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Atmospheric nitrogen (N) deposition has been found to significantly affect plant growth and physiological performance in terrestrial ecosystems. Many individual studies have investigated how N addition influences plant functional traits, however these investigations have usually been limited to a single species, and thereby do not allow derivation of general patterns or underlying mechanisms. We synthesized data from 56 papers and conducted a meta-analysis to assess the general responses of 15 variables related to leaf economics, gas exchange, and hydraulic traits to N addition among 61 woody plant species, primarily from temperate and subtropical regions. Results showed that under N addition, leaf area index (+10.3%), foliar N content (+7.3%), intrinsic water-use efficiency (+3.1%) and net photosynthetic rate (+16.1%) significantly increased, while specific leaf area, stomatal conductance, and transpiration rate did not change. For plant hydraulics, N addition significantly increased vessel diameter (+7.0%), hydraulic conductance in stems/shoots (+6.7%), and water potential corresponding to 50% loss of hydraulic conductivity (P50, +21.5%; i.e., P50 became less negative), while water potential in leaves (−6.7%) decreased (became more negative). N addition had little effect on vessel density, hydraulic conductance in leaves and roots, or water potential in stems/shoots. N addition had greater effects on gymnosperms than angiosperms and ammonium nitrate fertilization had larger effects than fertilization with urea, and high levels of N addition affected more traits than low levels. Our results demonstrate that N addition has coupled effects on both carbon and water dynamics of woody plants. Increased leaf N, likely fixed in photosynthetic enzymes and pigments leads to higher photosynthesis and water use efficiency, which may increase leaf growth, as reflected in LAI results. These changes appear to have downstream effects on hydraulic function through increases in vessel diameter, which leads to higher hydraulic conductance, but lower water potential and increased vulnerability to embolism. Overall, our results suggest that N addition will shift plant function along a tradeoff between C and hydraulic economies by enhancing C uptake while simultaneously increasing the risk of hydraulic dysfunction.
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INTRODUCTION

Atmospheric N deposition has increased by three-to five-fold over the past century due to increased fossil fuel combustion and artificial fertilizer application (IPCC, 2007; Davidson, 2009) and has been predicted to increase by as much as twice the current level by 2050 (Galloway et al., 2008). Atmospheric N deposition has many negative effects on terrestrial ecosystems, such as soil acidification, nitrate leaching and the loss of biodiversity (Hoegberg et al., 2006; Clark and Tilman, 2008; Dise et al., 2009; De Schrijver et al., 2011). However, increased nitrogen deposition can also stimulate plant growth and terrestrial ecosystem production due to higher N availability (Reay et al., 2008; Thomas et al., 2010; Li et al., 2015). Increased plant growth with increasing N availability brings changes in plant leaf economics, gas exchange (Hacke et al., 2010), and hydraulic architecture (Borghetti et al., 2017), which in turn impact plant water relations (Kleiner et al., 1992; Goldstein et al., 2013). Changes in leaf economics, gas exchange, and hydraulic traits of woody plants may influence plant survival and resistance under environmental stresses, particularly during drought. On the other hand, hydraulic architecture and water relations strongly influence allometric scaling in the size, form, and population density of woody plants, and hence impact plant growth and the terrestrial ecosystem C sink (Savage et al., 2010; Blonder and Enquist, 2014). Therefore, through understanding the effect of long-term N addition on woody plant leaf economics, gas exchange and hydraulics we can better understand changes in plant growth and terrestrial productivity.

Xylem structure is plastic in response to climate change, and most N-addition experiments revealed that higher N availability increased vessel diameter (Watanabe et al., 2008; Plavcová and Hacke, 2012), and increased xylem conductance for water transport (Bucci et al., 2006; Goldstein et al., 2013), which likely enhances xylem efficiency (Hacke et al., 2010), but it is not clear if this is a general pattern. Higher hydraulic efficiency of water transport in xylem structure in woody plants concurrently increases the risk of cavitation and stress-induced embolism (Harvey and Van Den Driessche, 1999; McElrone et al., 2004; Wheeler et al., 2005; Villar-Salvador et al., 2013; but see Gleason et al., 2016). On the other hand, a meta-analysis revealed that vessel density increased with N deposition, which may improve capacity to withstand the risks of drought-induced embolism, thereby preserving xylem safety (Borghetti et al., 2017). Hence, these changes add uncertainties to the effects of N deposition on plant hydraulics.

The changes in xylem structure with increased N deposition are attributed to the stimulation of radial growth due to increased photosynthetic assimilation that results from enhanced plant foliar N content (Evans, 1989; Grassi et al., 2002; Camarero et al., 2017). Besides these effects on wood anatomical traits, increased carbohydrates produced from photosynthesis may be invested in increased leaf production and cause changes in leaf morphology. Resulting increases in total leaf area can reduce leaf-specific hydraulic conductivity and minimum leaf water potentials while concurrently increasing plant water loss (Bucci et al., 2006). In addition, concentrations of stored carbohydrates, in form of soluble sugars, in plant organs (e.g., leaves, roots) can influence osmotic pressure and water potential. Because soil N availability also influences C allocation patterns, variations in biomass production and concentrations of stored carbohydrates among leaf, stem and root can affect the hydraulic structure and water potential among different organs in individual plants (McCarthy et al., 2006). Moreover, stomatal conductance plays a critical role in the intrinsic water-use efficiency (iWUE) trade-off between C gain and water loss at the leaf level. Plants can regulate stomatal opening to maintain xylem water potential under variable environmental conditions, which in turn affects hydraulic conductance and iWUE (Sperry et al., 2002; Vilagrosa et al., 2003; Cochard et al., 2004). Results of a previous synthesis emphasized the importance of N availability on iWUE for crops (Brueck, 2008).

To date, global observations of altered woody plant leaf economics, gas exchange, and hydraulics have inspired a thrust of studies on effects of N addition (Jennings et al., 2016; Wang et al., 2016). However, such studies have often focused on a single species in a single experiment, and thereby do not allow us to derive general patterns. Although studies have been conducted in multiple plant species, the variability of results among different plant taxa remains unclear. Moreover, different types of N fertilizers (e.g. NH4NO3, Urea, [image: image]-N and [image: image]-N) were applied, which further complicates comparison (Ruan et al., 2000). N-addition levels have ranged from several kg N ha−1 yr−1 to hundreds kg N ha−1 yr−1, and the duration of N treatment has also varied from several weeks to a dozen years. Hence, without synthesis across these studies, the general responses of plant leaf economics, gas exchange and hydraulics to increasing atmospheric N deposition are not well characterized.

Here, we compiled 631 observations from 56 experimental studies and conducted a meta-analysis to identify the general pattern of the effects of N addition on woody plant leaf economics (specific leaf area, leaf area index and foliar N content), gas exchange (stomatal conductance, transpiration rate, net photosynthetic rate and iWUE) and hydraulic traits (hydraulic conductance, water potentials, water potential corresponding to 50% loss of hydraulic conductivity (P50), vessel density and vessel diameter). Our objective was to investigate the general patterns in N addition effects on leaf and xylem traits of woody plants and the differences in response among plant taxa and settings of N addition experiments (N fertilization types, N-addition levels and treatment duration).

MATERIALS AND METHODS

Data Collection

We collected data from 56 peer-reviewed journal articles (Supporting Information, Data Sheet 1) published from 1990 to 2017 by using the Web of Science resource. The search terms were “nitrogen addition” or “fertilization” or “nitrogen deposition” combining with “hydraulic” or “stomatal conductance” or “water use efficiency” or “physiology.” A total 631 observations of 15 variables related to foliar economics, gas exchange and hydraulic traits were identified. Our criteria were as follows: (1) Only studies on woody plants were included (e.g., herbaceous plants and crops were excluded); (2) Only field simulated nitrogen deposition studies were selected and laboratory incubation studies were excluded; (3) At least one of the selected variables was measured directly (e.g., model simulated values were excluded); (4) Only control and nitrogen addition treatment data were selected and results from interacting effects in multifactor experiments were excluded; (5) Fertilizers used contained only nitrogen and no other nutrient (e.g., K, P, and Ca); (6) The means, standard deviations (SD) or standard errors (SE), and sample sizes (n) were directly provided or could be calculated from the studies. Data were compiled from Tables or extracted from Figures of the published articles using Engauge software (4.1). Studies with multiple plant species or canopy height were treated as separate entries; when variables were reported for multiple sampling dates, only the monthly means (individual value or means from multiple values during each calendar month) were analyzed.

Categorization of Studies

In this meta-analysis, the selected 15 variables were categorized into two groups: (1) Leaf economics and gas exchange (including specific leaf area, leaf area index, foliar N content, stomatal conductance, transpiration rate, net photosynthetic rate and iWUE); (2) Hydraulics [including hydraulic conductance in leaves, roots and stems/shoots, water potential in leaves and stems/shoots, water potential corresponding to 50% loss of hydraulic conductivity (P50), vessel density and vessel diameter].

For each study, we noted plant taxonomic groups, N fertilizer types, N-addition levels and treatment duration, climate types and N2-fixing or non-N2-fixing plants as moderator variables. To avoid confounding the responses of variables to experimental treatments, observations were categorized according to moderator variables in four categories: plant taxonomic group (angiosperm or gymnosperm), fertilizer type (including NH4NO3, Urea, [image: image]-N, [image: image]-N or Urea+ NH4NO3), N-addition level (N-addition ranged from 9 kg N ha−1 yr−1 to 600 kg N ha−1 yr−1, which were divided into low [<100 kg N ha−1 yr−1] and high levels [≥100 kg N ha−1 yr−1]) and treatment duration (experimental N addition treatment durations ranged from 4 weeks to 16 years, which were divided into short [<2 yr] and long [≥ 2 yr] terms).

Meta-Analysis

The natural log-transformed response ratio (RR), defined as the “effect size,” was used to measure the response of plant economic (foliage) and hydraulic traits to N addition (Hedges et al., 1999). For variables with negative values (water potential and P50), we used the inverse of effect size to avoid the miscalculation. The response ratio for each individual observation was calculated as the ratio of its mean value in the N fertilization treatment group (Xt) to that in the control group (Xc) (Equation 1), and then log transformed (RR) to conform with the statistical requirements of meta-analysis (Hedges et al., 1999):
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Note that this analysis involves a non-linear transformation of the data, therefore the response ratios for related physiological variables are not directly comparable. For example ln RR for iWUE cannot be directly compared to the ratio between the ln RR for net photosynthetic rate and the ln RR of stomatal conductance.

In addition, the mean, standard deviation [image: image] and sample size of N-addition treatment (St, nt) and control (Sc, nc) group were used to calculate the variance of effect size (v) (Equation 2). The weighting factor (w) of each observation was calculated as the inverse of the variance (Equation 3).
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Since some cases in our study had two or more observations, we adjusted the weight by the total number of observations per study to reduce the weight from the same site, and used the total weighting factor (w′) to calculate the mean effect size ([image: image]) (Bai et al., 2013; Li et al., 2015; Equations 4–6):
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Where n is the total number of observations per study, lnRR′is weighted effect size, ln RRi′ and wi′ are lnRR′ and w of the ith observation, respectively.

A fixed effects model was used to determine whether N addition had a significant effect on each variable using Metawin 2.1 software. If the 95% CI of [image: image] for a variable did not overlap with zero, the effect of N addition on the variable was considered to be significantly increased or significantly reduced (less negative or more negative for the variables with negative values); if not, the effects were considered to be not significant. Statistical analyses were performed using R 3.4.0. For a better explanation, the percentage change caused by simulated nitrogen deposition was transformed from the mean effect size:
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In addition, the heterogeneity within (Qw) and between (Qb) moderator levels was compared using mixed effects models to assess the significance of each categorical moderator (Borenstein et al., 2009). The heterogeneity analysis was applied using Metawin 2.1 software.

RESULTS

Considering the entire dataset of plant leaf economics and gas exchange, simulated nitrogen deposition significantly increased leaf area index (+10.3%), foliar N content (+7.3%), net photosynthetic rate (+16.1%) and intrinsic water-use efficiency (+3.1%, Figure 1), but did not change specific leaf area, stomatal conductance, and transpiration rate. For hydraulic traits, the observed numbers of vessel density, root hydraulic conductance, and P50 were less than 20. Based on the current limited number of observations, results indicated that N addition significantly increased vessel diameter (+7.0%), but did not affect vessel density. In addition, N fertilization significantly increased hydraulic conductance in stems/shoots (+6.7%), but not in leaves and roots. Water potentials were significantly reduced with nitrogen deposition in leaves (−6.7%) but not in stems/shoots, while P50 was significantly increased (+21.5%).
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FIGURE 1. Mean effect sizes of N addition on two group variables. Error bars indicate 95% confidence intervals (CIs). The number in parentheses represents the sample size for each variables. The percentage of change (%) for each variable is shown next to the point. The “*” denotes a significant response. Data are shown for specific leaf area (SLA), leaf area index (LAI), foliar N content (foliar N), stomatal conductance (gs), Transpiration rate (Transpiration), net photosynthetic rate (A), intrinsic water-use efficiency (iWUE), hydraulic conductance of leaves (Kleaf, stems/shoots (Kstem/shoot) and roots (Kroot), leaf water potential (ψleaf), stem/shoot water potential (ψstem/shoot), and water potential corresponding to 50% loss of hydraulic conductivity (P50).



Because not all types of data were available for all studies, which studies and plants had available data for analyses varied for each functional trait we analyzed, as did sample size (Figure 1). Since these non-overlapping data could influence our conclusions about the relationships among functional traits, we checked for an overlap effect in our data for foliar N content, net photosynthetic rate, and iWUE. Analyzing only the data for studies that had both photosynthesis and foliar N content, we found that photosynthesis significantly increased 16.3% (n = 55) under N addition in the overlapped data (non-overlapped result was 16.1%, n = 102), and foliar N content significantly increased 13.9% (n = 55) in the overlapped data (non-overlapped result was 7.3%, n = 136). For overlapped data from studies that included both photosynthesis and iWUE, we found that photosynthesis significantly increased 10.6% (n = 45) and iWUE increased 3.1% (n = 45), but the effect on iWUE was not significant (non-overlapped results were +16.1%, n = 102, and +3.1%, n = 61, respectively). Overall, the effect of including non-overlapping data from different studies and species had a minimal influence on results for the functional traits we assessed.

We found different responses to N deposition for angiosperms and gymnosperms (Figure 2). N addition significantly increased foliar N content and net photosynthetic rate in both angiosperms and gymnosperms (Figures 2A,B), but did not significantly affect stomatal conductance and leaf hydraulic conductance in either taxonomic group (Figures 2C,D). Leaf water potential (−10.4%, Figure 2E) was significantly reduced in gymnosperms, while iWUE (+3.4%) was significantly increased in angiosperms. The number of gymnosperm observations of iWUE was too small for meta-analysis (Figure 2F).
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FIGURE 2. Mean effect sizes of N addition on foliar N content (A), net photosynthetic rate (B), stomatal conductance (C), leaf hydraulic conductance (D), leaf water potential (E), and intrinsic water-use efficiency (F). Error bars indicate 95% confidence intervals (CIs). The number in parentheses represents the sample size for each variables. The percentage of change (%) for each variable is shown next to the point. The variables are categorized into different groups according to plant taxonomic groups, fertilizer type, N-addition levels and treatment durations.



Overall, different fertilizer types induced different effects on the examined variables, although the number of observations from some fertilizer types (e.g. [image: image]-N, [image: image]-N, urea + NH4NO3) were too few for meta-analysis, limiting comparison to NH4NO3 and Urea (Figure 2). Based on the current limited number of observations, N addition had no significant effects on stomatal conductance and leaf hydraulic conductance in either NH4NO3 or urea addition (Figures 2C,D). Foliar N content increased with N addition in both NH4NO3 and urea addition, while net photosynthetic rate (+17.6%) and iWUE (+2.9%) were significantly increased only for NH4NO3 addition, leaf water potential was significantly decreased only for urea addition (−10.6%, Figure 2).

When N deposition was considered separately for low and high N-addition, we found few differences between levels of addition (Figure 2). Foliar N content and net photosynthetic rate were significantly increased in both low and high N-addition levels (Figures 2A,B), while leaf water potential (−23.7%, Figures 2E) and iWUE (+6.4%, Figure 2F) were significantly affected in high N-addition level only. Stomatal conductance and leaf hydraulic conductance were not significantly affected for either low or high N-addition levels (Figures 2C,D).

When the effect of simulated N deposition was analyzed separately by length of treatment, stomatal conductance and leaf hydraulic conductance were not significantly affected in either short-term or long-term experiments (Figures 2C,D). Both net photosynthetic rate and foliar N content were significantly increased in both short-term and long-term experiments, while leaf water potential (−9.7%) was significantly reduced in short-term experiments only, while the opposite occurred for iWUE (Figure 2).

Based on the current limited data (Table S2), there were no significantly different effects on foliar N content, net photosynthetic rate, stomatal conductance and leaf hydraulic conductance in different climate types. However, N addition did reduce leaf water potential in subtropical climate, but not in temperate climate, and intrinsic water-use efficiency significantly increased under N addition in temperate climate while not in subtropical and tropical climate. In addition, N addition significantly reduced net photosynthetic rate for N2-fixing plants while increased photosynthesis was found for non-N2-fixing plants, and intrinsic water-use efficiency significantly increased with for non-N2-fixing plants while not for N2-fixing plants.

DISCUSSION

Effects of N Addition on Woody Plant Leaf Economics and Gas Exchange

Stomatal closure reduces water loss from plants and concurrently lowers CO2 diffusion into the leaf, thereby playing a fundamental role in controlling plant transpiration and photosynthesis (Tardieu and Simonneau, 1998). Overall across plant taxonomic groups, our meta-analysis showed that N addition did not significantly affect stomatal conductance and transpiration rate, but increased net photosynthetic rate (+16.1%) and foliar N content (+7.3%, Figure 1). This result illustrates the strong link between increased production of photosynthetic proteins (e.g., Rubisco) and enhanced C assimilation rate (Evans, 1989; Reich et al., 1998), which is consistent with many previous findings that N-addition increases photosynthetic performance (Hirose and Werger, 1987; Chen et al., 1993; Shiratsuchi et al., 2006). This enhancement of net photosynthetic rate combined with increased leaf area index (+10.3%) we observed under N fertilization may lead to increased woody plant primary production. Moreover, N accumulation not only increased foliar N content (Bubier et al., 2011) but also enhanced pant nutritional status to promote growth (Marques et al., 1983; Aber et al., 2003; Ågren, 2004; Aoyama et al., 2014; Montti et al., 2014). Increased net photosynthetic rate and unchanged stomatal conductance under N addition in our meta-analysis was consistent with the effect of increased iWUE (+3.1%), which is the ratio between these two parameters (Boyer, 1996). Brueck (2008) also reported that N supply promotes iWUE. However, the response of iWUE to increasing N availability can vary depending on leaf age, leaf morphology (e.g., specific leaf area) and plant environmental conditions (e.g., light, Brueck, 2008). In our meta-analysis, we did not find a significant response of specific leaf area to N addition, suggesting that changes in specific leaf area are not responsible for the increase in iWUE we observed (Figure 3).
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FIGURE 3. Responses of leaf economics, gas exchange, and hydraulic traits to N addition. Transpiration, Transpiration rate; gs, stomatal conductance; foliar N, foliar N content; iWUE, intrinsic water-use efficiency; A, net photosynthetic rate; SLA, specific leaf area; LAI, leaf area index; Kleaf, Kstem/shoot and Kroot, hydraulic conductance of leaves, stems/shoots and roots; ψleaf, leaf water potential; ψstem/shoot, stem/shoot water potential; P50, water potential corresponding to 50% loss of hydraulic conductivity. The numbers and arrows represent increases or decreases under N addition, respectively, and significant changes are indicated with a solid line, while dashed lines represent results that were not significant.



Leaves impose significant constraints on plant maximum stomatal conductance and photosynthetic capacity (Brodribb et al., 2005), and leaves are more hydraulically vulnerable than stems or roots (Salleo et al., 2001; Brodribb and Holbrook, 2003; Hao et al., 2008, 2013). Thus, leaf functional traits are considered critical factors influencing plant hydraulics. In our meta-analysis, unchanged specific leaf area with N fertilization suggests that plants did not increase their investments in leaf density and thickness, suggesting N addition will not alter leaf lifespan, the proportion of lignified tissue, leaf toughness, or structural defenses against herbivory (Wright et al., 2004; Poorter et al., 2009; Prado et al., 2014; Reich, 2014). Conversely, N addition increased leaf area index, nutrient content (N) and net photosynthetic rate, which is consistent with the principal trade-off between mass investment in leaf longevity and in new leaf production (Pérez-Ramos et al., 2013; Figure 3).

N addition induced a greater positive effect on net photosynthetic rate in gymnosperms than in angiosperms (P = 0.027, Table S1, Figure 2B). The different response to N addition between gymnosperms and angiosperms was presumably related to higher specific leaf area in gymnosperms, which could lead to different effects on primary production between gymnosperms and angiosperms (Li et al., 2017). For iWUE, the small number of observations on gymnosperms under N addition limited the power of our meta-analysis (n = 1, Figure 2F), but the increased iWUE in angiosperms with N-addition was consistent with overall changes in iWUE. This result is similar to that of Leonardi et al. (2012), who reported that N deposition induced a positive effect on iWUE in both angiosperms and gymnosperms.

Urea and NH4NO3 were the most frequently used fertilizers, and the small number of observations for [image: image]-N, [image: image]-N or Urea + NH4NO3 addition limited the power of our meta-analysis (Figure 2). In our results, urea and NH4NO3 addition did not induce different effects on stomatal conductance (Figure 2C), while only NH4NO3 addition induced significantly positive effects on net photosynthetic rate and iWUE (Figures 2B,F). This could be due to nitrate from NH4NO3 which could alter plant N uptake kinetics (Piwpuan et al., 2013) and promote plant cation absorption, but concurrently inhibit phosphorus absorption (Ruan et al., 2000). Alternately, previous studies suggested that high [image: image] addition can reduce plant growth and survival rate (Koerselman et al., 1990; Pearce et al., 2003) due to the potential toxicity of [image: image] to vascular plants (Paulissen et al., 2004), while urea could be rapidly hydrolyzed by the enzyme urease and predominantly released as [image: image] (Singh et al., 2013), thereby impairing the facilitation effect of N fertilization on net photosynthetic rate. Consistent with this, mixed [image: image] and [image: image] addition produced greater effects on foliar N and photosynthesis than urea (Liu et al., 2016).

Our finding that iWUE increased with high levels of N-addition but not with low levels is consistent with the previous synthesis results by Leonardi et al. (2012), who demonstrated a significant association of N deposition rate with iWUE, although the extent of increased iWUE was mainly controlled by the ratio between leaf intercellular and ambient CO2 concentrations. Similar effects on foliar N content at low and high levels of N addition could have occurred because N concentration in leaves was saturated at low levels (Wilson and Tiley, 1998; Pardo et al., 2007). Timing of N addition also affected results, as increases in both net photosynthetic rate and foliar N content with N addition were more pronounced in short-term experiments (P < 0.05, Table S1), while iWUE only increased in long-term experiments (Figure 2F). Different trends in net photosynthetic rate and iWUE response to N addition with increasing duration of N addition would be consistent with long-term N accumulation altering plant C allocation patterns and metabolic processes (Cramer and Lewis, 1993; McCarthy et al., 2006). A reduced response in foliar N uptake from short-term to long-term treatments suggests that plants acclimate to N addition. N addition promoted iWUE in temperate climate but not in subtropical and tropical climates (Table S2) suggesting that plants have lower iWUE under climate conditions with higher temperatures and precipitation. It is also interesting to find that photosynthesis was significantly reduced under N addition for N2-fixing plants but significantly increased for non-N2-fixing plants (Table S2), this result induced no significantly effects on iWUE, though the data was limited. A previous meta-analysis reported that N2-fixing plants had higher protein content compared to non-N2-fixing plants under N addition treatment (Liu et al., 2016), thus instead of promoting, N addition might become a burden for photosynthesis in N2-fixing plants.

Effects of N Addition on Woody Plant Hydraulics

The response of vessel hydraulic architecture to N addition can reveal how plants regulate their conducting system under variable plant-nutrient conditions. We found that N fertilization significantly increased vessel diameter, but did not change vessel density (Figure 1), which increases hydraulic conductivity (Hacke et al., 2009; Pittermann et al., 2011) and the susceptibility to drought-induced hydraulic failure (Harvey and Van Den Driessche, 1999; McElrone et al., 2004; Wheeler et al., 2005; Villar-Salvador et al., 2013; but see Gleason et al., 2016). This is inconsistent with Borghetti et al. (2017) who reported that N deposition provided capacity to withstand the risks of embolism due to higher vessel density. We found that N addition increased hydraulic conductance in stems/shoots, but not in leaves or roots (Figures 1, 3). Significantly increased hydraulic conductance in the stem or shoot under N addition with a concomitant increase in LAI may have a positive effect on the whole-plant hydraulic conductance. However, leaves and roots have been demonstrated to be two major bottlenecks in whole-plant water flow (Tyree et al., 1998; Nardini and Tyree, 1999; Sack et al., 2003, 2005). The lack of significant effects on leaf hydraulic conductance in response to N addition was presumably because N fertilization stimulated plant leaf production (increased LAI in our meta-analysis), but impaired hydraulic conductance in leaves, which in turn counteracted the facilitation effects of N addition on leaf hydraulic conductance. Thus, more studies including whole-plant hydraulic conductance are needed to understand the effects of N deposition on plant hydraulic conductance. In roots, hydraulic resistance is typically attributed to high radial resistance in fine roots before water reaches the xylem conduits (Tsuda and Tyree, 1997), hence larger fine root surface area would strongly increase water absorption and thus enhance root hydraulic conductance. A previous meta-analysis demonstrated that N addition did not alter fine root diameter or length, but did decrease fine root quantity (Li et al., 2015), implying that fine root surface area for water absorption was reduced. This effect could explain the lack of an effect on root hydraulic resistance that we found.

Generally, the distal portions of plants should be more vulnerable to embolism than stems, which could protect the more C-costly parts (e.g., stems; hydraulic segmentation hypothesis; Hao et al., 2008; Bucci et al., 2013; Scholz et al., 2014; Johnson et al., 2016; Pivovaroff et al., 2016). Therefore, it is logical that reduced water potential and increased embolism occurs first in distal plant parts. In our meta-analysis, we found that N addition reduced water potential in leaves, but not in stems/shoots, which could increase the risk of embolism in leaves under unfavorable water conditions (Johnson et al., 2009). Despite the decrease in water potential in leaves under N addition, stomatal conductance was not affected, indicating a reduced sensitivity of stomatal conductance to water stress. Since no water potential data were available for our meta-analysis for roots, another important distal plant tissue, more studies should be carried out to explore the effect of N fertilization on root water potential and to understand this phenomenon better. In addition, increased P50 with N addition suggests that N fertilization increased xylem vulnerability to cavitation, which could reduce overall plant tolerance to environmental stress (e.g., drought, freeze-thaw cycles). Combined with increased hydraulic conductance in stems/shoots, these results suggest that xylem safety was traded for xylem hydraulic efficiency (safety-efficiency hypothesis; Gleason et al., 2016), which would be disadvantageous under unfavorable water conditions (Figure 3).

Overall, across 61 woody plant species, the response of leaf hydraulic conductance to N addition was not affected by moderator variables (taxonomic groups, fertilizer types, N-addition levels and treatment durations, Figure 2D). Decreased leaf water potential with N addition under urea addition, high N addition and short N fertilization terms (Figure 2E) indicates that fertilized plants were more likely to risk embolism in leaves than unfertilized plants, a risk that could increase during drought. However, since plants replace conducting area via new growth (and perhaps refill embolism) more readily under high N availability (McDowell et al., 2011; Zeppel et al., 2015), plant resilience to water deficit may vary depending on the timing and duration of drought. Hence, more long-term manipulation experiments with interactions of N addition and drought are needed to reveal plant tolerances to environmental changes. It should be noted that the number of observations for some groups or levels of moderating variables for both leaf hydraulic conductance and water potential were small (n < 10, Figures 2D,E), which limited the power of our meta-analysis.

CONCLUSIONS

We found that N addition increased foliar N content, leaf area index, net photosynthetic rate, and iWUE across a variety of woody plant species, which may enhance plant primary production and N demand. For plant hydraulic traits, N addition increased hydraulic conductance in stems/shoots, due to greater vessel diameter with N addition, which we observed in our study. Increased vessel diameter and no change in vessel density suggested that N addition elevated the risk of embolism and hydraulic dysfunction, as reflected in the effects of N addition on P50, a tradeoff between xylem safety and efficiency. Moreover, N addition significantly reduced leaf water potential but not leaf hydraulic conductance, which indicated that leaves were more likely to experience embolism in under stress than stems or shoots. These results also confirmed the tradeoff between C and hydraulic economics because N addition increased plant C uptake, through its effects on net photosynthetic rate, iWUE, and leaf area index, but also makes plants more vulnerable to hydraulic dysfunction. We present the results of different tree organs of hydraulic conductance, and argue that it will be essential to study the whole-plant hydraulic conductance under N deposition. In order to accurately predict plant performance and dynamics under climate change, further studies should focus on the effects of multiple stressors (drought and N fertilization) and their interactions. In the future, understanding the trade-off between the leaf economics of C and water exchange could improve prediction of hydraulic dysfunction need to anticipate threshold events in vegetation change that may come to dominate certain ecosystem response to multiple global change effects. This meta-analysis offers a comprehensive perspective of N addition effects on foliar economics, gas exchange, and hydraulic traits, and exposes several knowledge gaps in fertilizer usage, and responses under multiple environmental stresses.

AUTHOR CONTRIBUTIONS

All authors contributed to the development of ideas, and interpretation of results. HZ, FY, and WL: collected raw data and performed statistical analyses; HZ, DG, WL, and HA: co-wrote the manuscript and all authors contributed to revisions.

FUNDING

This work was supported by the National Natural Science Foundation of China (Grant No. 31670707, 31770755, 41675112, 31400541).

ACKNOWLEDGMENTS

The authors are grateful to the support and technical assistance from Eco-climatology lab.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2018.00683/full#supplementary-material

Data Sheet 1. The list of 56 papers used in the meta-analysis.

Table S1. Summary of the heterogeneity between moderator levels (Qb) (plant taxonomic groups, fertilizer types, N-addition levels and treatment durations) and P-value.

Table S2. The percentage change (%) caused by N addition for each variable and the variables are categorized into different groups according to climate type and N2-fixing or non-N2-fixing plants.

REFERENCES

 Aber, J. D., Goodale, C. L., Ollinger, S. V., Smith, M-L., Magill, A. H., Martin, M. E., et al. (2003). Is nitrogen deposition altering the nitrogen status of northeastern forests? AIBS Bull. 53, 375–389. doi: 10.1641/0006-3568(2003)053[0375:INDATN]2.0.CO;2

 Ågren, G. I. (2004). The C:N:P stoichiometry of autotrophs – theory and observations. Ecol Lett. 7, 185–191. doi: 10.1111/j.1365-2427.2005.01465.x

 Aoyama, S., Huarancca Reyes, T., Guglielminetti, L., Lu, Y., Morita, Y., Sato, T., et al. (2014). Ubiquitin ligase ATL31 functions in leaf senescence in response to the balance between atmospheric CO2 and nitrogen availability in Arabidopsis. Plant Cell Physiol. 55, 293–305. doi: 10.1093/pcp/pcu002

 Bai, E., Li, S., Xu, W., Li, W., Dai, W., and Jiang, P. (2013). A meta-analysis of experimental warming effects on terrestrial nitrogen pools and dynamics. New Phytol. 199, 431–440. doi: 10.1111/nph.12252

 Blonder, B., and Enquist, B. J. (2014). Inferring climate from angiosperm leaf venation networks. New Phytol. 204, 116–126. doi: 10.1111/nph.12780

 Borenstein, M., Hedges, L. V., Higgins, J. P.T., and Rothstein, H. R. (2009). Introduction to Meta-Analysis. West Sussex: John Wiley & Sons Ltd.

 Borghetti, M., Gentilesca, T., Leonardi, S., Van Noije, T., Rita, A., and Mencuccini, M. (2017). Long-term temporal relationships between environmental conditions and xylem functional traits: a meta-analysis across a range of woody species along climatic and nitrogen deposition gradients. Tree Physiol. 37, 4–17. doi: 10.1093/treephys/tpw087

 Boyer, J. (1996). Advances in drought tolerance in plants. Adv Agron. 56, 187–218. doi: 10.1016/S0065-2113(08)60182-0

 Brodribb, T. J., and Holbrook, N. M. (2003). Stomatal closure during leaf dehydration, correlation with other leaf physiological traits. Plant Physiol. 132, 2166–2173. doi: 10.1104/pp.103.023879

 Brodribb, T. J., Holbrook, N. M., Zwieniecki, M. A., and Palma, B. (2005). Leaf hydraulic capacity in ferns, conifers and angiosperms:impactsonphotosyntheticmaxima. New Phytol. 165:83946. doi: 10.1111/j.14698137.2004.01259.x

 Brueck, H. (2008). Effects of nitrogen supply on water-use efficiency of higher plants. J. Plant Nutr. Soil Sci. 171, 210–219. doi: 10.1002/jpln.200700080

 Bubier, J. L., Smith, R., Juutinen, S., Moore, T. R., Minocha, R., Long, S., et al. (2011). Effects of nutrient addition on leaf chemistry, morphology, and photosynthetic capacity of three bog shrubs. Oecologia 167, 355–368. doi: 10.1007/s00442-011-1998-9

 Bucci, S. J., Scholz, F. G., Goldstein, G., Meinzer, F. C., Franco, A. C., Campanello, P. I., et al. (2006). Nutrient availability constrains the hydraulic architecture and water relations of savannah trees. Plant Cell Environ.. 29, 2153–2167. doi: 10.1111/j.1365-3040.2006.01591.x

 Bucci, S. J., Scholz, F. G., Perschiutta, M. L., Arias, N. S., Meinzer, F. C., and Goldstein, G. (2013). The stem xylem of Patagonian shrubs operates far from the point of catastrophic dysfunction and is additionally protected from drought-induced embolism by leaves and roots. Plant Cell Environ. 36, 2163–2174. doi: 10.1111/pce.12126

 Camarero, J. J., Carrer, M., and Way, D. (2017). Bridging long-term wood functioning and nitrogen deposition to better understand changes in tree growth and forest productivity. Tree Physiol. 37, 1–3. doi: 10.1093/treephys/tpw111

 Chen, J. L., Reynolds, J. F., Harley, P. C., and Tenhunen, J. D. (1993). Coordination theory of leaf nitrogen distribution in a canopy. Oecologia 93, 63–69. doi: 10.1007/BF00321192

 Clark, C. M., and Tilman, D. (2008). Loss of plant species after chronic low-level nitrogen deposition to prairie grasslands. Nature 451, 712–715. doi: 10.1038/nature06503

 Cochard, H., Nardini, A., and Coll, L. (2004). Hydraulic architecture of leaf blades: where is the main resistance? Plant Cell Environ. 27, 1257–1267. doi: 10.1111/j.1365-3040.2004.01233.x

 Cramer, M., and Lewis, O. (1993). The influence of [image: image] and [image: image] nutrition on the carbon and nitrogen partitioning characteristics of wheat (Triticum aestivum L.) and maize (Zea mays L.) plants. Plant Soil 154, 289–300. doi: 10.1007/BF00012534

 Davidson, E. A. (2009). The contribution of manure and fertilizer nitrogen to atmospheric nitrous oxide since 1860. Nat. Geosci. 2, 659–662. doi: 10.1038/NGEO608

 De Schrijver, A., De Frenne, P., Ampoorter, E., Van Nevel, L., Demey, A., Wuyts, K., et al. (2011). Cumulative nitrogen input drives species loss in terrestrial ecosystems. Global Ecol. Biogeogr. 20, 803–816. doi: 10.1111/j.1466-8238.2011.00652.x

 Dise, N. B., Rothwell, J. J., Gauci, V., Van der Salm, C., and De Vries, W. (2009). Predicting dissolved inorganic nitrogen leaching in European forests using two independent databases. Sci. Total Environ. 407, 1798–1808. doi: 10.1016/j.scitotenv.2008.11.003

 Evans, J. R. (1989). Photosynthesis and nitrogen relationships in leaves of C3 plants. Oecologia 78, 9–19. doi: 10.1007/BF00377192

 Galloway, J. N., Townsend, A. R., Erisman, J. W., Bekunda, M., Cai, Z., Freney, J. R., et al. (2008). Transformation of the nitrogen cycle: recent trends, questions, and potential solutions. Science 320, 889–892. doi: 10.1126/science.1136674

 Gleason, S. M., Westoby, M., Jansen, S., Choat, B., Hacke, U. G., Pratt, R. B., et al. (2016). Weak tradeoff between xylem safety and xylem-specific hydraulic efficiency across the world's woody plant species. New Phytol. 209, 123–136. doi: 10.1111/nph.13646

 Goldstein, G., Bucci, S. J., and Scholz, F. G. (2013). Why do trees adjust water relations and hydraulic architecture in response to nutrient availability? Tree Physiol. 33, 238–240. doi: 10.1093/treephys/tpt007

 Grassi, G., Meir, P., Cromer, R., Tompkins, D., and Jarvis, P. G. (2002). Photosynthetic parameters in seedlings of Eucalyptus grandis as affected by rate of nitrogen supply. Plant Cell Environ. 25, 1677–1688. doi: 10.1046/j.1365-3040.2002.00946.x

 Hacke, U. G., Jacobsen, A. L., and Pratt, R. B. (2009). Xylem function of arid-land shrubs from California, USA: an ecological and evolutionary analysis. Plant Cell Environ. 32, 1324–1333. doi: 10.1111/j.1365-3040.2009.02000.x

 Hacke, U. G., Plavcová, L., Almeida-Rodriguez, A., King-Jones, S., Zhou, W., and Cooke, J. E. (2010). Influence of nitrogen fertilization on xylem traits and aquaporin expression in stems of hybrid poplar. Tree Physiol. 30, 1016–1025. doi: 10.1093/treephys/tpq058

 Hao, G. Y., Hoffmann, W. A., Scholz, F. G., Bucci, S. J., Meinzer, F. C., Franco, A. C., et al. (2008). Stem and leaf hydraulics of congeneric tree species from adjacent tropical savanna and forest ecosystems. Oecologia 155, 405–415. doi: 10.1007/s00442-007-0918-5

 Hao, G. Y., Lucero, M. E., Sanderson, S. C., Zacharias, E. H., and Holbrook, N. M. (2013). Polyploidy enhances the occupation of heterogeneous environments through hydraulic related trade-offs in Atriplex canescens (Chenopodiaceae). New Phytol. 197, 970–978. doi: 10.1111/nph.12051

 Harvey, H. P., and Van Den Driessche, R. (1999). Nitrogen and potassium effects on xylem cavitation and water-use efficiency in poplars. Tree Physiol. 19, 943–950. doi: 10.1093/treephys/19.14.943

 Hedges, L. V., Gurevitch, J., and Curtis, P. S. (1999). The meta-analysis of response ratios in experimental ecology. Ecology 80, 1150–1156. doi: 10.2307/177062

 Hirose, T., and Werger, M. J.A. (1987). Nitrogen use efficiency in instantaneous and daily photosynthesis of leaves in the lanopy of a solidago-altissima stand. Physiol. Plant 70, 215–222. doi: 10.1111/j.1399-3054.1987.tb06134.x

 Hoegberg, P., Fan, H., Quist, M., Binkley, D., and Tamm, C. O. (2006). Tree growth and soil acidification in response to 30 years of experimental nitrogen loading on boreal forest. Glob. Chang. Biol. 12, 489–499. doi: 10.1111/j.1365-2486.2006.01102.x

 IPCC (2007). Climate Change 2007: The Physical Science Basis. Cambridge: Cambridge University Press.

 Jennings, K. A., Guerrieri, R., Vadeboncoeur, M. A., and Asbjornsen, H. (2016). Response of Quercus velutina growth and water use efficiency to climate variability and nitrogen fertilization in a temperate deciduous forest in the northeastern USA. Tree Physiol. 36, 428–443. doi: 10.1093/treephys/tpw003

 Johnson, J., Cummins, T., and Aherne, J. (2016). Critical loads and nitrogen availability under deposition and harvest scenarios for conifer forests in Ireland. Sci. Total Environ. 541, 319–328. doi: 10.1016/j.scitotenv.2015.08.140

 Johnson, D. M., Meinzer, F. C., Woodruff, D. R., and McCulloh, K. A. (2009). Leaf xylem embolism, detected acoustically and by cryo-SEM, corresponds to decreases in leaf hydraulic conductance in four evergreen species. Plant Cell Environ. 32, 828–836. doi: 10.1111/j.1365-3040.2009.01961.x

 Kleiner, K. W., Abrams, M. D., and Schultz, J. C. (1992). The impact of water and nutrient deficiencies on the growth, gas exchange and water relations of red oak and chestnut oak. Tree Physiol. 11, 271–287. doi: 10.1093/treephys/11.3.271

 Koerselman, W., Bakker, S. A., and Blom, M. (1990). Nitrogen, phosphorus and potassium budgets for two small fens surrounded by heavily fertilized pastures. J. Ecol.78, 428–442. doi: 10.2307/2261122

 Leonardi, S., Gentilesca, T., Guerrieri, R., Ripullone, F., Magnani, F., Mencuccini, M., et al. (2012). Assessing the effects of nitrogen deposition and climate on carbon isotope discrimination and intrinsic water-use efficiency of angiosperm and conifer trees under rising CO2 conditions. Glob. Chang. Biol. 18, 2925–2944. doi: 10.1111/j.1365-2486.2012.02757.x

 Li, W., Bai, Z., Jin, C., Zhang, X., Guan, D., Wang, A., et al. (2017). The influence of tree species on small scale spatial heterogeneity of soil respiration in a temperate mixed forest. Sci. Total Environ. 590, 242–248. doi: 10.1016/j.scitotenv.2017.02.229

 Li, W. B., Jin, C. J., Guan, D. X., Wang, Q. K., Wang, A. Z., Yuan, F. H., et al. (2015). The effects of simulated nitrogen deposition on plant root traits: a meta-analysis. Soil Biol. Biochem. 82, 112–118. doi: 10.1016/j.soilbio.2015.01.001

 Liu, J., Wu, N., Wang, H., Sun, J., Peng, B., Jiang, P., et al. (2016). Nitrogen addition affects chemical compositions of plant tissues, litter and soil organic matter. Ecology 97, 1796–1806. doi: 10.1890/15-1683.1

 Marques, I. A., Oberholzer, M. J., and Erismann, K. H. (1983). Effects of different Inorganic nitrogen sources on photosynthetic carbon metabolism in primary leaves of non-nodulated Phaseolus vulgaris L. Plant Physiol. 71, 555–561.

 McCarthy, H. R., Oren, R., Finzi, A. C., and Johnsen, K. H. (2006). Canopy leaf area constrains CO2-induced enhancement of productivity and partitioning among aboveground carbon pools. P. Natl. Acad. Sci. U.S.A. 103, 19356–19361. doi: 10.1073/pnas.0609448103

 McDowell, N. G., Beerling, D. J., Breshears, D. D., Fisher, R. A., Raffa, K. F., and Stitt, M. (2011). The interdependence of mechanisms underlying climate-driven vegetation mortality. Trends Ecol. Evol. (Amst). 26, 523–532. doi: 10.1016/j.tree.2011.06.003

 McElrone, A. J., Pockman, W. T., Martinez-Vilalta, J., and Jackson, R. B. (2004). Variation in xylem structure and function in stems and roots of trees to 20 m depth. New Phytol. 163, 507–517. doi: 10.1111/j.1469-8137.2004.01127.x

 Montti, L., Villagra, M., Campanello, P. I., Gatti, M. G., and Goldstein, G. (2014). Functional traits enhance invasiveness of bamboos over co-occurring tree saplings in the semideciduous Atlantic Forest. Acta Oecol. 54, 36–44. doi: 10.1016/j.actao.2013.03.004

 Nardini, A., and Tyree, M. T. (1999). Root and shoot hydraulic conductance of seven Quercus species. Ann. Forest Sci. 56, 371–377. doi: 10.1051/forest:19990502

 Pardo, L. H., McNulty, S. G., Boggs, J. L., and Duke, S. (2007). Regional patterns in foliar N-15 across a gradient of nitrogen deposition in the northeastern US. Environ. Pollut. 149, 293–302. doi: 10.1016/j.envpol.2007.05.030

 Paulissen, M. P.C. P., Van der Ven, P. J. M., Dees, A. J., and Bobbink, R. (2004). Differential effects of nitrate and ammonium on three fen bryophyte species in relation to pollutant nitrogen input. New Phytol. 164, 451–458. doi: 10.1111/j.1469-8137.2004.01196.x

 Pearce, I. S.K., Woodin, S. J., and Van der Wal, R. (2003). Physiological and growth responses of the montane bryophyte Racomitrium lanuginosum to atmospheric nitrogen deposition. New Phytol. 160, 145–155. doi: 10.1046/j.1469-8137.2003.00875.x

 Pérez-Ramos, I. M., Volaire, F., Fattet, M., Blanchard, A., and Roumet, C. (2013). Tradeoffs between functional strategies for resource-use and drought-survival in Mediterranean rangeland species. Environ. Exp. Bot. 87, 126–136. doi: 10.1016/j.envexpbot.2012.09.004

 Pittermann, J., Limm, E., Rico, C., and Christman, M. A. (2011). Structure–function constraints of tracheid-based xylem: a comparison of conifers and ferns. New Phytol. 192, 449–461. doi: 10.1111/j.1469-8137.2011.03817.x

 Pivovaroff, A. L., Santiago, L. S., Vourlitis, G. L., Grantz, D. A., and Allen, M. F. (2016). Plant hydraulic responses to long-term dry season nitrogen deposition alter drought tolerance in a Mediterranean-type ecosystem. Oecologia 181, 721–731. doi: 10.1007/s00442-016-3609-2

 Piwpuan, N., Zhai, X., and Brix, H. (2013). Nitrogen nutrition of Cyperus laevigatus and Phormium tenax: effects of ammonium versus nitrate on growth, nitrate reductase activity and N uptake kinetics. Aquat Bot. 106, 42–51. doi: 10.1016/j.aquabot.2013.01.002

 Plavcová, L., and Hacke, U. G. (2012). Phenotypic and developmental plasticity of xylem in hybrid poplar saplings subjected to experimental drought, nitrogen fertilization, and shading. J. Exp. Bot. 63, 6481–6491. doi: 10.1093/jxb/ers303

 Poorter, H., Niinemets, U., Poorter, L., Wright, I. J., and Villar, R. (2009). Causes and consequences of variation in leaf mass per area (LMA): a meta-analysis. New Phytol. 182, 565–588. doi: 10.1111/j.1469-8137.2009.02830.x

 Prado, A., Sierra, A., Windsor, D., and Bede, J. C. (2014). Leaf traits and herbivory levels in a tropical gymnosperm, Zamia stevensonii (Zamiaceae). Am. J. Bot. 101, 437–447. doi: 10.3732/ajb.1300337

 Reay, D. S., Dentener, F., Smith, P., Grace, J., and Feely, R. A. (2008). Global nitrogen deposition and carbon sinks. Nat. Geosci. 1, 430–437. doi: 10.1038/ngeo230

 Reich, P. B. (2014). The world-wide “fast-slow” plant economics spectrum: a traits manifesto. J. Ecol. 102, 275–301. doi: 10.1111/1365-2745.12211

 Reich, P. B., Walters, M. B., Tjoelker, M. G., Vanderklein, D., and Buschena, C. (1998). Photosynthesis and respiration rates depend on leaf and root morphology and nitrogen concentration in nine boreal tree species differing in relative growth rate. Funct. Ecol. 12, 395–405. doi: 10.1046/j.1365-2435.1998.00209.x

 Ruan, J. Y., Zhang, F. S., and Wong, M. H. (2000). Effect of nitrogen form and phosphorus source on the growth, nutrient uptake and rhizosphere soil property of Camellia sinensis L. Plant Soil 223, 63–71. doi: 10.1023/A:1004882001803

 Sack, L., Cowan, P. D., Jaikumar, N., and Holbrook, N. M. (2003). The “hydrology” of leaves: co-ordination of structure and function in temperate woody species. Plant Cell Environ. 26, 1343–1356. doi: 10.1046/j.0016-8025.2003.01058.x

 Sack, L., Tyree, M. T., and Holbrook, N. M. (2005). Leaf hydraulic architecture correlates with regeneration irradiance in tropical rainforest trees. New Phytol. 167, 403–413. doi: 10.1111/j.1469-8137.2005.01432.x

 Salleo, S., Gullo, L., Raimondo, F., and Nardini, A. (2001). Vulnerability to cavitation of leaf minor veins: any impact on leaf gas exchange? Plant Cell Environ. 24, 851–859. doi: 10.1046/j.0016-8025.2001.00734.x

 Savage, V. M., Bentley, L. P., Enquist, B. J., Sperry, J. S., Smith, D. D., Reich, P. B., et al. (2010). Hydraulic trade-offs and space filling enable better predictions of vascular structure and function in plants. Proc. Natl. Acad. Sci. U.S.A. 107, 22722–22727. doi: 10.1073/pnas.1012194108

 Scholz, F. G., Bucci, S. J., and Goldstein, G. (2014). Strong hydraulic segmentation and leaf senescence due to dehydration may trigger die-back in Nothofagus dombeyi under severe droughts: a comparison with the co-occurring Austrocedrus chilensis. Trees 28, 1475–1487. doi: 10.1007/s00468-014-1050-x

 Shiratsuchi, H., Yamagishi, T., and Ishii, R. (2006). Leaf nitrogen distribution to maximize the canopy photosynthesis in rice. Field Crops Res. 95, 291–304. doi: 10.1016/j.fcr.2005.04.005

 Singh, J., Kunhikrishnan, A., Bolan, N. S., and Saggar, S. (2013). Impact of urease inhibitor on ammonia and nitrous oxide emissions from temperate pasture soil cores receiving urea fertilizer and cattle urine. Sci. Total Environ. 465, 56–63. doi: 10.1016/j.scitotenv.2013.02.018

 Sperry, J. S., Hacke, U. G., Oren, R., and Comstock, J. P. (2002). Water deficits and hydraulic limits to leaf water supply. Plant Cell Environ. 25, 251–263. doi: 10.1046/j.0016-8025.2001.00799.x

 Tardieu, F., and Simonneau, T. (1998). Variability among species of stomatal control under fluctuating soil water status and evaporative demand: modelling isohydric and anisohydric behaviours. J. Exp. Bot. 49, 419–432. doi: 10.1093/jexbot/49.suppl_1.419

 Thomas, R. Q., Canham, C. D., Weathers, K. C., and Goodale, C. L. (2010). Increased tree carbon storage in response to nitrogen deposition in the US. Nat. Geosci. 3, 13–17. doi: 10.1038/NGEO721

 Tsuda, M., and Tyree, M. T. (1997). Whole-plant hydraulic resistance and vulnerability segmentation in Acer saccharinum. Tree Physiol. 17, 351–357. doi: 10.1093/treephys/17.6.351

 Tyree, M. T., Velez, V., and Dalling, J. W. (1998). Growth dynamics of root and shoot hydraulic conductance in seedlings of five neotropical tree species: scaling to show possible adaptation to differing light regimes. Oecologia 114, 293–298. doi: 10.1007/s004420050450

 Vilagrosa, A., Bellot, J., Vallejo, V. R., and Gil-Pelegrin, E. (2003). Cavitation, stomatal conductance, and leaf dieback in seedlings of two co-occurring Mediterranean shrubs during an intense drought. J. Exp. Bot. 54, 2015–2024. doi: 10.1093/jxb/erg221

 Villar-Salvador, P., Peñuelas, J. L., and Jacobs, D. F. (2013). Nitrogen nutrition and drought hardening exert opposite effects on the stress tolerance of Pinus pinea L. seedlings. Tree Physiol. 33, 221–232. doi: 10.1093/treephys/tps133

 Wang, A. Y., Wang, M., Yang, D., Song, J., Zhang, W. W., Han, S. J., et al. (2016). Responses of hydraulics at the whole-plant level to simulated nitrogen deposition of different levels in Fraxinus mandshurica. Tree Physiol. 36, 1045–1055. doi: 10.1093/treephys/tpw048

 Watanabe, Y., Tobita, H., Kitao, M., Maruyama, Y., Choi, D. S., Sasa, K., et al. (2008). Effects of elevated CO2 and nitrogen on wood structure related to water transport in seedlings of two deciduous broad-leaved tree species. Trees Struct Funct. 22, 403–411. doi: 10.1007/s00468-007-0201-8

 Wheeler, J. K., Sperry, J. S., Hacke, U. G., and Hoang, N. (2005). Inter-vessel pitting and cavitation in woody Rosaceae and other vesselled plants: a basis for a safety versus efficiency trade-off in xylem transport. Plant Cell Environ. 28, 800–812. doi: 10.1111/j.1365-3040.2005.01330.x

 Wilson, E. J., and Tiley, C. (1998). Foliar uptake of wet-deposited nitrogen by Norway spruce: an experiment using N-15. Atmos. Environ. 32, 513–518. doi: 10.1016/s1352-2310(97)00042-3

 Wright, I. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, F., et al. (2004). The worldwide leaf economics spectrum. Nature 428, 821–827. doi: 10.1038/nature02403

 Zeppel, M. J., Harrison, S. P., Adams, H. D., Kelley, D. I., Li, G., Tissu, D. T., et al. (2015). Drought and resprouting plants. New Phytol. 206, 583–589. doi: 10.1111/nph.13205

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Zhang, Li, Adams, Wang, Wu, Jin, Guan and Yuan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/inline_18.gif





OPS/images/inline_17.gif





OPS/images/inline_3.gif





OPS/images/inline_2.gif





OPS/images/inline_16.gif





OPS/images/inline_15.gif





OPS/images/cover.jpg
’ frontiers
in Plant Science

Responses of Woody Plant
Functional Traits to Nitrogen
Addition: A Meta-Analysis of Leaf
Economics, Gas Exchange, and
Hydraulic Traits







OPS/images/math_7.gif
(¢"FF —1) x 100%

)






OPS/images/math_6.gif






OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Plant Science





OPS/images/inline_10.gif





OPS/images/inline_11.gif





OPS/images/fpls-09-00683-g003.gif
E |

| PN

oo

K 2t
Y 6}
K s67081

P 4191

Py s

Swenowwapt






OPS/images/inline_1.gif





OPS/images/inline_14.gif





OPS/images/inline_12.gif





OPS/images/inline_13.gif





OPS/images/math_3.gif





OPS/images/math_2.gif
@





OPS/images/math_5.gif
InRR =w-nRR  (5)





OPS/images/math_4.gif
W=win (4





OPS/images/fpls-09-00683-g001.gif





OPS/images/inline_8.gif





OPS/images/fpls-09-00683-g002.gif
A ek hd A =

IBEEEEE]






OPS/images/math_1.gif
(1)





OPS/images/inline_9.gif





OPS/images/inline_5.gif
(SD = SEn)





OPS/images/inline_4.gif





OPS/images/inline_7.gif
In RR’





OPS/images/inline_6.gif
In RR’





