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Human activities have increased the possibility of simultaneous warming and drought, which will lead to different carbon (C) allocation and water use strategies in plants. However, there is no conclusive information from previous studies. To explore C and water balance strategies of plants in response to warming and drought, we designed a 4-year experiment that included control (CT), warming (W, with a 5°C increase in temperature), drought (D, with a 50% decrease in precipitation), and warming and drought conditions (WD) to investigate the non-structural carbohydrate (NSC), C and nitrogen (N) stoichiometry, and intrinsic water use efficiency (iWUE) of leaves, roots, and litter of Cunninghamia lanceolata, a major tree species in southern China. We found that W significantly increased NSC and starch in the leaves, and increased NSC and soluble sugar is one of the components of NSC in the roots. D significantly increased leaves’ NSC and starch, and increased litter soluble sugar. The NSC of the WD did not change significantly, but the soluble sugar was significantly reduced. The iWUE of leaves increased under D, and surprisingly, W and D significantly increased the iWUE of litter. The iWUE was positively correlated with NSC and soluble sugar. In addition, D significantly increased N at the roots and litter, resulting in a significant decrease in the C/N ratio. The principal component analysis showed that NSC, iWUE, N, and C/N ratio can be used as identifying indicators for C. lanceolata in both warming and drought periods. This study stated that under warming or drought, C. lanceolata would decline in growth to maintain high NSC levels and reduce water loss. Leaves would store starch to improve the resiliency of the aboveground parts, and the roots would increase soluble sugar and N accumulation to conserve water and to help C sequestration in the underground part. At the same time, defoliation was potentially beneficial for maintaining C and water balance. However, when combined with warming and drought, C. lanceolata growth will be limited by C, resulting in decreased NSC. This study provides a new insight into the coping strategies of plants in adapting to warming and drought environments.
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Introduction

The Intergovernmental Panel on Climate Change (IPCC) has shown that human actions contribute to a gradual increase in global average surface temperature due to elevated emissions of greenhouse gases such as carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) (IPCC, 2021). Human actions increase atmospheric evaporation and increase the possibility of droughts (IPCC, 2021). In current and future climate change, warming and drought may occur simultaneously and are expected to affect plant physiology and ecosystem function (Auyeung et al., 2013; Zhang et al., 2021). These effects include combined effects on plant foliar chemistry (Orians et al., 2019) as well as changes in carbon (C) balance and water balance (Mystakidis et al., 2016).

Carbon (C) plays a central role when plants are grown in negative environments because it is one of the most abundant and versatile elements involved in plant metabolism (Hartmann et al., 2020). Non-structural carbohydrates (NSC) can reflect the C balance between photosynthetic C assimilation and metabolic C demand in woody plants (Kannenberg and Phillips, 2019) and include soluble sugar (e.g., glucose and sucrose) and starch. Plants through newly absorbed C and stored NSC provide growth and other physiological functions such as respiration, osmoregulation, and defense mechanisms (Hartmann and Trumbore, 2016; Gersony et al., 2020; Trowbridge et al., 2021; Liu et al., 2022). At the same time, NSC is an important reserve substance that can be used in stressful environments (Yang et al., 2018), such as drought, warming, and excessive CO2 (Xu et al., 2013; Fernández de Simón et al., 2022). The NSC can reflect the C equilibrium status of the plants when grown in a negative environment. Therefore, identifying the changes of NSC storage under adverse conditions not only is key for understanding C dynamics in trees in the context of global climate change, but also has broader implications for ecosystem function and the prediction of forest responses to global change (Katarína et al., 2019).

NSC is of particular interest as they are the dominant currency of C allocation and they are also a critical indicator of C limitation of trees (Hartmann et al., 2020). Currently, drought is one of the most crucial abiotic stresses affecting plants and can affect a range of physiological processes in trees, which, in turn, affects their growth and productivity (Seleiman et al., 2021). At present, various studies have reported the impact of drought on NSC, but there are conflicting results regarding NSC dynamics during drought (Mitchell et al., 2013; Lin et al., 2018). Therefore, further investigations are needed to better understand and predict adaptation strategies of plant C balance to global climate scenarios. At the same time, warming may have deleterious consequences on subtropical and tropical forests because numerous tree species occur near the thermal optimum due to climate change (Li et al., 2016). It has been shown that at high temperatures, a decrease in photosynthesis due to higher respiration, stomatal closure, may lead to a rapid depletion of the C storage pool (Zhao et al., 2013). Similar to drought, the effects of warming on plant NSC are not obviously established (Shi et al., 2015; Danielle et al., 2016; Tang et al., 2016; Zheng et al., 2018). Most studies thus far have focused only on the response of NSC to individual plant tissues to environmental stresses (Michael et al., 2014; Hartmann and Trumbore, 2016). This can lead to inconsistent results, as different tissues may have different C allocation strategies. Changes in NSC concentration between different plant organs can reflect the allocation strategy of NSC under negative C balance (He et al., 2020; D'Andrea et al., 2021; Guo et al., 2021). At present, the mechanism of the effect of drought on NSC is essentially understood, but adaptation strategies of C balance under drought and how warming affects the concentration and distribution of NSC in plants remain unclear. In addition, studies have shown that carbon in forest ecosystems may be vulnerable to the combined effects of drought and warming (Bonan, 2008). In particular, subtropical forests may be affected by additional warming and frequent droughts (Ma et al., 2017; Zhang et al., 2019). Therefore, quantitative studies of the contribution of NSC to the C balance under warming and drought conditions are essential for understanding the survival and growth of subtropical plants.

Intrinsic water use efficiency (iWUE) is defined as the ratio of the photosynthetic uptake of CO2 to the simultaneous transpiration loss of water vapor, both through the stomata (Farquhar et al., 1982a). Previous studies have shown that plants can improve their tolerance by increasing the iWUE values to help them grow under drought stress as water stress increases (Churakova et al., 2020; Yang et al., 2021). At the same time, high temperature may reduce stomatal conductivity and the transpiration rate of trees in leaves and increase iWUE (Granda et al., 2014; Hararuk et al., 2019), but the increase in iWUE did not offset the negative impact of warming on tree growth (Ren et al., 2022), which drove growth declines of about 50% (Heilman et al., 2021). In the course of plant life, water and carbon are so closely connected that it is difficult to separate them. Further research is needed to understand the relationship between iWUE and C, and strategies for C and water adaptation in a warming and drought environment. This knowledge gap has limited the understanding of the forest C and water cycle and the exploration of its mechanisms.

Under drought stress, trees mainly prevent water loss by reducing stomatal conductance and assimilation rate, while controlling C uptake by plants (Farquhar and Sharkey, 1982b; Adams et al., 2009). Meanwhile, the trees’ stored NSC has a potential role in increasing tolerance and maintaining survival (Francisco et al., 2018; Lin et al., 2018). iWUE serves as an indicator of stomatal responses to environmental variability and is indicative of the trade-off between C uptake and water loss (Kannenberg et al., 2021). If trees have water loss to promote tree growth, they would not be able to cope with increased drought. Hence, competition forces the trees to have a trade-off relationship between carbon uptake and water loss (Zhang et al., 2022). Tree-scale iWUE is affected by the allocation of C to different organs, and the formation, storage, and utilization of NSC to regulate plant metabolism (Hartmann and Trumbore, 2016). Therefore, the NSC and iWUE may cooperate to cope with environmental stress. Warming and drought affect carbon and water fluxes and their coupling relationships in ecosystems. Understanding how carbon and water respond to warming and drought conditions can help us predict future forest adaptation strategies under global climate change conditions.

To better explore the C and water adaptive strategies of woody plants in future warming and drought environments, the study focused on Chinese fir [Cunninghamia lanceolata (Lamb.) Hook.], one of the most valuable timber species in southern China, which is a typical subtropical coniferous tree species. This study is also significant for the carbon budget of terrestrial ecosystems (Yu et al., 2016). A 4-year experiment studied the effects of artificial soil warming (5°C) and isolation of 50% rainfall on tree C and water balance by investigating the NSC, iWUE, and C and N stoichiometry in multiple tissues (leaves, roots, and litter). This study aimed to answer the following questions: (1) How do the effects of warming and drought stress affect NSC and their composition in plants? (2) How do plants regulate their own C and water balance to adapt to warming and drought stress?



Materials and methods


Study sites

The study was carried out in the Forest Ecosystem and Global Change National Observation and Research Station of Fujian Normal University in Chenda Town (26°19′ N, 117°36′E), Sanming City, Fujian Province, China (Figure 1). The climate was characterized as a subtropical monsoon. The study site had a mean annual rainfall of 1,670 mm, which mainly fell from March to August, and the mean annual temperature was 19.1°C, besides a relative humidity of 81%. The soil has been classified as clay, gibbsite mixed, thermal, and Typic Hapludult. The elevation is 300 m above sea level.




Figure 1 | Map of the study area.





Experimental design

The experiment was a randomized complete block factorial design in twenty 2 m × 2 m mesocosms, including four treatments with five mesocosms per treatment. Factor levels were combined in four treatments: non-warming and non-isolated precipitation (CT), elevated temperature (5°C above the ambient soil temperature) and non-isolated precipitation (W), ambient temperature and isolated precipitation 50% (D), and elevated temperature and isolated precipitation 50% (WD).

The mesocosm and the surrounding soil were separated by four PVC boards (200 cm × 70 cm deep) to prevent mutual interference. In October 2013, heating cables with a depth of 10 cm and a spacing of 20 cm (the same cables were laid in all the communities) were laid in parallel. Soil temperature was measured using temperature sensors (T109; Campbell Scientific Inc., Logan, UT, USA) buried continuously between the heating cables in each mesocosm. The soil temperature significantly increased (5°C) in the warmed mesocosms at 10 cm depth by using warming cables, and the effects of the cables over the soil surface were equal to those of the control (Zhang et al., 2019).

In November 2013, 80 C. lanceolata seedlings with an average height of (25.7 ± 2.52) cm and an average trunk base diameter of (3.35 ± 0.48) cm were selected and randomly transplanted into the test mesocosms: in each mesocosm, four trees were planted. The drought experiment was carried out by excluding 50% of the precipitation with a rain shelter. The specific physical and chemical properties of soil were as follows: In the four treatments, the average soil moisture varied considerably throughout and, relative to CT, it decreased by 14.3%, 16.0%, and 28.8% in D, W, and WD, respectively. The soil temperature of the W and WD treatments increased significantly compared with the CT treatment. Soil pH and total C and N were not significantly different, whereas available N increased significantly by 21.2% in WD (Zhang et al., 2019).



Experimental material

Samples were collected in April 2018. Leaves were sampled: trees in the south-facing part of the mesocosm were selected, and 40 fully expanded leaves of the same height were randomly collected from the branches, while litter was collected from the ground and placed in marked envelopes. The roots were sampled: an inner growth ring (diameter 20 cm, depth 20 cm) is placed in the center of each mesocosm. The inner growth ring is smashed into the soil, the soil in the ring is dug out and quickly brought back to the laboratory, all the roots are picked out and washed with water, and the living roots are picked out and placed in a marked envelope. All samples were oven-dried at 65°C for 72 h. Dried samples were ground to a powdered form using a mortar and pestle and passed through a 0.149-mm sieve before measuring C, N, δ13C, and NSC.



Elemental analysis

Samples’ C and N concentrations were measured using a CN auto analyzer (Vario Max CN, Elementar, Langenselbold, Germany). Stable isotopic analysis for C was performed using an isotope ratio mass spectrometer (Finnigan MAT-253; Thermo Electron Crop., San Joss, CA, USA) coupled to an automatic online elemental analyzer (Flash EA1112; Electron Crop).



Stable isotope analysis

To evaluate short-term iWUE, we performed δ13C analyses. The δ notation was used to express stable isotopic abundances per mille (‰) relative to international standards:

 

where Rsample is the value of sample 13C/12C, and Rstandard is the value of the standard material 13C/12C.

Beginning with raw δ13C measurements, Eqs. (2) and (3) were used to calculate iWUE.

 

where δ13Cair and δ13Csample denote the δ13C values of atmospheric CO2 and the sample, respectively. The average δ13Cair was obtained from Antarctic ice core data (Mccarroll and Loader, 2004); Δ is related to the intercellular CO2 concentration (Ci) and the ambient CO2 concentration (Ca), as described by Farquhar et al. (1989) as follows:

 

where a is the discrimination against 13CO2 during CO2 diffusion through the stomata (a = 4.4‰) and b is the discrimination associated with carboxylation (b = 27‰). The iWUE was calculated using Eq. (4):

 

where 1.6 is the ratio of the gaseous diffusivity of CO2 to the water vapor and the Ca value is from Zhang et al. (2019).



NSC analysis

The concentration of NSC is the sum of soluble sugar and starch. The NSC concentration was determined using a modified phenol–sulfuric acid method (Buysse and Merckx, 1993; Zhao et al., 2021).

Preparation of sucrose standard solution: sucrose was baked to a constant weight at 80°C, weighed to the nearest 100 mg using a digital balance (accurate to 0.0001 g), dissolved in distilled water, and poured into a 100-ml volumetric flask. Next, a standard solution of sucrose was prepared at concentrations of 20, 40, 60, 80, and 100 g/L, and the absorbance was measured at 490 nm with an ultraviolet spectrophotometer to construct a standard curve.

Extraction of soluble sugar: Dried sample powder (60 mg) was extracted with 10 ml of 80% ethanol for 24 h and centrifuged at 4,000 rpm for 10 min, and the supernatant was poured into a 20-ml volumetric flask. Next, 5 ml of 80% ethanol was added to the residue and centrifuged for 5 min before the supernatant was transferred to a volumetric flask. The solution was diluted to 20 ml and used to determine the concentration of soluble sugar.

Extraction of starch: The residue was baked after the aforementioned extraction at 100°C for 3 h, added with 10 ml of distilled water and 3 ml of 3% HCl, placed in a boiling water bath for hydrolysis for 3 h, then filtered and diluted to 20 ml, which was used for starch content determination.

Determination of soluble sugar and starch concentration: In this step, 1 ml of the sample solution and 1 ml of 28% phenol solution (dissolved in 80% ethanol) were added to a centrifuge tube followed by immediate addition of 5 ml of concentrated sulfuric acid; next, the tube was shaken for 1 min and allowed to react or 15 min. Absorbance was measured at 490 nm with an ultraviolet-visible spectrophotometer, and concentrations of soluble sugar and starch were calculated based on the standard curve for sucrose.



Statistical analyses

A two-way analysis of variance was used to probe the effects of warming, water stress, and their combination. Differences in mean NSC concentrations and compositions, iWUE, C and N concentrations, and ratios between different tissues were analyzed using a one-way analysis of variance. Individual treatment means were compared using the LSD test to identify whether they were significantly different at p< 0.05. Single linear regression models were used to compare the relationships between NSC, soluble sugar, and starch concentrations for iWUE. A principal component analysis (PCA) was performed on the data in order to examine the NSC concentrations in the three tissues and their composition with respect to C, N, and C/N ratios, as well as the contribution of iWUE to plant adaptation. All statistical analyses were carried out using the SPSS 20.0 statistical software. The figures were drawn using Origin 9.0 and Canoco 5.0 software.




Results


NSC concentrations and composition in different treatments

In the leaves, WD caused a highly significant decrease in soluble sugar concentration of 15.3% compared to CT (p< 0.01), with no significant effect of W or D alone (Figure 2A). W and D alone significantly increased starch concentration by 31.9% and 32.6% (p< 0.01; Figure 2D), respectively, and the ratio of soluble sugar to starch decreased highly significantly in all three treatments (p< 0.01; Figure 3A). NSC showed the same trend as starch, with a highly significant increase of 14.8% and 17.6% in W and D alone, respectively (p< 0.01; Figure 3D). A two-way ANOVA for W and D found that all four variables changed significantly in response to the interaction of temperature increase and drought (p< 0.05).




Figure 2 | Effects of warming and drought on soluble sugar concentrations in the leaves (A), roots (B), and litter (C), and starch concentrations in the leaves (D), roots (E), and litter (F) of C lanceolata. The bars with different letters were significantly different from each other (p< 0.05). Treatments: control (CT), warming (W), drought (D), and warming plus drought (WD). Values were mean ± SE (n = 5); treatment in the combination was expressed as W, warming effect; D, drought effect; and W×D, interactive effect of warming and drought; *, significant effect at p< 0.05; **, highly significant effect at p< 0.01; ns, no significant effect at p> 0.05.






Figure 3 | Effects of warming and drought on the ratios of soluble sugar to starch in the leaves (A), roots (B), and litter (C) and NSC concentrations in the leaves (D), roots (E), and litter (F) of C lanceolata. The bars with different letters were significantly different from each other (p< 0.05). Treatments: control (CT), warming (W), drought (D), and warming plus drought (WD). Values were mean ± SE (n = 5); treatment in the combination was expressed as W, warming effect; D, drought effect; and W×D, interactive effect of warming and drought; *, significant effect at p< 0.05; **, highly significant effect at p< 0.01; ns, no significant effect at p> 0.05.



In the roots, soluble sugar solutions were highly significantly increased by 27.7% in W compared to CT (p< 0.01; Figure 2B). Neither temperature increase nor water stress had a significant effect on the starch solution (Figure 2E). However, the ratios in roots were visibly greater than those in leaves and litter, and the ratios were greater than 1 only in roots (Figures 3A–C). The trend of NSC was similar to that of soluble sugar with a highly significant increase of 13.9% in W (p< 0.01; Figure 3E). The results of the two-way analysis indicated that all indicators except starch were significantly affected by the interplay of warming and drought.

In the litter, only soluble sugar showed a highly significant increase of 20.1% under the D treatment (p< 0.01; Figure 2C), and the interaction between W and D had a highly significant effect on them (p< 0.01). ​However, neither W nor D has a significant effect on starch and NSC (Figures 2F, 3F).



iWUE in different treatments

In the leaves, the D treatment significantly increased iWUE by 6.8% compared with CT (p< 0.05; Figure 4A). In the roots, iWUE showed no significant differences between either the combined effects or the individual effect (Figure 4B). In the litter, compared with the CT treatment, the W and D treatment significantly increased iWUE by 12.4% and 20.8%, respectively (p< 0.05; Figure 4C). The combined effects of the W and D treatments were highly significant for iWUE (p< 0.01; Figure 4C).




Figure 4 | Effects of warming and drought on iWUE in the leaves (A), roots (B), and litter (C) of C lanceolata. The bars with different letters were significantly different from each other (p< 0.05). Treatments: control (CT), warming (W), drought (D), and warming plus drought (WD). Values were mean ± SE (n = 5); treatment in the combination was expressed as W, warming effect; D, drought effect; and W×D, interactive effect of warming and drought; *, significant effect at p< 0.05; **, highly significant effect at p< 0.01; ns, no significant effect at p> 0.05.





Relationship between NSC, soluble sugar, starch and iWUE

According to Figure 5, the concentration of soluble sugar and NSC could be used with iWUE to establish a regression model in three parts (leaf, root, and litter). The concentration of soluble sugar and NSC increased with iWUE. It showed that iWUE was significantly and positively correlated with soluble sugar and NSC, respectively. In addition, the concentrations of soluble sugar, NSC, and iWUE reached a relatively elevated value of 0.92 and 0.78, respectively. Thus, the correlation between soluble sugar and iWUE, NSC, and iWUE was strong.




Figure 5 | Relationships between soluble sugar (A), starch (B), and NSC (C) concentrations and iWUE in leaves, roots, and litter.





C and N stoichiometric characteristics in different treatments

In the leaves, compared with the CT treatment, the C and N concentrations and the C/N ratio were not significantly different in W, D, and their combined effects (Table 1). In the roots, the C concentrations were significantly different under the interaction of the W and D treatments (p< 0.05; Table 1). The N concentrations were significantly increased by 29.3% in the D treatment than in the CT treatment, which led to a significant decline of 21.4% in the C/N ratio (p< 0.01; Tables 1 and 2). In the litter, the same trend as the roots was observed: N concentrations increased by a highly significant 30.6% at the D treatment, resulting in a highly significant decrease of 21.4% in C/N ratios (p< 0.01; Tables 1 and 2).


Table 1 | Repeated measures analysis of variance (ANOVA) of C and N concentrations and C/N ratios in leaves, roots, and litter of C. lanceolata.




Table 2 | C and N concentrations and C/N ratios in leaves, roots, and litter of C. lanceolata.





NSC concentrations, iWUE, and C and N stoichiometric characteristics of the role in three parts

PCA revealed all the experimental metrics of this study in the four treatments. In our study, the NSC concentrations, iWUE, C and N concentrations, and C/N ratio were used as variables in the different treatments. PC 1 separated the three parts perfectly, showing that leaves were on the left, roots were in the middle, and litter were on the right, which explained 61.29% of the overall variance (Figure 6). Cumulative contribution rates of PC 1 and PC 2 were 86.03%.




Figure 6 | Principal component analysis (PCA) of NSC concentrations, iWUE, C, N concentrations, and C/N ratios in three parts of plant under four treatments.



Among the three parts, the N concentration and the C/N ratio were the most crucial factors in PC 1, where the N concentration and C/N ratio acted in opposite directions and, combined with Figure 6, showed that C played a key role. Additionally, NSC concentrations and iWUE were the most important factors in PC 2 (Table 3). NSC and iWUE were also indicators of changes in C. Therefore, C was the main physiological factor for adapting to warming and drought environments. The analysis showed that NSC, iWUE, and N elements as well as the C/N ratio could be used as discriminative indicators for C. lanceolata in both warming and drought environments, and that the aforementioned indicators jointly regulated C changes to help C. lanceolata survive in stressful environments.


Table 3 | Principal component analysis correlation matrix of physiological indices for three parts of C. lanceolata in four treatments.






Discussion


Effects of warming and drought on NSC and composition

NSC provided substrates for plant growth and metabolism and played a central role in plant responses to the environment (Gersony et al., 2020; Yang et al., 2022). In the present study, the increased NSC in the roots under W treatment was primarily due to the increase in soluble sugar. These results suggested that NSC in the roots is primarily regulated by soluble sugars. Moreover, the study found that warming reduced soluble sugar in the leaves and increased them in the roots, suggesting that soluble sugar in the leaves was transported to the roots under the warming treatment. Because xylem vessels in roots are more susceptible to embolism damage, they need sufficient soluble sugar to participate in xylem embolism refilling to maintain silique swelling pressure (Li et al., 2020). Also, the fact that the ratio of soluble sugar to starch is greater than 1 further confirmed the above conclusion. In addition, drought caused a significant increase in soluble sugar in the litter, suggesting that the leaves occupied a large amount of the growing resource before defoliation. Defoliation can mitigate the negative effects of drought by reducing the consumption of soluble sugars (Quentin et al., 2012; Li et al., 2022). Meanwhile, the increasing NSC in the leaves under W or D treatment was primarily due to the increase in starch that showed that NSC in the leaves is primarily determined by starch in response to warming and drought. However, Adams et al. (2017) and Li et al. (2018) showed that soluble sugar increased while starch decreased in leaves and roots of trees under drought conditions (Adams et al., 2017; Li et al., 2018). Ecologically driven evolution may be generating diversity in starch storage in trees (Furze et al., 2021). Furze et al. (2021) showed that approximately 60% of NSC in the trunk of tree species with more leaves was stored in the form of starch, while only about 35% of NSC is stored as starch in other tree species (Furze et al., 2021). Starch acts as a long-term storage molecule and contributes to the formation of reserves. Stored reserves act as a buffer during warming and drought (Furze et al., 2021). Presumably, NSC is stored mainly in the form of starch in the plant as more leaves fall. The evidence pointed towards stored starch as the main fuel source for survival during and recovery following stressors such as drought and disturbance, and we suggested that the higher starch concentrations associated with deciduousness may confer ability to maintain C balance for the aboveground part of a Chinese fir in a changing environment (Adams et al., 2017; Earles et al., 2018; Smith et al., 2018; Piper and Paula, 2020).

NSC has been shown to be an essential indicator for assessing whether trees are C-starved, yet we have an incomplete picture of how they adapt to changes in NSC storage in a warming and drought environment. In this study, drought caused NSC to rise; however, Signori-Müller et al. (2021) analyzed NSC in leaves and branches of 82 Amazonian tree species across a wide precipitation gradient area and showed a 43% decline in NSC at the most drought-severe sites (Signori-Müller et al., 2021). Yang et al. (2019) found that under conditions of limited C sources (from photosynthesis), plants can and do increase their NSC stores at the expense of normal growth (Yang et al., 2019); the latter research had the same results as ours. Because plant growth would be inhibited before photosynthesis in the face of environmental stress, it leads to the increase of NSC accumulation and storage (Hartmann et al., 2018). Stored NSC provides resilience when the tree’s ability to produce new NSC is impaired by abiotic and biotic stress (McDowell et al., 2008; Carbone et al., 2013; Piper and Paula, 2020). NSC storage by trees at the expense of additional functions, such as growth, is a conservative strategy that may ensure the survival of trees (Sala et al., 2012; Wiley and Helliker, 2012). Therefore, we suggest that when the Chinese fir faces W or D alone, it stores NSC to maintain the C balance at the expense of slower growth. However, Li et al. (2021) studied the interaction of ozone pollution, nitrogen deposition, and drought stress on NSC in poplar leaves and fine roots in temperate climate, and found that plants’ strategies to resist environmental stress were to convert starch in leaves into soluble sugars and transfer NSC in leaves to roots for storage (Li et al., 2021). The strategy is different from ours, considering that this study mainly involved temperature and water, which are different from the stress factors such as those from Li et al. (2021); differences in tree species and climate would also lead to different results.

In addition, this study also found that this strategy failed when combined with warming and drought; soluble sugars in the leaves are significantly reduced, resulting in a slight reduction in NSC. A previous study has shown that when growth is carbon limited, NSC will be used for metabolism and maintenance of growth, and eventually NSC will be reduced (Li et al., 2022). Adams et al. (2009) reported the same result, i.e., that fragrance depleted C reserves at a faster rate in both heat and drought treatments compared to drought alone (Adams et al., 2009). This finding suggests that the combined effects of warming and drought have caused plant growth to be limited by the C starvation crisis, resulting in greater whole-plant carbon loss and potential starvation.



Effect of warming and drought on iWUE

iWUE is a critical component of water-carbon coupling and process management in terrestrial ecosystems, and a means for trees to adapt to changing environments (Lu et al., 2018). Drought conditions usually lead to an increase in plant iWUE (Kannenberg et al., 2021; Zhang et al., 2022). However, our results showed that W or D alone and the combination of W and D did not affect iWUE in roots, possibly because roots can be effective in avoiding xylem embolism when there is a high availability of mobile soluble carbon compounds (Mcdowell, 2011; Gruber et al., 2012; Sevanto et al., 2014). However, the iWUE of the leaves increased significantly under drought treatment. Stomatal conductance decreased under drought stress (Breshears et al., 2013), which prevented excessive water loss from leaves and thus improved iWUE indirectly. Zhang et al. (2021) found that perennial plantations could heavily control stomata to reduce water loss to prevent hydraulic failure, resulting in growth loss under extreme drought events (Zhang et al., 2022). Maximizing carbon sequestration while minimizing water loss was highly crucial as it raises water stress, and it boils down to a trade-off between carbon uptake and water losses. Meanwhile, our results showed that soluble sugar concentration and NSC concentration were significantly positively correlated with iWUE, indicating that there is no contradiction between plant C storage and water conservation. It suggested that, at this time, C. lanceolata was able to regulate the balance of C and water in the body through a growth reduction strategy. Furthermore, both warming and drought significantly increased litter iWUE, indicating that warming and drought had strong effects on the water balance of the leaves. Warming and drought have exacerbated water stress, and defoliation can reduce the adverse effects of water deficit by reducing transpiration (Zhang et al., 2020). Therefore, we believe that defoliation is also a strategy for plants to reduce water loss. This is also confirmed by PCA, which shows that the leaves were mainly affected by iWUE and NSC of the second principal component in both warming and drought environments. Notably, iWUE of the leaves increased under WD in our results (no significant difference), and combined with the analysis of NSC, we suggest that the inability of C. lanceolata to mitigate the growth decline caused by climate warming by increasing iWUE under drought stress may lead to severe defoliation and increased mortality.



Effect of warming and drought on C and N stoichiometric characteristics

C and N stoichiometry is an important indicator for predicting plant productivity; thus, C sequestration might respond to future climate change scenarios (Yue et al., 2017; Sun et al., 2021). Warming and/or drought can change N plant concentration mainly by changing biomass accumulation and N soil availability, thereby also affecting C/N concentration ratios and N use efficiency (Sardans et al., 2008). In this study, drought treatment significantly affected the C/N ratio by increasing the N concentrations of roots and litter. The combined effects of warming and drought significantly affected the concentrations of C in the roots, leading to a decrease in C concentrations. Simultaneously with the PCA, we found that the roots are mainly affected by the values of N and C/N of the first principal component in both warming and drought environments. Several studies have demonstrated that N concentrations increased in roots under drought, and the most probable explanation is that, on the one hand, drought causes root area, root length, and root ramification, and the number of root tips was reduced to facilitate carbohydrate and nitrogen accumulation (Yildirim et al., 2018). On the other hand, it has been found that drought treatment induces plants to allocate more N to their roots to increase their water uptake capacity, thereby reducing the C/N of the roots (Zou et al., 2022). Warming and drought have reduced C concentrations, possibly due to photosynthetic capacity being limited by reduced soil moisture. N is an important element for photosynthesis, and the significant increase in N in the litter suggests that the leaves are capable of carrying out sufficient photosynthesis in front of the fallen leaves. Several leaves can increase photosynthesis, but they also incur significant respiratory and construction costs (Udayakumar and Sekar, 2021). Consequently, defoliation is beneficial for plant C storage. In summary, when plants are under warming and drought conditions, the belowground parts may accumulate N, reducing growth in order to sequester carbon, promote photosynthesis, and conserve water use. Again, the increase of N in the litter verifies the potential benefit of defoliation.




Conclusion

When plants are exposed to warming and drought, the elements iWUE, C, N, and NSC work together to regulate C and water balance in the plant to adapt to environmental stresses. As warming or drought causes stomata to close, resulting in a trade-off between carbon and water in the plant, the plant chooses to sacrifice growth rate to maintain a higher level of NSC and less water loss in order to maximize carbon sequestration and water conservation strategies. The leaves store more starch to keep the aboveground parts resilient; the higher iWUE and N concentrations in the litter indicate the potential benefit of a defoliation strategy. The roots mainly preserve water and accumulate more soluble sugars and N to conserve water utilization and thus contribute to carbon sequestration in the underground part. The impact of individual species and forest ecosystems on the response to global changes and C storage is highlighted. However, under drought stress, C. lanceolata is unable to mitigate the warming-induced decline in growth and continued depletion of C by increasing iWUE, which may result in severe defoliation and increased mortality. The mechanism of carbon and water balance in plants under environmental stress is a complex subject that needs to be explored in greater depth by researchers.
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