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Abstract
Climate change effects on natural and managed ecosystems are di�cult to predict due to its multi-factor
nature. However, most studies which investigate the impacts of climate change factors on plants, such as
warming or drought, were conducted under one single stress and controlled environments. In this study,
we evaluated the effects of elevated temperature (+ 2°C) (T) under different conditions of soil water
availability (W) to understand the interactive effects of both factors on leaf, stem, and in�orescence
macro and micronutrients concentration and biomass allocation of a tropical forage species,
Stylosanthes capitata Vogel under �eld conditions. Temperature control was performed by a Temperature
Free-Air Controlled Enhancement (T‐FACE) system. We observed that warming changed nutrient
concentrations and plant growth depending on soil moisture levels, but the responses were speci�c for
each plant-organ. In general, we observed that warming under well-watered conditions greatly improved
nutrient concentration and biomass production, whilst the opposite effect was observed under non-
irrigated and non-warmed conditions. However, under warmed and non-irrigated conditions, we observed
that leaf biomass and leaf nutrient concentration greatly reduced when compared to non-warmed and
irrigated plants. Our �ndings suggest that warming (2°C above ambient temperature) and drought, as well
as both combined stresses, will change the nutrient requirements and biomass distributions between
plant aerial organs of S. capitata in tropical ecosystems, which may impact animal feeding in the future.

1. Introduction
During centuries, humans have been changing the atmospheric chemistry by adding gigatons of
greenhouse gases on the atmosphere, resulting in an additional radiative forcing on climate responsible
for warming the troposphere during the last decades. Recent studies indicated that warming will likely
exceed 2°C by 2100, while more extreme average temperature increases such as surpassing 4.5°C is
unlikely to happen (Sherwood et al., 2020). A warmer atmosphere brings many other consequences to
regional and global climate patterns such as changes in rainfall distribution and intensity (Tietjen et al.,
2017). Moreover, climate change involves simultaneous modi�cations in complexes set of climate
variables that interact to each other (e.g., temperature, water availability, atmospheric CO2 levels),
potentially affecting crop productivity and causing yield losses (Habermann et al., 2020; Olivera-Viciedo
et al., 2019, 2021a; Ortiz-Bobea et al., 2021). Therefore, countries that are highly dependent on agriculture
as the major economic activity are the most vulnerable to climate change, creating an urgent need for
studies to understand how these regions will be impacted by climatic changes.

Plant growth and development depend upon environmental variables, such as temperature, light intensity,
nutrients, and water availability (Hermans et al., 2006; Liu et al., 2020). However, under �eld conditions,
crops are exposed to different abiotic stresses simultaneously. Abiotic stress induced by climate change
is considered to be a leading threat to the worldwide agricultural productivity (Khanzada et al., 2020).
Under abiotic stress, plants adjust its physiology, nutrient uptake, and biomass production and allocation,
investing in organs that are involved in acquiring scarce resources (Marschner, 2011; Olivera-Viciedo et
al., 2021a).
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It`s widely known that plants responses and vulnerabilities to concomitant abiotic stresses cannot be
directly extrapolated from studies that evaluate each stress individually, since interactive effects are at
play under �eld conditions (Barreto et al., 2020; Habermann et al., 2021; Olivera-Viciedo et al., 2019,
2021b). This presupposes that the response of plants in adverse situations is dependent (at least in part)
on their adaptation and tolerance to combined stress conditions. Therefore, multifactorial experiments
are crucial when evaluating plant responses to climate change variables.

The impacts of warming, drought and their combination on tropical ecosystems are of great concern,
since these regions plays important roles in global carbon sink (Olivera-Viciedo et al., 2019, 2021a,
2021b). Water restriction combined with a warmer atmosphere are primary abiotic environmental factors
that limit crop production (Wang et al., 2020). Both stresses detrimentally decrease dry biomass, forage
quality and stoichiometric homeostasis, although the effects depend on plant species or photosynthetic
pathway (C3 or C4) (Habermann et al., 2021; Olivera-Viciedo et al., 2021b). Often, warming conditions
simultaneously occurs with drought stress and aggravates their individual in�uences on physical
damages, physiological, biochemical, and nutritional disruptions (Habermann et al., 2019a, 2019b;
Ventura et al., 2020). However, warming under well-watered conditions may improve plant growth and
nutrient acquisition, due to higher transpiration �ux and nutrient demand (Olivera-Viciedo et al., 2021b).

The Food and Agriculture Organization of the United Nations (FAO), reports that permanent meadows and
pastures covers approximately 3.4 billion hectares (Mha), which represents approximately 69% of the
world's agricultural area (O’Mara, 2012). In Brazil, almost 90% of beef cattle are produced on unfertilized
pasture and under rainfed conditions (Habermann et al., 2021). Brazilian livestock plays a signi�cant role
in country economy, accounting for approximately 31% of the Gross Domestic Product (GDP) of
agribusiness (Veloso et al., 2020). It should also be noted that Brazil is the second largest exporter of beef
in the world, with the second largest commercial herd, which is estimated in about 214.7 million cattle
heads, mostly grass-fed (IBGE, 2020). Therefore, these ecosystems are an important resource for the
country, since it can be used as food for it is cattle, and also present a great potential for mitigation of
greenhouse gas emissions (Bustamante et al., 2012; Herrero et al., 2016; Ikhuoso et al., 2020). Despite
tropical forage legumes were �rst used on a wide scale several decades ago in the northeasterly
Australian Shaw, (1961), currently, most tropical pasture, mainly in Brazil, are dominated by C4 grasses
like Brachiaria brizantha, Megathyrsus maximus, and to a lesser extent by C3 legumes like Stylosanthes
capitata Vogel (Boddey et al., 2020; Olivera-Viciedo et al., 2021a, 2021b).

In this study, we used a temperature-free air-controlled enhancement (T-FACE) system to assess how
warming combined with different levels of soil water availability should impact nutrient concentration
and biomass distribution between different plant aerial-organs of S. capitata under �eld experimental
condition. S. capitata Vogel (Fabaceae, Papilionoideae, Dalbergieae) is considered one of the most
economically important tropical forage legumes with a wide distribution in Brazil, where 25 out of the 40
species of this genus are reported (Santos et al., 2009).
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Therefore, the aim of this study is to evaluate warming effects under different conditions of soil water
availability on nutrients concentration and biomass production of different plant aerial-organs of S.
capitata under �eld experimental conditions. Here, we conducted an experiment under �eld condition
using a T-FACE system to test two main hypotheses: 1) Warming effects will depend on soil water
availability, and 2) the effects of experimental treatments will be different for each organ.

2. Material And Methods

2.1 Installation and conduction of the experiment
Here we present evidence of a ~ 5 months warming event (2°C above ambient temperature) under
different conditions of soil water availability on a tropical pasture located in Brazil under �eld conditions
using a T-FACE system. The study was carried out in an area of 2500 m2 located at Ribeirão Preto
campus of the University of São Paulo (USP), SP, Brazil (21°10′8″S, 47°51′48″W) (further details, see
Olivera-Viciedo et al. 2021a, and supplementary data cited therein). The soil in this area is classi�ed as a
Rhodic Ferralsol with a clay texture, where the annual average temperature is 22°C, and average yearly
precipitation of 1508 mm (Climate-Data, 2020). The design, operation of the T-FACE system, and the soil
water de�cit induction are described in details in Olivera-Viciedo et al. (2021a).

2.2. Experimental design and plant growth
Treatments were arranged in a randomized block design with three replications in a 2 × 2 factorial
scheme with two factors with two levels each: canopy temperature (T): elevated (eT) and ambient (aT),
and soil water regime (W): irrigated (IR) and non-irrigated (NIR), distributed in 12 plots of 16 m2 (4 × 4 m),
where we created four combinations: (i) irrigated and ambient temperature (IRaT), (ii) irrigated and + 2°C
above ambient temperature (IReT), (iii) non-irrigated and ambient temperature (NIRaT), (iv) non-irrigated
and + 2°C above ambient temperature (NIReT). Seeds of S. capitata cv “Campo Grande” were sown on
November 2017 (early summer) and after seeding and pasture establishment (~ 4 months), half of the
plots were submitted to a rainfed period (i.e., drip irrigation was suspended) for 21 days, and the other
half were irrigated as necessary to maintain the soil water content (SWC) at ~ 0.50 m3 water m− 3 soil.
During the rainfed period, no precipitation was observed. Warming treatment was applied since sowing
and therefore, seedling growth and pasture establishment of warmed plots occurred under a + 2°C
warming, totalizing ~ 5 months of warming treatment.

2.3. Aboveground biomass and nutrients analysis
Every week after the beginning of the rainfed period, aboveground biomass production was estimated
using the square method, with an area of 0.2 m × 0.2 m (0.04 m2). Three areas were randomly sampled
per plot and mixed to form a composite sample. All collected plants were separated into leaves,
in�orescences, and stems. Immediately, all plants were washed with neutral detergent solution (0.2%),
HCl solution (0.1%), and �nally deionized water (Olivera-Viciedo et al., 2020). Then, plant material was
dried in a forced air circulation oven (65 ± 5°C) until a constant weight to calculate total dry biomass for
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each tissue. Later, it was pulverized an electric mill (Willey type), and the powder samples were used for
the chemical analyses of macronutrient (K, Ca, and Mg) and micronutrients (Cu, Fe, Mn, and Zn). From
the digestion of the samples in nitric acid (HNO3) and perchloric acid (HClO4) solution, K, Ca, Mg, and
micronutrients content were determined by atomic absorption spectrophotometry (Bataglia et al., 1983).
For the nutrients analysis, we established the last sampling (21 days after the beginning of the rainfed
period) as effective sampling during a single growth period to re�ect the local agricultural practice
(Olivera-Viciedo et al., 2019).

2.4. Statistical analysis
We used a factorial two-way analysis of variance (ANOVA), having initially assessed the homogeneity of
variance to test the main effects of two levels of soil water regime (W) and two canopy temperatures (T),
as well as their interactions (T×W). The data normality was checked by the Shapiro–Wilk test. The mean
values were compared using the least signi�cant difference (LSD) Fisher test with a signi�cance level of
p-value less than 0.05. When necessary, we performed a student-t test to compare two average values. A
multiple correlation analysis was performed between leaf concentration of certain nutrients (K, Ca, Mg,
Cu, Fe, Mn, and Zn) to total concentration of the same nutrient versus leaf dry biomass to total biomass
to evaluate the allocation, relation or dependency between nutrient and biomass allocation. We used the
SAS software (version 9.4) to conduct all the statistical analyses.

3. Results

3.1 Nutrient concentrations in different plant aerial-organs
Each organ was differentially affected by treatments and there was no consistent pattern of response to
warming and rainfed conditions for both, macronutrients and micronutrients (Fig. 1 and Fig. 2, Table S1,
S2, and S3). Stem K concentration [K] decreased under all experimental conditions, while in�orescences
[K] increased under all experimental conditions (Fig. 1A, Table S1). However, for leaf [K] we observed an
interactive effect between temperatures and soil water availability (T x W) which resulted in higher [K]
under warming, although only under well-watered conditions (IReT, p ≤ 0.001), with an increase in 57%
compared to NIReT (Fig. 1A-C).

We observed that an interactive effect (T x W) decreased in 47.6% stem Ca concentration [Ca] under
NIReT when compared to current conditions (IRaT) (Student-t test comparison) (Fig. 1B, Table S2). Leaf
[Ca] increased due to warming effects, resulting in a 69% higher leaf [Ca] under NIReT when compared to
IRaT (Fig. 1B, Table S2). For in�orescences [Ca], we observed antagonistic effects between T × W,
resulting in less [Ca] under irrigated plots (IRaT, IReT) when compared to non-irrigated (NIRaT, NIReT),
regardless of temperature effect (Fig. 1B, Table S2). For stem Mg concentration [Mg], we observed that
warming as an isolated factor decreased [Mg], whilst NIRaT conditions increased stem [Mg], resulting in
an interactive effect under NIReT responsible for decreasing stem [Mg] in approximately 35% when
compared to IRaT (Student-t test comparison) (Fig. 1C, Table S3). Leaf [Mg] was not affected by
treatments, whilst in�orescences [Mg] decreased under IReT (Fig. 1C, Table S3).
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There was no consistent pattern of response to the isolated effects of warming or rainfed conditions on
[Cu], [Fe], [Mn], and [Zn] concentrations in stems, in�orescences, and leaves (Fig. 2, Table S4, S5, S6, S7).
However, except for leaf [Cu], we observed a clear tendency of response for leaves under the combined
conditions of NIReT and leaf [Fe], [Mn], and [Zn] were reduced under NIReT when compared to current
conditions (IRaT) (Student-t test comparison) (Fig. 2, Table S4, S5, S6, S7). Meanwhile, the in�orescences
and stems were negatively in�uenced under NIReT for all micronutrients, except for Zn in stem, when
compared to IRaT (Fig. 2A-D).

3.2. Correlation analysis between leaf nutrients and
biomass
We conducted a multiple correlation analysis between leaf [nutrient]:aboveground [nutrient] versus leaf
biomass:aboveground biomass and we observed signi�cant differences between all experimental
treatments (Fig. 3 and Fig. 4). The ratios of leaf K, Ca, and Mg vs. biomass ratios (Fig. 3A-C), linearly
increased under well-watered soil conditions plus warming (IReT). This positive correlation between leaf
K, Ca, Mg concentration, and biomass allocation indicates that the allocation of the two resources is
coupled, so that an increase in biomass in the organ results in a corresponding allocation of the element
to the same organ. Similar to macronutrients, the micronutrients showed a positive correlation in
response to leaf nutrient concentration vs. biomass in IReT treatments (Fig. 4A-D). Higher positive
correlation between these parameters could be identi�ed for Fe (r = 0.72) and Mn (0.82), respectively,
while a weak positive correlation for Cu (r = 0.25) and Zn (r = 0.13).

3.3. Plant biomass production and distribution
For plant biomass production, we observed clear patterns of response to temperature and irrigation
regime. Rainfed conditions, but not warming, signi�cantly affected aboveground biomass of S. capitata
(Fig. 5A-C). In the �rst sampling date (7 days after the beginning of the rainfed period) (Fig. 5A), we
observed signi�cant interactions between W × T for leaves, in�orescence, and stems for plant biomass
production. Under IReT plots, warming favored an increased biomass allocation for all plant aerial-organs
(Fig. 5A-C). For leaves, IReT and IRaT treatments increased dry biomass in 36% and 25% compared to
NIReT and IRaT treatments, respectively (Fig. 5A). Within the same soil water regime condition (NIR,
plots), there were no signi�cant differences in biomass leaf production regardless of temperature.
However, under combined conditions of NIReT, we observed that leaf biomass decreased in
approximately 19% when compared to IRaT (Student-t test comparison).

At the second sampling date (Fig. 5B) We observed that within the same soil water condition (IR plots),
warming signi�cant increased dry mass production in all plant aerial-organs, even under non-irrigated
conditions for in�orescences (Fig. 5B). Leaf dry biomass was not different between NIReT and IRaT
(Student-t test comparison). In the last sampling date (Fig. 5C), dry biomass production increased under
irrigated treatments for all plant organs, particularly under elevated temperature (Fig. 5C). However, there
was no signi�cant interaction between factors, and only for in�orescences the combinate effect of
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drought plus warming (NIReT, plots) increased compared with individual drought effect (NIRaT). For leaf
biomass production, we observed that under NIReT leaf dry mass reduced by approximately 20%
compared to IRaT (Student-t test comparison) (Fig. 5C).

4. Discussion
This study investigated the individual and combined effects of two climate change variables
(temperature and soil water availability) on nutrient concentration and biomass production of different
aerial-organs of a tropical forage legume grown under �eld conditions. Our data corroborated both initial
hypotheses, since warming effects were dependent on soil water availability and warming and irrigation
regimes impacted S. capitata organs in different ways.

Recent studies on plants acclimation subjected to abiotic stress conditions such as drought or warming,
have provided important information over the last years (Habermann et al., 2021; Olivera-Viciedo et al.,
2021a). However, plant responses to a single stress cannot be used to infer the effects of combined
stresses due to the interactive effects (Olivera-Viciedo et al., 2021b), highlighting the importance of
multifactorial studies. Several studies have reported that the responses of plants to warming under
different soil water availability are diverse (Hat�eld and Prueger, 2015; Kong et al., 2020; Olivera-Viciedo et
al., 2019), indicating that more studies that allow a better understanding of the interactions between
temperature and soil water content are needed in order develop effective adaptation practices for
agronomic systems in response to climate extremes.

Plants respond to environmental changes partitioning biomass to different organs as a mechanism to
enhance resource utilization and growth (Olivera-Viciedo et al., 2021b). In this study, biomass production
and nutrient concentration of leaves, in�orescence, and stems of S. capitata was changed by both
environmental factors (Fig. 1 and Fig. 2). Plant responses to different environments can be determined by
the nutrient status of its tissues, water status, photosynthetic acclimation, and other factors (Barreto et
al., 2020; Habermann et al., 2021; Olivera-Viciedo et al., 2021a; Onoda et al., 2017).

In general, plant nutrient concentrations in�uence each other during the growing season, especially in the
leaf tissues (Olivera-Viciedo et al., 2021b). We observed a signi�cant decrease in [K], [Ca], and [Mg]
(Fig. 1A-C), and at the same time, a lower concentration for micronutrients (Fig. 2A-D) in leaves of S.
capitata, especially under drought plus warming. This result gives support to our �rst hypothesis, and
indicates that warming exacerbated individual effect of reduced soil water availability, affecting even
more negatively foliar nutrient concentrations. Furthermore, low soil moisture due to warming can affect
the dynamics of soil microbial communities, decomposition and mineralization rates (Oliveira et al.,
2020), which may reduce leaf nutrients concentrations (Gerdol et al., 2016), and consequently, a lower
plant growth (Fig. 5A-C). It is also known, that warming under reduced soil moisture affect plant
stoichiometric homeostasis, leaf/in�orescence and leaf/stem ratios, potentially decreasing aboveground
biomass production (Olivera-Viciedo et al., 2021a). We also observed that in�orescences biomass
increased by warming effects. This positive effect of warming on �owering of S. capitata has been
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recently reported by Alzate-Marin et al. (2021), and has a great potential to change the pollination and
reproductive potential of this species under future climate change effect. These results are in agreement
with our previous experiment (Olivera-Viciedo et al., 2021a).

S. capitata growth conditions changed the nutrients allocation and biomass between plant aerial-organs.
For example, the positive correlation between leaf ratio of macronutrients and micronutrients vs. biomass
ratios (Fig. 3, and Fig. 4), as well as biomass allocation for all plant aerial-organs (Fig. 5A-C) under
warming and well-watered condition, might be due to a higher leaf nutrient concentration (Fig. 1, Fig. 2),
and homeostatic capacity (Olivera-Viciedo et al., 2019), improving the nutrient use e�ciency and plant
growth in agreement with the results of Olivera-Viciedo et al. (2021b). The underlying mechanisms of this
response are probably associated with an improved leaf area, photosynthesis rate and PSII performance
(Martinez et al., 2014). Therefore, our �ndings clearly suggest that warming, water availability, and
nutrients resources strongly control the variations of biomass distributions between different aerial-
organs of S. capitata grown in the �eld.

In our previous study, we found that C, N, and P stoichiometry of S. capitata and their relationships was
severely affected by soil water availability, particularly under drought plus warming (Olivera-Viciedo et al.,
2021a). In this study, our results implied that drought alone and drought plus warming interaction impact
nutrient uptake and biomass allocation, while, warming (+ 2°C above ambient) will be advantageous only
under well-watered condition (IR, plots). Warming under well-watered conditions increased leaf K, Ca, Mg,
Cu, Fe, Mn, and Zn concentration and biomass production for all plant aerial-organs, with a positive
correlation between leaf nutrient concentrations vs. biomass ratios. However, there was no consistent
pattern for the effects of warming on K, Ca, Mg, Fe, and Zn concentrations in the stems and Ca, and Mg in
in�orescences.

Mineral composition of forage species is also important for animal nutrition, since nutrients uptake by
cattle is almost completely provided by pastures, especially in tropical and subtropical regions (Olivera-
Viciedo et al., 2021b). Here, we observed that a warmer atmosphere under non-irrigated conditions greatly
decreased the leaf concentration of many nutrients. This response is especially important, since most of
the tropical pastures are rainfed and frequently submitted to water stress periods. In addition, leaves are
the main organs that are eaten by animals. Therefore, our results suggests that animal feeding may be
impact under future conditions. Previous studies also showed that warming, especially under low soil
moisture will reduce forage quality and digestibility of S. capitata due to increased concentration of �bers
and lignin, and reduced content of leaf crude protein (Habermann et al., 2021). Thus, the results obtained
here may amplify the decrease in nutritional value of S. capitata found in other studies.

Therefore, we conclude that warming can change leaf nutrient concentrations and plant growth in
tropical pasture, but the responses are speci�c for each plant-organs. Considering there are few �eld
studies in tropical environments that simulate a combination of drought plus warming, our �ndings bring
important insights and inspire further studies in this �eld.
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Figure 1

Nutrient concentration in different aerial organs of Stylosanthes capitata. K (A), Ca (B), and Mg (C) in
response to treatments. Irrigated and ambient temperature (IRaT), irrigated and +2°C above ambient
temperature (IReT), non-irrigated and ambient temperature (NIRaT), non-irrigated and +2°C above
ambient temperature (NIReT). Vertical bars represent the mean ± standard error (n = 3). Different
lowercase letter (a, b) indicates signi�cant differences between different soil water regime at the same
temperature, and different (A, B) uppercase letters indicate signi�cant differences within the same soil
water regime at the different temperatures, according to the F test (P ≤ 0.05).
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Figure 2

Nutrient concentration in different aerial organs of Stylosanthes capitata. Cu (A), Fe (B), Mn (C) and Zn
(D) in response to treatments. Irrigated and ambient temperature (IRaT), irrigated and +2°C above
ambient temperature (IReT), non-irrigated and ambient temperature (NIRaT), non-irrigated and +2 °C
above ambient temperature (NIReT). Vertical bars represent the mean ± standard error (n = 3). Different
lowercase letter (a, b) indicates signi�cant differences between different soil water regime at the same
temperature, and different (A, B) uppercase letters indicate signi�cant differences within the same soil
water regime at the different temperatures, according to the F test (P ≤ 0.05).
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Figure 3

Correlation analysis between leaf nutrient concentrations and biomass ratios of Stylosanthes capitata. K
(A), Ca (B), and Mg (C) in response to treatments. Irrigated and ambient temperature (IRaT), irrigated and
+2°C above ambient temperature (IReT), non-irrigated and ambient temperature (NIRaT), non-irrigated
and +2°C above ambient temperature (NIReT). r = correlation coe�cient.
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Figure 4

Correlation analysis between leaf nutrient concentrations and biomass ratios of Stylosanthes capitata.
Cu (A), Fe (B), Mn (C), and Zn (D) in response to treatments. Irrigated and ambient temperature (IRaT),
irrigated and +2°C above ambient temperature (IReT), non-irrigated and ambient temperature (NIRaT),
non-irrigated and +2 °C above ambient temperature (NIReT). r = correlation coe�cient.
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Figure 5

Biomass production of different aerial organs of Stylosanthes capitata during the �rst (A), second (B),
and third (C) sampling date of plants exposed to rainfed and warming conditions, both as individual or
combined factors. Irrigated and ambient temperature (IRaT), irrigated and +2°C above ambient
temperature (IReT), non-irrigated and ambient temperature (NIRaT), non-irrigated and +2 °C above
ambient temperature (NIReT). Different lowercase letter (a, b) indicates signi�cant differences between
different soil water regime at the same temperature, and different (A, B) uppercase letters indicate
signi�cant differences within the same soil water regime at the different temperatures, according to the F
test. Vertical bars represent means and standard error of three replicates. *p ≤ 0.05; ** p ≤ 0.01; NS, not
significant; W: water availability; T: temperature; W × T interaction; and F values from ANOVA (stem, leaf,
and in�orescences).
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