange, photo-
synthetic capacity, leaf minimum conductance and turgor loss point)
and pattern traits (leaf dry matter content and mass per area), and their
impacts on plant growth in response to a well-watered control (100%
water) and three drought treatments: low intensity (25% reduction),
moderate intensity (50% reduction) and high intensity (75% reduction).
Our objectives were to determine (a) the process and pattern traits that
confer drought avoidance or tolerance for the four tree species; (b) the
main factors that lower A, for the four tree species; and (c) selection of
the most drought tolerant tree species in the subtropical region.
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(a) Plot Design
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(b) Randomized Block Design
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Fig. 1. Representation of plot (a) and randomized block design for plots (b). Photos of four tree species (c).

2. Materials and methods
2.1. Plant material and experimental design

In 2018, twelve plots were constructed in the South China Botanical
Garden, CAS, Guangzhou, Guangdong province, China (N23°10°30.97"’,
E113°21°9.81"). The mean annual temperature is approximately 21 °C,
and the relative humidity averages 80% throughout the year. The mean
annual precipitation is approximately 1900 mm; nearly 80% of the
rainfall occurs during the wet season (April-September) and 20% during
the dry season (October-March) (Wu et al.,, 2020). A plastic film
extended above the tops of the trees, to exclude natural rainfall from the
plots. Each plot had an edge length of 3 m, with a height of 0.8 m
(Fig. 1a). The wall of the plot was made of brick-cement and concrete,
and the bottom of the plot was filled with local forest soil (Table S1).
Ormosia pinnata, Dalbergia odorifera, Castanopsis fissa and Michelia mac-
clurei exhibit different drought sensitivities according to their P50 and
TLP values (Fig. 1b and Table 1) and are widely distributed in sub-
tropical plantations; hence, they were chosen for this experiment. In
May 2019, one year-old, similar-sized seedlings (height was ca. 30 cm
and stem basal diameter was ca. 4 mm), grown outdoors in natural
environmental conditions, were purchased from a nursery near South
China Botanical Garden. Five individuals of each of the four species (20
trees) were randomly transplanted into each of the 12 plots (total of 240
trees) using a randomized block design; spacing between individual
trees was approximately 50 cm in each plot.

2.2. Watering treatments

In 2010-2019, the average annual rainfall at our site in Guangzhou
was 1900 mm (Chen and Zhang, 2021). We used this value as the
baseline for our four water treatments: 1) control (CK): the average
natural rainfall; total watering volume per day was 47 L; 2) low drought
(LD): 25% reduction of control; total watering volume per day was 35 L;
3) moderate drought (MD): 50% reduction of control; total watering
volume per day was 23 L; and 4) high drought (HD): 75% reduction of
control; total watering volume per day was 12 L. The amount and fre-
quency of watering was controlled by an automatic irrigation system,
which was located on the soil surface. Watering occurred every night
over four intervals per night to reduce potential run-off. All trees were
maintained in control conditions for 15 months after planting, and then
the drought treatments were initiated in August 2020, and lasted 4
months until final tree growth measurements were completed in
December 2020. Each plot was distributed randomly with three repli-
cates per water treatment.

2.3. Growth measurements

The stem diameter (D, mm) and height (H, cm) of all seedlings per
species in each plot were measured in December 2019 (19 month-old
trees; well-watered), July 2020 (26 month-old trees; well-watered),
September 2020 (28 month-old trees; 1 month drought treatment) and
December 2020 (31 month-old trees; 4 months drought treatment). The
stem volume (V, cm®) of all seedlings per species in each plot was also
calculated as 3.14 * (D / 2) " 2 * H (Wu et al., 2022). Additionally, we
calculated the growth rate of V (Viate, %).

2.4. Water potentials

Pre-dawn water potential (¥pg, MPa) and mid-day leaf water po-
tential (Wng, MPa) were measured every two weeks, following gas ex-
change measurements using a Scholander-type pressure chamber (PMS
1505D, PMS instruments, Corvalis, Oregon USA). Three seedlings per
treatment per species were randomly selected. Approximately one hour
before sunrise, ¥,q of two leaves from each seedling was measured.
Following gas exchange measurements during the day, another two
leaves from each seedling were sampled for the determination of ¥p,4.

2.5. Leaf gas exchange measurements

The net assimilation vs. rate-intercellular CO, concentration (A-Ci)
curves were measured on fully expanded leaves from three or four
seedlings per plot per species (n = 3-4) between 0900 and 1400 h on
clear days at the beginning of the drought treatments (August 2020) and
2.5 months later (October 2020), using a portable open path gas ex-
change system (Licor-6800, Li-Cor, Lincoln, NE, USA) equipped with a
leaf chamber fluorometer (6800-40). The measurements of leaf water
potential and gas exchange were completed on the same day. A-Ci
curves were measured at saturating PAR of 1500 ymol m? s, leaf
temperature (25 °C) and ambient relative humidity inside the leaf
chamber (~ 60%). A-Ci curves were generated using leaf chamber CO4
values of (in order): 400, 300, 200, 100, 50, 400, 600, 800, 1000 and
1200 umol moll. Leaf light-saturated photosynthesis (Agyt, pmol m?sh
and stomatal conductance (gs, mol m2 s1) were selected, at CO5 of
400 pmol mol’l. The maximum rate of photosynthetic ribulose 1,-5-
bisphosphate carboxylase/oxygenase (Rubisco) carboxylation (Vemaxs
umol m?2 s!) and apparent maximum rate of photosynthetic electron
transport (Jpmax, pmol m? s1) were estimated from A-Ci curves. A-Ci
curves were terminated when g; was lower than 0.03 mol m?2s! (Bar
tholomew et al., 2020).
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Effects of drought treatments (D), drought duration (T), species (S) and their interactions on the stem volume (V, cm?, n = 15); the growth rate of stem volume (V,ae,
%, n = 15); leaf water potential (ypq and ymqg, MPa, n = 6); gas exchange (Ag,, pmol m?s?t, n=09; g, molm?s?, n=9); photosynthetic capacity (Jmax and Vemax
umol m2 s}, n = 3); leaf minimum conductance (gin, mmol m2s, n = 9); turgor loss point (TLP, MPa, n = 6); dry matter content (LDMC, %, n = 6) and leaf mass per

area (LMA, g cm‘z, n=6).

Factors v Viate Wpd Wi Acar g Jmax Vemax Smin TLP LDMC LMA

D 0.270 0.326 0.018 0.053 0.004 0.006 0.028 0.029 < 0.001 0.428 0.001 0.038
T < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.003 - - - -

S < 0.001 < 0.001 < 0.001 < 0.001 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
D*T 0.041 0.454 < 0.001 0.001 < 0.001 0.001 0.220 0.247 - - - -

D*S 0.054 0.185 < 0.001 < 0.001 < 0.001 < 0.001 0.002 0.002 0.001 0.087 < 0.001 < 0.001
T*S < 0.001 < 0.001 < 0.001 < 0.001 0.001 0.001 0.077 0.016 - - - -
D*T*S 0.928 0.011 0.398 0.106 0.014 0.001 0.822 0.987 - - - -

2.6. Minimum leaf water conductance

Leaf minimum water conductance (gpin, mmol m2sh represents
water loss through the leaf when stomata are maximally closed (Slot
et al., 2021). gmin was determined from the consecutive weight loss of
desiccating leaves in an incubator in the dark with low air humidity (Slot
etal., 2021). After 40 days of drought treatment, the mature leaves were
selected at the end of the day (~15:00) and immediately double-bagged
for transport to the lab. Samples were immediately hydrated overnight
(~12 hr), and cut ends were sealed with wax after hydration. Then,
samples were dried on the lab bench with a fan for 30 min at photo-
synthetically active radiation of < 10 pmol m™ s to induce stomatal
closure and weighed every 30 min over eight intervals. gni, was calcu-
lated by plotting water loss versus time; the slope was highly linear and
therefore taken to represent transpiration after stomata had closed
(Pivovaroff et al., 2018).

(a) Ormosia pinnata
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2.7. Pressure volume analysis

Seven leaves per treatment (7 leaves x 4 treatments x 4 species = 112
leaves) were collected for leaf pressure volume (PV) determination after
40 days of drought treatment; for species with reduced leaf petioles, a
terminal shoot was used instead. Leaves were excised under water on the
previous night and transported to the lab with the petiole kept under
water. Leaf water potential (Wear, MPa) was measured using the Scho-
lander pressure chamber (PMS, Corvallis, Oregon, USA), and fresh
weight (FW, g) was measured with a digital balance (weighted to
0.001 mg). Then, leaves were bench dried and Wi, and FW were
measured periodically. Finally, leaves were oven dried at 70 °C for at
least 48 hr to obtain dry weight. Data were used to plot the inverse of
leaf water potential (1 / Wieaf) against leaf relative water content
(RWCjeaf, %). Leaf turgor loss point (TLP, MPa) was taken as the point
where the line became non-linear (Brodribb et al., 2003). TLP of pre-
vious studies (Table 1) was also measured by this method.

(c) Castanopsis fissa - e -CK
6000 ~ p=0.88 7<0.001 D*T=0.79 LD
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e I
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(d) Michelia macclurei
1200 7 p=0.86 T<0.001 D*T=0.68

Fig. 2. The stem volume (V, cm?, n = 15) for Ormosia pinnata (a), Dalbergia odorifera (b), Castanopsis fissa (c) and Michelia macclurei (d) subjected to control (CK), low
drought (LD), moderate drought (MD) and high drought (HD) treatments. Values are means + standard errors. D, drought treatment; T, time. Arrows indicated the

start of drought treatments.
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Fig. 3. (a) The light-saturated photosynthetic rate (Aga, pmol m? s'l, n = 9); (b) stomatal conductance (gs, mol m> s'l, n = 9); (c) the area-based maximum rate of
photosynthetic electron transport (Jyax, tmol m2 st n=3); (d) the area-based maximum rate of photosynthetic Rubisco carboxylation (Vemax, tmol m?2st n=3)
for Ormosia pinnata, Dalbergia odorifera, Castanopsis fissa and Michelia macclurei subjected to control (CK), low drought (LD), moderate drought (MD) and high drought
(HD) treatments over the course of the experiment. Different lowercase letters above the error bars (standard errors) indicate significant differences in Agat, g5, Jmax

and Vp,.x among drought treatments.

2.8. Leaf dry matter content and mass per area

Ten mature leaves per species per treatment (10 leaves x 4 treat-
ments x 4 species = 160 leaves) were selected to measure leaf fresh
weight (LFW, g) and leaf area (LA, cmz) with a leaf area meter (LI-3100,
Li-Cor Biosciences, Lincoln, NE, USA). Leaves were then dried in a
drying oven for 48 hr at 65 °C, before measuring leaf dry mass (LDW, g).
Leaf dry matter content (LDMC, %) was calculated as 100% * LDW /
LFW. Leaf mass per area (LMA, g crn'z) was calculated as LDW / LA
(Bartlett et al., 2012a).

2.9. Statistical analysis

Data were assessed using Kolmogorov-Smirnov test for normality
and Levene’s test for homogeneity of variance prior to statistical anal-
ysis. When the data did not conform to the assumption of normality and
homogeneity of variances, they were logarithmically transformed.
Time-series measurements including V, Viate, ¥pd, ¥md, Asats 8s» Jmax and
Vemax Were analyzed using repeated-measures mixed effects, in which
the fixed factors were drought treatment, drought duration and species,
but the random factor was plot. In addition, V, Vyae, ¥pd, Pmd> Asats &s»
Jmax and Vemax for each species were analyzed using repeated-measures
mixed effects, in which the fixed factors were drought treatment and
duration, but the random factor was plot. The mixed effects models were
used to evaluate the fixed effects of drought treatment and species on
8min, TLP, LDMC and LMA, in which the random factor was plot. Liner
mixed models were performed by the “Imer” function in the “lme4”
package. One-way analysis (ANOVA) was conducted to compare the

differences of gmin, TLP, LDMC and LMA among control and drought
treatments, following by Tukey post-hoc test. Differences were consid-
ered statistically significant at P < 0.05.

gs was plotted against ¥q to extract Pgsso and Pgsoo, using R with the
“fitplc” package (Duursma and Choat, 2017). Correlations between Aga¢
and gs, Jmax and Vemax were also tested using liner regression, using
Original 2018. The relative importance of stomatal limitation (gs) and
biochemical limitation (Jpax and Vemax) in explaining variation in
photosynthetic rate (Asat), was determined using variation partitioning
analysis (VPA) and redundancy analysis (RDA) using the “varpart”
function in the “Vegan” package. All statistical analyses were conducted
with the open-source statistical software platform R (version 4.2.0; R
Foundation for Statistical Computing).

3. Results
3.1. Tree growth

Overall, V and Vi, were obviously influenced by drought duration
and species (Table 2, P < 0.05). V for O. pinnata was significantly
reduced by drought treatment across drought duration (30.7%, 20. 5%
and 33.3% for LD, MD and HD, respectively; Fig. 2a, P < 0.01). V for
D. odorifera was significantly decreased by drought treatment across
drought duration, with declines of 27.8%, 20.5% and 14.4% under LD,
MD and HD, respectively (Fig. 2b, P < 0.05). V for C. fissa and
M. macclurei declined with drought duration (Fig. 2c and d, P < 0.001).
Drought duration significantly decreased Vit for the four tree species
(Fig. S1).
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Fig. 4. Leaf stomatal conductance response to water potential for Ormosia pinnata (a), Dalbergia odorifera (b), Castanopsis fissa (c) and Michelia macclurei (d). Red

vertical lines indicate leaf water potential at 50% stomatal closure (Pgss0).
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Table 3

Leaf minimum conductance (g, mmol m?2s! n=09), turgor loss point (TLP, MPa, n = 6), dry matter content (LDMC, %, n = 6), leaf mass per area (LMA, g cm?,
n = 6), leaf water potential at 50% of maximum stomatal conductance (Pgss0, MPa) and leaf water potential at 90% of maximum stomatal conductance (Pgs99, MPa) for
Ormosia pinnata (O. pinnata), Dalbergia odorifera (D. odorifera), Castanopsis fissa (C. fissa) and Michelia macclurei (M. macclurei) subjected to control (CK), low drought
(LD, 75% of CK), moderate drought (MD, 50% of CK) and high drought (HD, 25% of CK) treatments. Values of gy, TLP, LDMC and LMA are shown in means
+ standard errors. Values of Pgss0 and Pgggp are shown means with lower and upper bounds of 95% confidence intervals (CI, bracketed). Different lowercase letters
above the bold values indicate significant differences in g, TLP, LDMC and LMA.

Treatments O. pinnata D. odorifera C. fissa M. macclurei
€min mmol m2 s1) CK 1.97 £0.22 9.79 + 0.48% 2.30 + 0.11 1.13 + 0.07
LD 1.97 £0.17 9.55 + 0.58% 2.70 + 0.10 1.61 + 0.09
MD 1.80 £ 0.11 7.72 + 0.46° 2.38 +0.12 1.03 + 0.08
HD 2.06 + 0.17 8.21 + 0.54" 2.71 +0.09 1.22 + 0.06
TLP (MPa) CK -1.21 + 0.05° -1.66 + 0.14 -1.64 +0.12 -1.61 £ 0.1
LD -1.12 + 0.03%° -1.70 + 0.07 -1.79 + 0.08 -1.36 £ 0.10
MD -1.37 + 0.04° -1.58 +0.10 -1.63 + 0.08 -1.42 £0.10
HD -1.42 + 0.06° -1.67 £ 0.12 -1.54 + 0.06 -1.69 + 0.04
LDMC (%) CK 34.35 + 1.37° 34.87 £ 1.06 40.11 + 0.91° 31.07 £ 0.85
LD 37.66 + 0.97°° 36.79 + 1.08 42.05 + 0.89° 30.88 +1.28
MD 41.44 + 0.94° 34.80 +1.23 40.87 + 0.90° 34.04 +0.74
HD 39.82 + 1.69° 33.19 + 0.83 35.46 + 1.23" 33.13 +0.84
LMA (102, g cm?) CK 0.56 + 0.03" 0.63 + 0.03%° 0.81 + 0.04 0.70 + 0.03°
LD 0.59 + 0.02° 0.66 + 0.03%° 0.76 + 0.03 0.85 + 0.05°
MD 0.73 + 0.03* 0.54 + 0.04° 0.83 + 0.02 0.85 + 0.03*
HD 0.70 + 0.03* 0.70 + 0.03* 0.69 + 0.03 0.64 + 0.03"
Pyss0 (-MPa) 0.58 [0.38, 0.78] 0.52 [0.35, 0.69] 0.86 [0.76, 0.96] 0.17 [0.07, 0.27]
Pgso0 (-MPa) 2.66 [1.80,] 2.94 [1.93,] 1.97 [1.54,] 2.94 [1.92,]

3.2. Leaf water potential

At pre-drought, ¥,q and ¥W,q were the lowest (i.e., more negative) for
D. odorifera (¥pq = —0.45 £ 0.06 MPa, ¥Y,g = —1.16 £ 0.07 MPa), but
M. macclurei exhibited the highest (i.e., less negative) Wpq (—0.70
+ 0.12 MPa) (Table 1). In general, drought treatment, drought duration
and species significantly affected W4, and ¥q was significantly influ-
enced by drought duration and species (Table 2, P < 0.05). ¥,q for
O. pinnata and D. odorifera both decreased after Day 52 of drought
treatment (Fig. S2a and b). ¥jq for C. fissa and M. macclurei sharply
decreased after Day 24 and Day 64 of drought treatment, respectively
(Fig. S2c and d). Compared to the control, four tree species under
drought treatment had significantly lower ¥4 and ¥,q across drought
duration. O. pinnata and C. fissa in HD treatment had lower ¥,q and Wiq
than D. odorifera and M. macclurei (Fig. S2a-h, P < 0.001).

3.3. Photosynthesis

At pre-drought, Ay and gs were the highest for D. odorifera, followed
by C. fissa, O. pinnata and M. macclurei pinnata (Table 1). Overall, Agyt
and gs were significantly affected by drought treatment, drought dura-
tion and species (Table 2, P < 0.01). Drought treatment led to significant
decreases in Ag,¢ for O. pinnata across drought duration (30.8%, 37.0%
and 42.2% for LD, MD and HD, respectively; Figs. S3a and 3a,
P < 0.001). Agy¢ for D. odorifera was significantly reduced by drought
treatment throughout drought duration (23.2%, 39.3% and 40.0% for
LD, MD and HD, respectively; Figs. S3b and 3a, P < 0.001). LD and MD
significantly reduced Agy for C. fissa, with declines of 26.2% and 36.9%,
respectively. C. fissa under HD had lower Ag,; than CK, LD and MD, with
declines of 69.6%, 16.4% and 8.5%, respectively (Figs. S3c and 3a,
P < 0.001). Agat for M. macclurei was significantly reduced by drought
duration (Figs. S3d and 3a, P < 0.001), but not drought treatment.
Drought treatments significantly reduced gs; for O. pinnata and
D. odorifera (Figs. S3e, f and 3b, P < 0.01). g for C. fissa was signifi-
cantly lower in HD than CK, LD and MD (Figs. S3g and 3b, P < 0.001). gs
for M. macclurei declined with drought duration (Figs. S3h and 3b,
P < 0.001).

Jmax and Vemax were significantly affected by drought treatment,
drought duration and species (Table 2, P < 0.05). MD and HD signifi-
cantly reduced Jy,ax for D. odorifera by 27.4% and 33.2%, respectively
(Figs. S3j and 3¢, P < 0.01). Jyax for C. fissa was significantly decreased

by MD and HD across drought duration, with declines of 43.0% and
57.3%, respectively (Figs. S3k and 3¢, P < 0.05). Drought treatment did
not affect Jyax for O. pinnata and M. macclurei (Figs. S3i, S31 and 3¢). MD
and HD significantly reduced V.max for D. odorifera across drought
duration by 33.0% and 39.6%, respectively (Figs. S3n and 3d, P < 0.05).
Drought treatment significantly decreased Vcmax for C. fissa (25.5%,
42.0% and 59.4% for LD, MD and HD, respectively; Figs. S30 and 3d,
P < 0.001). Drought treatment did not affect Vy,ax for O. pinnata and
M. macclurei (Figs. S3m, S3p and 3d).

3.4. g responds to declining ¥pq

Across large ranges of Wpq for O. pinnata ([—0.24, —2.44] MPa),
D. odorifera ([—0.20, —1.99] MPa) and C. fissa ([—0.36, —1.86] MPa), g
slowly decreased. However, over a small range of Wpq for M. macclurei
([-0.18, —1.26] MPa), gs declined very quickly (Fig. 4). Pgso for
M. macclurei was the highest (i.e., less negative) (—0.17 [-0.27, —0.07]
MPa), followed by D. odorifera (—0.52 [—0.69, —0.35] MPa), O. pinnata
(—0.58 [—0.78, —0.38] MPa) and C. fissa (—0.86 [-0.96, —0.76] MPa).
While Pgsoo for C. fissa was the highest (i.e., less negative) (—-1.97 [,
—1.54] MPa), followed by O. pinnata (—2.66 [, —1.80] MPa), D. odorifera
(—2.94 [, —1.93] MPa) and M. macclurei (—2.94 [, —1.92] MPa) (Fig. 4
and Table 3).

3.5. Plant water relations and leaf morphological traits

At pre-drought, LMA for C. fissa, M. macclurei, O. pinnata and
D. odorifera were 154.7, 161.2, 168.7 and 254.6 g cm™%, respectively
(Table 1). In generally, drought treatment and species both affected
€min, LDMC and LMA (Table 2, P < 0.05); TLP was not influenced by
drought treatment, but varied among species (Table 2, P < 0.001). gmin
for D. odorifera was significantly reduced by MD and HD compared to CK
and LD (Table 3, P < 0.001). MD and HD lowered TLP for O. pinnata
(Table 3, P <0.05). MD and HD significantly increased LDMC for
O. pinnata, while reduced LDMC was observed in C. fissa under HD
(Table 3, P < 0.05). LMA for O. pinnata was higher under MD and HD
than CK and LD. HD induced higher LMA for D. odorifera. M. macclurei
had higher LMA under LD and MD compared with CK and HD (Table 3,
P < 0.05).


Administrator
高亮

Administrator
高亮

Administrator
高亮

Administrator
高亮


T. Wu et al.

® — CKR2=0.82, P<0.001 ® — CKR%=0.66, P<0.001
LD R2=0.67, P<0.001 LD R?=0.46, P=0.002
A  — MD R%=0.68, P<0.001 A — MDR?0.24, P=0.04
v — HDR?0.91, P<0.001 v — HDR?=0.43, P=0.005
15 15
(a) (d)
° L]
10 /
v
a8 <7 .
5 <z v
B A
- A
0 v
0.00 0.07 014 0.21 0.00 0.07 014 0.21

g<(mol maA sr) gs(mol mA srf)

® — CK R’=0.72, P<0.001 e — CK R?=0.27, P=0.02
LD R%*=0.67, P<0.001 LD
A — MD R%*=0.67, P<0.001 A MD
v — HD R%=0.55, P=0.002 v HD
15+
—~ (e)
A . .
qE 10
g vy A“o
5 5 - .. .
® A * - ,.
<m ety
v
T 1 0 T T 1
0 50 100 150 0 50 100 150
2 o1 - -
Jimax (Mol m? s°1) Jimax (WMol m2 )
® — CKR?=0.75, P<0.001 ® — CK R?=0.28, P=0.02
LD R%=0.66, P<0.001 LD R2=0.24, P=0.03
A — MD R%*0.80, P<0.001 A MD
v — HDRZ%0.52, P=0.002 v HD
15 15
(c) ®)
* o
10

Yo%
- Y .
5 v .
°
RN
vt v

v

A

Environmental and Experimental Botany 203 (2022) 105046

T T T T 1 0-+— T T
0 10 20 30 40 50 10 20 30

Vemax (Mol m? s7) Vemax (HMol m2 s™)

4 50

® — CK R?=0.48, P=0.001 ® — CK R%0.68, P<0.001
LD R?=0.37, P=0.004 LD R?=0.59, P<0.001
A — MD R%=0.25, P=0.02 A — MD R?=0.29, P=0.02
v — HD R%=0.53, P=0.004 v — HD R%0.71, P<0.001
15 15+,.
(9) 0)
10
5
Vav
04= T T T T T T
0.00 0.07 014 021 0.00 007 014 0.21
gs(mol miA sr) gs(mol mAsr)
® — CKR%0.33, P=0.009 ® — CKRZ?=0.85, P<0.001
LD R?=0.52, P<0.001 LD R?=0.61, P<0.001
A — MDRZ%0.29, P=0.01 A — MD R?*0.25, P=0.03
v HD v — HDR2=0.73, P<0.001
15+ 15 4
(h) (k)
L] L]
104 e o 10 4 oo o
A L A L
A '. ),74., ° '. ’,5.’_
04 v v v
o W Y vy oS e o 44
k|  §
0 T — T 1 0 T — T 1
0 50 100 150 0 50 120 , 150
Jmax (Hmol m? ™) Imax (HMOI M2 5
® — CKR?=0.34, P=0.008 ® — CK R?=0.28, P=0.01
LD R?=0.41, P=0.003 LD R?=0.30, P=0.02
A — MDR%0.27, P=0.02 A — MD R%=0.31, P=0.01
v HD v — HD R?=0.63, P<0.001
154,. 15
(i) (U]

15//

Avw v Vv

Ar‘

6 10 20 30 40 50 0 10 20 30 40 50
Vemax (Mol m? s7) Vmax (HMol m2s™)

Fig. 5. Relationship between the light-saturated photosynthetic rate (A, and stomatal conductance (gs, a, d, g and j), area-based maximum rate of photosynthetic
electron transport (Jmax, b, €, h and k) and area-based maximum rate of photosynthetic Rubisco carboxylation (Vemay, C, f, i and 1) for Ormosia pinnata, Dalbergia

odorifera, Castanopsis fissa and Michelia macclurei.

3.6. Correlations between Asq and g5, Jmax and Vemax

Agqt for O. pinnata and M. macclurei were positively correlated with
gs, Jmax and Vemax (Table S2). The slopes between Agy¢ and Vemax for
O. pinnata decreased with increasing drought intensity (Table S2 and
Fig. 5¢, P < 0.01), while that for M. macclurei increased with increasing
drought intensity (Table S2 and Fig. 51, P < 0.05). Agy¢ for D. odorifera
and C. fissa were positively correlated with g;, while there were no
significant correlations between Agy¢ and Jpax, Or between Agae and Vemax
in MD or HD (Table S2 and Fig. 5).

The effects of stomatal and biochemical limitations on Ag,y for the
four tree species.

Stomatal and biochemical limitations explained lower Agy for
O. pinnata by 14% and 9%, respectively (Fig. 6a). Reduced Ag, for
D. odorifera was explained by stomatal and biochemical limitations,
accounting for 42% and 13%, respectively (Fig. 6b). Stomatal and
biochemical limitations explained decreased A, for C. fissa by 40% and
12%, respectively (Fig. 6c¢). Biochemical and stomatal limitations
explained lower Ag for M. macclurei by 22% and 16%, respectively
(Fig. 6d).

4. Discussion

In this drought treatment experiment, we tested our objectives and
found that (a) O. pinnata adapted to drought by decreasing TLP and
increasing LDMC and LMA, while D. odorifera decreased gmin and
increased LMA. C. fissa was the most susceptible to water loss due to
slow stomatal closure, while M. macclurei closed stomata quickly to
reduce water loss; (b) drought reduced Agy for O. pinnata, D. odorifera
and C. fissa, which was primarily driven by declining g; and further
decreased growth for O. pinnata and D. odorifera. Agy: for M. macclurei
was not affected by drought due to stable Jpax and Vemay; (¢) Overall, the
seedling of M. macclurei might be most suitable in plantations during soil
water drought stress due to earlier stomatal closure and lower TLP.

4.1. Adaptive strategies to drought for the four tree species

gs for C. fissa was less sensitive to drought, while M. macclurei was
most sensitive to drought. Reduced ¥pq, ¥mq and g had been observed
in the four tree species, which was due to declining soil water moisture
(Garcia-Forner et al., 2016). O. pinnata, D. odorifera and C. fissa had
more negative Pgs0, suggesting that they could maintain gas exchange
until more negative water potentials (Klein, 2014; Bartlett et al., 2016;
Henry et al., 2019). C. fissa exposed to drought initiated stomatal closure
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Fig. 6. Variation partitioning analysis (VPA) showing the effects of stomatal limitation (gs) and biochemical limitation on photosynthetic rate (As,) for Ormosia
pinnata, Dalbergia odorifera, Castanopsis fissa and Michelia macclurei. Biochemical limitation contains area-based maximum rate of photosynthetic Rubisco carbox-
ylation (Vemay) and area-based maximum rate of photosynthetic electron transport (Jmax)-

latest (Pgs50) but completely closed stomata earliest (Pgsop), indicating
small differences in water potential between initial and complete sto-
matal closure (Brodribb et al., 2016; Li et al., 2019). C. fissa slowly
initiated stomatal closure, which would contribute to its faster water loss
(Farrell et al., 2017). M. macclurei sustained stable ¥,q before Day 62
regardless of declining soil moisture, which might be due to tighter
stomatal regulation (Nolan et al., 2017; Fu and Meinzer, 2019).
M. macclurei had less negative Pgs50 among the four tree species, sug-
gesting that it was most sensitive to water stress and closed stomata
earliest to avoid cavitation (Henry et al., 2019). Similar to Li et al.
(2018a), early stomatal closure for M. macclurei was a critical strategy to
adapt to drought, resulting in less water loss. M. macclurei sustained
open stomata until leaf water potential was low, reflected by a more
negative Pgs90, which might be related to early stomatal closure.

Drought decreased gmin for D. odorifera, which could reduce water
loss for D. odorifera and increase the time to hydraulic failure and plant
desiccation (Brodribb et al., 2014; Duursma et al., 2019; Challis et al.,
2021; Levionnois et al., 2021). The alteration in chemical composition of
the cuticle may lead to decreased gmin, as supported by other studies
(Bueno et al., 2019; Duursma et al., 2019). Although O. pinnata, C. fissa
and M. macclurei exhibited low plasticity in reducing gmin, they had
lower water loss than D. odorifera after stomatal closure due to lower
gmin- Future studies should further investigate the contribution of gp;, to
plant desiccation time (Martin-StPaul et al., 2017; Levionnois et al.,
2021).

Lower TLP was observed in O. pinnata under drought, which could
delay stomatal closure to maintain hydraulic transport, photosynthesis
and growth until soil water potential was low (Brodribb et al., 2003;
Blackman et al., 2010; Zhang et al., 2021). Reduced TLP for O. pinnata
might be due to solutes accumulation, including ions, sugars, amino
acids, and organic acids (Chen and Jiang, 2010; Bartlett et al., 2014;
Zhang et al., 2021), which would enhance water retention capacity and
maintain turgor pressure by increasing water uptake from soil (Inoue

et al., 2017). D. odorifera and M. macclurei had more negative TLP than
O. pinnata and C. fissa in the high drought treatment, suggesting that
D. odorifera and M. macclurei might have higher drought tolerance and
lower hydraulic vulnerability (Bucci et al., 2019).

Drought enhanced LDMC for O. pinnata but decreased it for C. fissa,
and increased LMA for O. pinnata and D. odorifera but reduced it for
M. macclurei. Increased LDMC for O. pinnata might be driven by higher
leaf toughness, reducing its water loss (Blumenthal et al., 2020). Lower
LDMC caused by drought had been observed in C. fissa, which would
promote water loss and not be beneficial for its growth and survival
(Jung et al, 2014). Drought-induced enhancements in LMA for
O. pinnata and D. odorifera might be due to enhanced leaf thickness,
which would help them conserve water and enable them to better adapt
to drought (Chen and Wang, 2009; Limousin et al., 2010; Michaletz
et al., 2015). In addition, Binks et al. (2016) demonstrated that drought
increased the thickness of spongy mesophyll to store more water, which
may contribute to higher LMA for O. pinnata and D. odorifera. However,
thinner leaves for M. macclurei might lead to its declining LMA, as
demonstrated by Mitchell et al. (2008).

4.2. Stomatal and biochemical limitations to Asq

We found that drought significantly decreased Agy for O. pinnata,
D. odorifera and C. fissa, thereby inhibiting growth for O. pinnata and
D. odorifera; however, Ag, in M. macclurei was not affected by drought.
Drought reduced Jnax and Vemax for D. odorifera and C. fissa. Limited
rubisco-1, 5-bisphosphate regeneration induced by drought might
contribute to lower Jp,x for D. odorifera and C. fissa (Carmo-Silva et al.,
2010). Drought reduced Vmax for D. odorifera and C. fissa, which might
be related to lower Rubisco activity and changes in leaf structural traits
(Limousin et al., 2010; Misson et al., 2010). Drought-induced lower Ag,¢
for O. pinnata, D. odorifera and C. fissa were positively associated with
declining g;, but biochemical limitations decreased with drought
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intensity. Contrary to our results, previous studies demonstrated that
lower Ag,: induced by high drought was mainly due to non-stomatal
(biochemical and mesophyll) limitations, which exceeded stomatal
limitation (Misson et al., 2010; Sperlich et al., 2016). Lower Ag for
O. pinnata and D. odorifera contributed to their declining growth (Aal-
tonen et al., 2017). Many studies demonstrated that tight stomatal
regulation led to nutrient deficiency due to reduced nutrient transport as
a function of declining transpiration, which would further inhibit
photosynthetic biochemical processes (Vaz et al., 2010; Salazar-Tortosa
et al.,, 2018). However, drought did not affect Jphax and Vemax for
M. macclurei, which might be related to long-term nutrient uptake, as a
result of its prolonged stomatal closure (Li et al., 2016; Shrestha et al.,
2021). Additionally, the correlation between Agy¢ and Vemax for
M. macclurei increased with drought intensity. Thus, no change in Ag,;
for M. macclurei under drought was driven by stable Jpax and Vemax-
Overall, stomatal limitation exerted greater impact than biochemical
limitation on declining Agy¢ for O. pinnata, D. odorifera and C. fissa, while
biochemical limitations were greater than stomatal limitations for
M. macclurei.

4.3. Species best adapted to drought

Warmer and drier environments increased tree mortality in sub-
tropical plantations (Duan et al., 2022), while physiological plasticity in
response to drought may improve tree growth and reduce mortality (Liu
et al., 2018). In response to future climate change, selecting tree species
with physiological and morphological traits that confer high drought
tolerance and resistance will be critical for maintaining growth during
drought periods and potentially generating higher wood carbon storage
and lumber production in plantations (Rahman et al., 2019). Among the
four tree species, M. macclurei exhibited the lowest negative effects of
soil water deficit due to high drought avoidance (earlier stomatal
closure) and resistance (lower TLP) (Choat et al., 2018; McDowell et al.,
2022). Earlier stomatal closure might reduce the potential for impair-
ment of leaf hydraulic conductivity in M. macclurei, and hence following
re-rewatering there might be more rapid recovery of physiological
processes in the whole plant (Li et al., 2021; Manzi et al., 2022). Thus,
M. macclurei may exhibit higher drought resilience than other three tree
species due to fast physiological recovery (Li et al., 2021). In addition,
M. macclurei maintained photosynthesis, while drought reduced photo-
synthesis for the other three tree species. Stable photosynthesis in
M. macclurei may facilitate non-structural carbohydrate (NSC) accu-
mulation, which may provide carbon to improve osmotic regulation,
thereby increasing water acquisition during drought (Li et al., 2021).
Overall, M. macclurei might be the best adapted plantation tree for
growth in future drier climates.
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