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Abstract

:

Knowledge of tree biomass allocation is fundamental for estimating forest acclimation and carbon stock for global changes in the future. Optimal partitioning theory (OPT) and allometric partitioning theory (APT) are two major patterns of biomass allocation, and occurrences have been tested on taxonomical, ontogenetic, geographic and environmental scales, showing conflicting results and unclear ecophysiological mechanisms. Here, we examine the biomass allocation patterns of two young poplar (Populus) clones varying greatly in drought resistance under different soil water and nitrogen availabilities and the major physiological processes involved in biomass partitioning. We found that Biyu, a drought-sensitive hybrid poplar clone, had significant relations among biomass of leaf, stem and root, showing allometric partitioning. Xiaoye, a drought-tolerant poplar clone native to semi-arid areas, on the contrary, showed tightly regulated biomass allocation following optimal partitioning theory. Biyu had higher nitrate reductase activity in the fine roots, while Xiaoye had higher nitrate reductase activity in the leaves. Biochemical analyses and measurements of fluorescence and gas exchange showed that Xiaoye maintained more stable chloroplast membranes and photosystem electron flow, showing higher water use efficiency and a higher resistance to drought. A nitrogen addition could improve leaf photosynthesis and growth both in Biyu and Xiaoye seedlings under drought conditions. We concluded that the two poplar clones showed different biomass allocation patterns and suggest that the site of nitrate assimilation may play a role in biomass partitioning under varying water and nitrogen availabilities.
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1. Introduction


Allocation of biomass to organs is essential for plants’ acclimation to changing environments. Biomass partitioning among the leaves, stems and roots in trees influences how trees adapt to environmental conditions and is fundamental for predictions of forest carbon stock in response to global changes. Factors such as the availability of light, soil water and nutrients; mycorrhiza; and plants’ ontogenetic development can affect the carbohydrate allocation fractions to leaves, stems and roots [1,2]. Optimal partitioning theory (OPT) and allometric partitioning theory (APT) are the two main theories proposed to explain the biomass allocation patterns among plant species facing different environments [3].



Biomass partitioning to organs is sometimes seen as a result of plastic responses of organs to environmental variation [1], limited by the genetics of the species. For many crops and tree species, the root/shoot ratio is high if the nitrogen concentration is kept at low levels, but above a critical point, it would decrease with increasing nitrogen levels [4]. A recent meta-analysis of terrestrial plants at the global scale showed that nitrogen addition increased leaf, stem and shoot mass fractions by an average of 13%, while the root/shoot ratio and root mass fraction declined by 27% and 15%, respectively [5]. These results suggested that plants need to partition more biomass to roots to take up nutrients when soils are poor, but that plants benefit from partitioning more biomass to shoots to capture light when the soil is at a high nutrition level. Trees also extend their root systems and get higher root/shoot ratios during soil drought to improve potentials for water uptake [6]. According to OPT, biomass should be allocated to the organ which can obtain the most limiting resource for the whole plant in order to maximize the relative growth rate [7]. This relates to the concept of “functional equilibrium”, which means that plants will allocate relatively more biomass to roots when belowground factors (e.g., nutrients and water) are limiting, while they allocate relatively more biomass to shoots when aboveground factors (e.g., light) are limiting [2].



However, some plants show rather stable allometric partitioning among compartments [8,9]. This resulted in the development of APT, which is based on a general allometric equation, logY = logβ + α logX, where Y and X mean the biomass of vegetative organs, emphasizing that biomass partitioning among organs is dependent more on plant size and less on environmental factors [10]. The parameter β is an allometric constant, and α is a scaling exponent which reflects the relative growth rate ratio between organs X and Y. Allometric analyses of many taxa, including lianas, conifers and angiosperm trees, supported APT [3,11,12]. Furthermore, by using a global database, Poorter et al. [13] found that the scaling exponent in plants is dependent on ontogeny, and that annual plants or juvenile trees had a higher leaf biomass fraction than adult trees. Though the allocation of biomass accumulated over several years follows APT, the limiting resource or factor in each year may change with ontogeny [12], meaning that the annual biomass allocation may still be impacted by environment factors. The physiological mechanisms that control the partitioning of photoassimilates are key to plant growth, and the levels of soluble sugars and nitrate are important [2]. However, these mechanisms are still unclear [14]. Based on an analysis of different shade- and drought-tolerant trees, Puglielli et al. [15] proposed that plant function type determines the biomass allocation patterns and that plant biomass allocation strategies are based on the interactions of functional type, ontogeny and species-specific stress-tolerance adaptions.



In this study, a drought-sensitive hybrid poplar clone (Biyu, a bud mutation of the male clone Populus deltoides ‘2025’, which was bred from Populus deltoides ‘Lux’ × P. deltoides) [16] and a drought tolerant poplar clone (Xiaoye, P. simonii) native to semi-arid areas of Northern China [17] were grown under controlled soil water and nitrogen availabilities. P. deltoides, the parent species of Biyu, is frequently applied in poplar breeding and is ecologically important in the riparian ecosystem in its native range, from the Southeastern United States to Southern Canada [18]. P. simonii is widely distributed in Northern China and possesses drought and cold tolerance, allowing it to grow well under many edaphic and climatic conditions [19]. However, knowledge on biomass allocation patterns among poplar species with different drought tolerance and their underlying ecophysiological mechanisms is still lacking. We aimed to (1) distinguish whether the two clones have different biomass allocation patterns under different soil water and nitrogen availabilities and (2) explore the key processes in carbon and nitrogen metabolism and their relationships with biomass allocation patterns.




2. Materials and Methods


2.1. Plant Materials and Treatments


A hybrid poplar clone Biyu (a bud mutation from a widely planted hybrid clone 2025, P. deltoides ‘Lux’ × P. deltoides, drought sensitive) and a species clone Xiaoye (native to semi-arid areas of Northern China, P. simonii, drought tolerant) were used for this study. Poplar clones were propagated from 15 cm long cuttings cut from one-year-old stems. Air-dried and sieved native brown sandy loam soil was used with 15 kg in each 19 L plastic pot. Soil field capacity was 26.9%, with a pH of 8.3, organic content of 14.6 g kg−1, total salt of 0.1%, total nitrogen of 1.1 g kg−1, available nitrogen of 48.8 mg kg−1, available phosphorus of 9.6 mg kg−1 and available potassium of 123.3 mg kg−1. A layer of 2–3 cm size pebbles was placed in the bottom of each pot and separated from the soil by a piece of 300 mesh nylon. Water could get into the stones through a 1.2 cm PVC tube and then wet the soil. All cuttings were planted in pots with pre-watered soil on 1 April 2021, with one cutting in each pot. Pots were placed under a polycarbonate transparent shelter, situated in the forest experimental station of Shanxi Agricultural University (37°25′ N, 112°34′ E, 796 m elevation), Taigu District, Jinzhong City, Shanxi Province, China. The station is located in the eastern part of the Loss Plateau, and the mean annual air temperature, total precipitation, evaporation capacity and sunshine hours are 10.4 °C, 397.1 mm, 1649 mm and 2527.5 h, respectively. Each pot was weighed and watered daily to 80 ± 5% of field capacity, corresponding to a water potential of −0.018 ± 0.002 MPa measured with a soil tensiometer.



All pots were watered regularly and weeded until the seedlings, after three months, were about 60 cm high with 9–10 leaves. Forty pots of each clone were randomly assigned on 1 July 2021, and four treatments were established: control (CK, 80 ± 5% of field capacity and 0 g NH4NO3 plant−1); drought (D, 40 ± 5% of field capacity, corresponding to a water potential of −0.047 ± 0.003 MPa and a mild drought stress, and 0 g NH4NO3 plant−1); nitrogen addition (NA, 80 ± 5% of field capacity and 6 g NH4NO3 plant−1); and drought and nitrogen addition (D + NA, 40 ± 5% of field capacity and 6 g NH4NO3 plant−1). The fertilizer treatment included an addition of 6 g NH4NO3 per pot, distributed across three times, respectively, on 1 July, 11 July and 21 July 2021, with 2 g each time. NH4NO3 was dissolved in water and added to pots during watering. Plants were placed randomly under the shelter, and the positions of pots were changed at the end of July and at the end of August to minimize the influences of possible variation in environmental factors. The following ecophysiological parameters were measured when seedlings had 30–35 leaves.




2.2. Gas Exchange and Chlorophyll Fluorescence Measurements


Measurements of leaf gas exchange were conducted on 21–22 August 2021 by using a portable photosynthetic system (Li-6400XT; LICOR Biosciences, Lincoln, NE, USA). One fully expanded leaf per plant in the upper canopy was measured from 9:00 to 11:30 on calm and clear days, with 6–8 plants per treatment and clone. The conditions in the 2 × 3 cm leaf chamber consisted of a photosynthetic photon flux density (PPFD) of 1500 μmol m−2 s−1, a leaf temperature of 28 °C, a gas flow rate of 500 μmol s−1 and an air entering CO2 concentration of 450 μmol mol−1. Then, the leaf net photosynthetic rate at saturated light intensity (Asat, μmol m−2 s−1) and transpiration rate (E, mmol m−2 s−1) were measured, and the instantaneous water use efficiency (WUEi) was calculated as Asat/E. Chlorophyll fluorescence parameters were measured on the same leaves used for gas exchange measurement on 22–23 August with a portable chlorophyll fluorometer (PAM-2500; Heinz Walz GmbH, Effeltrich, Germany), according to Murchie and Lawson [20]. Firstly, the origin (Fo) and maximum fluorescence (Fm) were measured after 30 min in the dark with leaf clips. Then, an artificial actinic light of 278 μmol m−2 s−1 was applied, and maximum fluorescence in the light-adapted state (Fm′) was measured after 3–5 min. The actual photochemical yield of PSII (ΦPSII), non-photochemical quenching (NPQ), coefficient of photochemical quenching (qP) and electron transport rate (ETR) were recorded [20].




2.3. Chlorophyll Content, Microanatomy, and Nitrogen and Carbon Content


Chlorophyll content and microstructure were measured on 22 August 2021, on leaves adjacent to the ones used for measurements of gas exchange, avoiding main veins. Chlorophyll a and b contents per leaf area were determined with a spectrophotometer after chlorophyll pigments were extracted in darkness with 95% ethanol from small leaf disks of known area [21]. Total chlorophyll content was calculated as the sum of chlorophyll a and b. The middle section (1 × 1 cm) of the leaf was sampled and fixed in formaldehyde solution (FAA) for microanatomical measurements. After dehydration with a series of ethanol solutions, leaf sections were cleared and embedded in paraffin. Then, 15 μm sections were cut with a rotary microtome (RM2235; Leica Biosystems, Wetzlar, Germany) and stained with safranin O and fast green. Sections were observed at 400× magnification, and images captured with a microscope camera (CX31 and DP27, Olympus, Tokyo, Japan). Leaf thickness (LT), palisade tissue thickness (Tpal) and spongy tissue thickness (Tspo) were determined with ImageJ 1.54g software, and Tpal/Tspo was calculated.



Two fully expanded leaves next to the leaves used for gas exchange of each plant were sampled on 24 August 2021 to determine single leaf area (LA) with a scanner. Leaves were dried at 105 °C for 30 min, followed by drying at 75 °C until a constant weight and weighed. Leaf samples were ground, and leaf total nitrogen content per unit mass (LN) was determined using the Kjeldahl method [22]. Then, the leaf mass per area (LMA), leaf density (LD, LMA/LT), nitrogen content per leaf area (Narea) and photosynthetic nitrogen use efficiency (PNUE, Asat/Narea) were calculated from the above data. Leaf total carbon content per unit mass was analyzed by using an elemental analyzer (multi N/C2100; Analytik Jena, Jena, Germany), and the leaf carbon-to-nitrogen ratio (C/N) was calculated. Leaf stable carbon isotope composition (δ13C) was determined with a mass spectrometer (Delta V Advantage; Thermo Fisher Scientific, Waltham, MA, USA) with an interface (Conflo III; Finnigan MAT).




2.4. Malondialdehyde (MDA), Nitrate Reductase Activity (NR) and Free Proline


Leaf and fine root fresh samples were collected on 26 August 2021, and immediately submerged in liquid nitrogen before being stored in a −80 °C freezer. Leaf MDA content was measured by using the thiobarbituric acid method, according to Hodges et al. [23]. The activities of peroxidases (POD, EC 1.15.1.7) and superoxide dismutase (SOD, EC 1.15.1.1) in leaves were determined according to the kit guides (BC0090 and BC0175, Solarbio, Beijing, China). NR (EC 1.7.99.4) activities in leaves (NRleaf) and in fine roots (NRroot) were determined according to the kit guide (BC0085, Solarbio, Beijing, China). The free proline content of dry leaf samples was determined using a spectrophotometer, according to the kit guide (BC0290, Solarbio, Beijing, China).




2.5. Biomass Allocation, Soluble Sugar and Starch


The plants were harvested on 15–17 September 2021. Firstly, the height and base diameter were measured. Leaves and stems were harvested, and whole roots were washed carefully. Coarse roots and fine roots were separated using a 2 mm diameter threshold. Each plant was divided into four parts: leaves, stem, coarse roots and fine roots. They were dried at 105 °C for 30 min, followed by drying at 75 °C until a constant weight was reached. The dry weight of these parts was determined. Shoot weight was calculated as the sum of leaf and stem weights, root weight was calculated as the sum of coarse root and fine root weights, followed by the calculation of biomass fractions. The content of soluble sugars and starch of ground leaf samples were determined using the phenol-sulfuric acid method, according to Landhäusser et al. [24].




2.6. Statistical Analysis


Statistical tests were performed using R version 4.3.1 [25]. Firstly, the normality of all data was tested using the “shapiro.test” function. As the trees were completely randomized, three-way ANOVAs were performed to test the impacts of drought, nitrogen addition, clone and their interactions, using the “aov” function. Tukey’s HSD post hoc tests were performed to test for significant differences among the treatments, using the “TukeyHSD” function, at p ≤ 0.05. The assignment of letters to means after pairwise comparisons was conducted using the “multcompLetters4” and “as.data.frame.list” functions. Standardized major axis analysis was performed in the “mastr” package to determine scaling exponents (α), according to Niklas and Enquist [10]. Principal component analysis (PCA) was conducted using “prcomp” and “fviz_pca_biplot” functions.





3. Results


3.1. Growth and Biomass Allocation Changes under Water and Nitrogen Availabilities


As expected, the plant height, diameter and biomass of the whole plant in both clones were smaller under drought and increased by nitrogen addition. Biyu seedlings under nitrogen addition had the largest total biomass, and both the biomass distribution and fractions were significantly different between clones (Figure 1a; Supplementary Tables S1 and S2). Biyu and Xiaoye were significantly different between clones in both organ biomass distribution and organ biomass fractions, except for total biomass (Figure 1 and Supplementary Table S2). Biyu showed an allometric biomass allocation pattern with significant scaling exponents ranging from 0.98 to 1.13, and R2 ranging from 0.87 to 0.97 (Figure 2). Meanwhile, allometric relations were insignificant for Xiaoye, except for a significant relation between leaf and stem biomass, with α = 0.87 and R2 = 0.57. Moreover, the stem biomass fraction decreased significantly under drought, and the root biomass fraction decreased under nitrogen addition. Hence, Xiaoye showed varying biomass allocation patterns, supporting the idea that this clone follows an optimal biomass partitioning pattern (Figure 1 and Figure 2).




3.2. Nitrogen Assimilation and Leaf Nitrogen Status


The NR activity in the leaves of Biyu was significantly lower than that of Xiaoye, but in fine roots, the pattern was the opposite, as NRroot was higher in Biyu (Figure 3). The drought and nitrogen addition significantly increased NRleaf in both Biyu and Xiaoye. NRroot of Biyu decreased by D and D + NA treatments, but NA treatment alone did not significantly impact NRroot in the clones (Figure 3). In both Biyu and Xiaoye seedlings, single leaf area significantly decreased under drought conditions and increased under high nitrogen availability, while the leaf nitrogen content of D treatment did not differ significantly from CK. Nitrogen addition significantly increased leaf nitrogen content. Biyu had a higher leaf area but lower nitrogen content than Xiaoye. In Biyu seedlings, nitrogen addition significantly increased the Narea and decreased C/N, while the Narea and C/N in Xiaoye did not change. The LMA and leaf density in both Biyu and Xiaoye decreased significantly with the nitrogen addition but showed no differences with drought (Table 1).




3.3. Leaf Ecophysiological Traits


The leaf MDA of Biyu significantly increased under D treatment, but that of Xiaoye did not change among four treatments (Figure 4a). The activities of POD and SOD in leaves were increased by drought and nitrogen addition, and with slightly larger amounts in Xiaoye compared to Biyu (Supplementary Figure S1). The nitrogen addition significantly increased the total chlorophyll content per leaf area, but drought had no effect (Figure 4b). The Tpal/Tspo ratio was slightly lower in Biyu than in Xiaoye, and the nitrogen addition significantly increased the Tpal/Tspo of Xiaoye (Figure 4c). The ΦPSII of Biyu declined significantly under drought, but the reduction was lower under nitrogen addition. The ΦPSII of Xiaoye did not change (Figure 4d). The NPQ of Biyu increased under drought, and the two clones showed different NPQ changes under the four treatments (Figure 4e). For Biyu seedlings, the qP and ETR were decreased by the D and D + NA treatments, while these parameters did not change significantly in Xiaoye (Table 1). The Asat of both clones decreased under drought and increased following the nitrogen addition (Figure 4f).



Xiaoye had higher free proline content than Biyu, and both clones had significantly increased contents under drought (Table 1). The leaf soluble sugar contents of Biyu were significantly higher than in Xiaoye; and both drought and the nitrogen addition increased the soluble sugar contents of Biyu (Figure 5a), while those of Xiaoye were not affected by treatments. The starch content of Xiaoye was higher than that of Biyu, and there was a tendency of higher starch content in the D + NA treatment, which was significant in Xiaoye (Figure 5b). Drought caused a decrease in PNUE in both clones. While WUEi did not change in Biyu, the D + NA treatment caused a decrease in WUEi in Xiaoye compared to the control treatment. Moreover, Xiaoye had higher WUEi and δ13C than Biyu (Table 1).




3.4. Principal Component Analysis


The results showed that Xiaoye had more stable leaf MDA, ΦPSII, NPQ, qP and ETR under water and nitrogen availabilities, and it had higher NRleaf, WUEi and δ13C than Biyu (Figure 3 and Figure 4; Table 1). A PCA based on ecophysiological traits was used to explore the relations between the measured parameters and the differences between clones under soil water and nitrogen availabilities. Biyu and Xiaoye separated into two obviously different groups (Figure 6). The NR activity in leaves or in fine roots appeared to be the most important traits, inducing differences between the clones. NRroot, soluble sugar content and LMA were associated with Biyu, whereas NRleaf, starch content, WUEi and free proline content were associated with Xiaoye.





4. Discussion


Biomass allocation to organs plays a very important role in resource acquisition and growth improvement [1]. Both clones showed increased plant height and leaf area in response to high soil water and nitrogen availabilities (Supplementary Table S1 and Table 1). However, the two clones showed different biomass allocation patterns. The native poplar clone Xiaoye had a significantly reduced root fraction and increased leaf fraction under nitrogen addition, and it had a reduced stem fraction and increased root fraction under drought, supporting the optimal partitioning theory. The biomass fractions of Biyu did not change as much as Xiaoye, and, more importantly, the standardized major axis analysis between leaf, stem and root in Biyu showed significant linear relationships, supporting allometric partitioning theory (Figure 1 and Figure 2). Thus, Xiaoye showed flexible biomass partitioning among organs to optimize water, carbon and nitrogen balances, which could enhance acclimation to the low water availability but high sunlight conditions in semi-arid areas. The different biomass allocation patterns of Biyu and Xiaoye may indicate the tradeoff between the maximum biomass under optimal conditions and the ability to produce stable biomass over different environmental factors proposed by Weiner et al. [26].



The two clones also showed different leaf ecophysiological traits under soil water and nitrogen availabilities. Drought significantly increased the MDA and NPQ in Biyu but not in Xiaoye, and lower POD and SOD activities in Xiaoye suggest more stable oxidant content than that in Biyu. This could mean that membrane systems were significantly damaged by drought in Biyu. The decline of ΦPSII and Asat in Biyu under drought supports this, verifying that Biyu has lower drought resistance than Xiaoye [16,17]. Nitrogen addition totally or partly mitigated the membrane system damages and improved photosynthesis and growth both in Biyu and Xiaoye seedlings. For Biyu seedlings, a larger single leaf area, LMA and LD may contribute to a larger leaf biomass allocation, while Xiaoye seedlings showed stable leaf ecophysiological traits. Furthermore, it seems that Biyu had soluble sugars as the main osmotic regulator in leaves, while in Xiaoye, it was free proline.



The results of PCA analysis showed that NRleaf and NRroot were two major contributors to the differentiation between the clones (Figure 6). The partitioning of nitrate assimilation between shoot and root is plastic and influenced by nitrogen types and availability, plant species, air temperature, air CO2 and abiotic stress [27]. However, the functional consequences of nitrate assimilation partitioning between shoot and root are still not clear.



We suggest that nitrate assimilation in leaves or/and in roots may influence biomass allocation patterns and thus partly explain differences between the clones. Nitrate and ammonium are two main inorganic nitrogen sources for poplars, and assimilation depends on species and soil properties [28]. After being absorbed by transporters in the root epidermal cell membrane, nitrate ions are reduced to ammonium in roots by NR and nitrite reductase (NiR). Ammonium ions are then added to carbon skeletons to produce amino acids via the glutamine synthetase (GS) and glutamate synthase or glutamate-2-oxoglutarate amino-transferase (GOGAT) cycle [29]. In roots, these enzymes consume energy from glycolysis and the oxidative pentose phosphate pathway, while nitrate assimilation in leaves may also be based on photosynthetic reductants [30]. Nitrate assimilation in leaves can consume the surplus ferredoxin, nicotinamide adenine dinucleotide phosphate (NADPH) and nicotinamide adenine dinucleotide (NADH) [31,32], which may contribute to a reduction in damages in photosynthetic structures caused by photooxidation during drought.



The results of the current study showed that both drought and the nitrogen addition increased NRleaf in Biyu and Xiaoye seedlings (Figure 3). Increased NRleaf during drought could be helpful to consume excess photochemical energy and to maintain chloroplast stability (Figure 7). Nitrate assimilation in leaves could also generate higher osmotic potential through nitrate, potassium and malate accumulation to improve leaf expansion, compared with nitrate assimilation in roots [27]. This may explain the alleviation of leaf ecophysiological traits and the growth of the two clones by nitrogen addition under drought. Improved leaf nitrogen assimilation under high nitrogen availability can also provide the protein basis for the enhancement of the antioxidant enzyme activity, repairing and renewing chlorophyll, and accumulation of free proline, consistent with what Shi et al. [33] found in Catalpa bungei. Lower NRleaf in Biyu than Xiaoye may be one reason for its larger damages in chloroplast membrane and photosystem II under drought.



Nitrate assimilation in roots requires a higher allocation of carbohydrates to roots than in leaves [27]. Thus, higher NRroot may contribute to the higher fine root biomass fraction in Biyu seedlings (Figure 1a; Supplementary Table S2). Because the leaf net photosynthetic rate could be inhibited by soluble sugar accumulation in leaves [34], the carbohydrate demand in fine roots could enhance the sink strength and stimulate carbohydrate exportation and maintain a high carbon assimilation in leaves, resulting in a large whole-plant biomass under high water and nitrogen availability (Figure 1a and Figure 7). However, NR is rapidly turned over and has complex regulatory mechanisms [32]. Additional experiments on NR regulation in poplars under water and nitrogen availabilities are needed to understand the influence of nitrate assimilation on biomass allocation, for example, by studies of nitrogen metabolism in additional clones of Populus.




5. Conclusions


Two poplar clones under water and nitrogen availabilities showed different biomass allocation patterns. Biyu followed allometric partitioning theory, and Xiaoye supported optimal partitioning theory. The two clones differed in nitrate reductase activity, with Biyu having the higher activity in roots, while Xiaoye had the higher activity in leaves. Furthermore, the two clones differed in drought stress response and in reaction to nitrogen fertilization, with Xiaoye being the least affected by both. We suggest that the place of nitrate assimilation may partly explain why plants follow different biomass allocation strategies, but this hypothesis needs to be examined by additional studies.
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Figure 1. Biomass distribution of leaf, stem, coarse root and fine root in whole plant (a) and their biomass fraction changes (b) in Biyu and Xiaoye seedlings after water and nitrogen treatments. Values shown are means. Different letters indicate statistical differences among treatments (Tukey HSD, p < 0.05). The significance levels of the factors and interactions are shown in Supplementary Table S2. Treatments: CK, control; D, drought; NA, nitrogen addition; D + NA, drought and nitrogen addition. 
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Figure 2. Standard major axis regressions between leaf and root biomass (a), leaf and stem biomass (b), stem and root biomass and (c) shoot and root biomass (d) of Biyu and Xiaoye seedlings. All data are log10 transformed. Abbreviations: α, scaling exponent. Treatments: CK, control; D, drought; NA, nitrogen addition; D + NA, drought and nitrogen addition. Clone followed by asterisks indicates significance levels between regressions of the two clones: ns p > 0.05, * 0.01 < p < 0.05, ** 0.001 < p < 0.01 and *** p < 0.001. 
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Figure 3. Nitrate reductase activity changes in leaves (a) and fine roots (b) of Biyu and Xiaoye seedlings. Treatments: CK, control; D, drought; NA, nitrogen addition; D + NA, drought and nitrogen addition. Values shown are means ± SD. Different letters indicate statistical differences among treatments (Tukey HSD, p < 0.05). The significance levels of factors and their interactions are indicated as ** 0.001 < p < 0.01 and *** p < 0.001. Abbreviations for factors and their interactions: C, poplar clone; W, water; N, nitrogen; C:W, interaction between clone and water; C:N, interaction between clone and nitrogen; W:N, interaction between water level and nitrogen; C:W:N, interactions among clone, water and nitrogen. 
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Figure 4. Leaf ecophysiological traits changes in Biyu and Xiaoye. (a) malondialdehyde content (MDA); (b) the sum of chlorophyll a and chlorophyll b; (c) ratio of palisade tissue thickness to spongy tissue thickness (Tpal/Tspo); (d) actual photochemical yield of PSII (ΦPSII); (e) non-photochemical quenching (NPQ); (f) net photosynthesis rate at saturated light intensity (Asat). Treatments: CK, control; D, drought; NA, nitrogen addition; D + NA, drought and nitrogen addition. Values shown are means ± SD. Different letters indicate statistical differences among treatments (Tukey HSD, p < 0.05). The significance levels of factors are indicated as * 0.01 < p < 0.05, ** 0.001 < p < 0.01 and *** p < 0.001. For abbreviations of factors, see Figure 3. 
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Figure 5. Soluble sugar (a) and starch content (b) changes in leaves. Treatments: CK, control; D, drought; NA, nitrogen addition; D + NA, drought and nitrogen addition. Values shown are means ± SD. Different letters indicate statistical differences among treatments (Tukey HSD, p < 0.05). The significance levels of factors are indicated as * 0.01 < p < 0.05, and *** p < 0.001. For abbreviations of factors, see Figure 3. 
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Figure 6. Principal component analysis of ecophysiological traits between Biyu and Xiaoye clones. Abbreviations: LA, single leaf area; LMA, leaf mass per area; Sugar, soluble sugar content; NRleaf, nitrate reductase activity in leaves; NRroot, nitrate reductase activity in fine roots; LD, leaf density; MDA, malondialdehyde content; WUEi, instantaneous water use efficiency; Proline, free proline content; Asat, net photosynthesis rate at saturated light intensity; Chl, total chlorophyll content per leaf area; Sugar, soluble sugar content; Starch, starch content; δ13C, stable carbon isotope composition; Tpal/Tspo, ratio of palisade tissue thickness to spongy tissue thickness; Narea, nitrogen content per leaf area; NPQ, non-photochemical quenching; ΦPSII, quantum yield of photosystem II. 
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Figure 7. A schematic diagram proposing effects of nitrate assimilation in leaves and roots on biomass allocation in poplar seedlings: (a) depicts Biyu, following an allometric scaling model, while (b) depicts Xiaoye, following optimal partitioning theory. Black arrows indicate induction and orange T-lines indicate inhibition. Bold lines indicate strong effects or large pools. 
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Table 1. Ecophysiological traits of newly grown leaves under drought and/or nitrogen addition treatments for Biyu and Xiaoye seedlings, and results from analyses of variance.
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Biyu

	
Xiaoye

	
Results from Analysis of Variance




	

	
CK

	
D

	
NA

	
D + NA

	
CK

	
D

	
NA

	
D + NA

	
C

	
W

	
N

	
C:W

	
C:N

	
W:N

	
C:W:N






	
LA (cm2)

	
151 ± 9 b

	
69 ± 6 e

	
178 ± 6 a

	
117 ± 8 c

	
124 ± 9 c

	
64 ± 4 e

	
159 ± 9 b

	
87 ± 6 d

	
***

	
***

	
***

	
0.34

	
*

	
0.12

	
***




	
LN (mg g−1)

	
11.9 ± 0.7 d

	
12.4 ± 0.6 d

	
16.8 ± 0.7 bc

	
19.3 ± 1.3 a

	
15.0 ± 0.8 c

	
15.5 ± 0.7 c

	
18.9 ± 0.9 ab

	
19.6 ± 0.6 a

	
***

	
***

	
**

	
0.15

	
**

	
0.07

	
0.18




	
Narea (g m−2)

	
0.89 ± 0.06 c

	
0.89 ± 0.04 c

	
1.05 ± 0.05 b

	
1.18 ± 0.08 a

	
0.95 ± 0.05 bc

	
1.01 ± 0.04 bc

	
1.04 ± 0.05 b

	
1.02 ± 0.03 bc

	
0.95

	
*

	
***

	
0.19

	
***

	
0.26

	
*




	
C/N

	
32 ± 5 a

	
28 ± 3 ab

	
23 ± 2 ab

	
20 ± 0.6 b

	
26 ± 2 ab

	
24 ± 2 ab

	
22 ± 10 ab

	
21 ± 2 b

	
0.08

	
0.11

	
***

	
0.44

	
0.14

	
0.99

	
0.97




	
LMA (g m−2)

	
74.4 ± 3 a

	
71.5 ± 2 b

	
62.6 ± 3 d

	
61.4 ± 3 de

	
63.6 ± 1 c

	
64.8 ± 2 b

	
55.1 ± 3 e

	
52.1 ± 5 e

	
***

	
0.18

	
***

	
0.62

	
0.90

	
0.76

	
0.20




	
LD (g cm−3)

	
0.30 ± 0.01 a

	
0.30 ± 0.01 a

	
0.26 ± 0.02 bc

	
0.27 ± 0.01 bc

	
0.29 ± 0.01 ab

	
0.28 ± 0.01 ab

	
0.26 ± 0.02 bc

	
0.24 ± 0.02 c

	
**

	
0.18

	
***

	
0.15

	
0.94

	
0.94

	
0.75




	
qP

	
0.86 ± 0.02 a

	
0.71 ± 0.00 c

	
0.85 ± 0.02 a

	
0.69 ± 0.01 c

	
0.81 ± 0.02 b

	
0.82 ± 0.02 b

	
0.84 ± 0.03 ab

	
0.83 ± 0.01 ab

	
***

	
***

	
0.27

	
***

	
**

	
0.24

	
0.96




	
ETR (μmol e m−2 s−1)

	
74 ± 2 a

	
54 ± 2 c

	
75 ± 3 a

	
62 ± 2 b

	
72 ± 2 a

	
73 ± 1 a

	
74 ± 2 a

	
74 ± 1 a

	
***

	
***

	
***

	
***

	
*

	
*

	
***




	
Free Proline (mg g−1)

	
42 ± 0.9 d

	
52 ± 2 bc

	
40 ± 2 d

	
51 ± 4 bc

	
45 ± 3 cd

	
66 ± 4 a

	
45 ± 4 cd

	
54 ± 2 b

	
***

	
***

	
**

	
0.06

	
0.06

	
*

	
*




	
PNUE (μmol g−1 s−1)

	
27.4 ± 2 a

	
23.8 ± 1 b

	
26.6 ± 1 ab

	
24.0 ± 2 b

	
28.4 ± 1 a

	
23.3 ± 1 b

	
28.6 ± 1 a

	
26.5 ± 1 ab

	
*

	
***

	
0.26

	
0.65

	
0.07

	
0.09

	
0.35




	
WUEi (μmol mmol−1)

	
3.39 ± 0.26 cd

	
3.16 ± 0.21 d

	
3.30 ± 0.22 cd

	
3.35 ± 0.21 cd

	
4.32 ± 0.34 a

	
4.49 ± 0.42 a

	
4.15 ± 0.18 ab

	
3.76 ± 0.25 bc

	
***

	
0.16

	
*

	
0.74

	
**

	
0.37

	
**




	
δ13C (%)

	
−30.5 ± 0.2 cd

	
−30.8 ± 0.4 d

	
−30.0 ± 0.4 abc

	
−29.9 ± 0.4 abc

	
−30.3 ± 0.3 bcd

	
−29.9 ± 0.4 abc

	
−29.3 ± 0.3 ab

	
−29.3 ± 0.2 a

	
***

	
0.84

	
***

	
0.27

	
0.94

	
0.72

	
0.14








Note: Values shown are means ± SD. Different letters indicate statistical differences among treatments (Tukey HSD, p < 0.05). The p-values (* 0.01 < p < 0.05, ** 0.001 < p < 0.01 and *** p < 0.001) show the results of ANOVA. Abbreviations of treatments and variables: CK, control treatment; D, drought; NA, nitrogen addition; D + NA, drought and nitrogen addition; LA, single leaf area; LN, leaf nitrogen content per mass; Narea, leaf nitrogen content per area; C/N, leaf carbon-to-nitrogen ratio; LMA, leaf mass per area; LD, leaf density; qP, photochemical quenching; ETR, electron transport rate; PNUE, photosynthetic nitrogen use efficiency; WUEi, instantaneous water use efficiency; δ13C, leaf 13C-to-12C ratio. Abbreviations for factors and their interactions: C, poplar clone; W, water; N, nitrogen; C:W, interaction between clone and water; C:N, interaction between clone and nitrogen; W:N, interaction between water level and nitrogen; C:W:N, interactions among clone, water and nitrogen.
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