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Nitrogen (N) enrichment has substantially altered patterns of terrestrial litter decomposition, with positive, neutral, and negative effects. However, the general response patterns and drivers of litter decomposition to N enrichment rates are poorly understood, and how litter decomposition has changed under the N enrichment rate, especially in different ecosystems, still requires further study. We reviewed 118 published papers dealing with litter mass remaining after N enrichment to assess the influences of various environmental and experimental factors on the relationships between N enrichment and litter decomposition in grasslands, forests, and wetland ecosystems. The results indicated that N enrichment had an insignificant effect on litter decomposition globally. However, the effects varied greatly among ecosystem types, with an increase in litter decomposition of 3.91% in grasslands and 1.82% in wetlands and a decrease of 1.23% in forests. When forests were subdivided into plantations, primary, and secondary forests, the results showed that N enrichment significantly slowed litter decomposition rate by 2.96% in plantations but had no significant influence in primary and secondary forests. However, litter decomposition was significantly influenced by the level of N addition in plantations and secondary forests, with an increase in litter mass loss at low N addition (50 kg N ha–1 year–1) and a decrease in litter mass loss at high N addition (>50 kg N ha–1 year–1). The magnitude and direction of the N effect are affected by experimental and environmental factors. Specifically, mixed N enrichment (for example, urea and glycine) exerted a stronger effect on litter decomposition compared with an N fertilizer alone. Our findings indicated the different effects of N on litter decomposition in forests and grasslands and knowledge which will greatly advance our ability to accurately evaluate and predict global C cycling under increased N deposition, which should improve future models of global biogeochemical cycling.
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INTRODUCTION

Plant litter decomposition in terrestrial ecosystems contributes to substantial annual global carbon (C) fluxes and nutrient cycling (Ciais et al., 2013). It has been estimated that the release of CO2 due to litter decomposition accounts for 70% of the global annual C flux (Raich and Schlesinger, 1992). Ambient nitrogen (N) deposition, mainly resulting from fossil fuel combustion, urbanization, and N fertilizer input, is considered a crucial contributor to global climate change (Ciais et al., 2013). Global N deposition has increased 3–5-folds since the Industrial Revolution and is projected to increase continuously in the future (Lamarque et al., 2005). Enhanced atmospheric N deposition has been reported to significantly affect litter decomposition processes and disrupt the global C balance and nutrient cycling (Knorr et al., 2005; van Diepen et al., 2015). Even minor changes in soil N availability caused by N deposition will have tremendous impacts on global C fluxes and nutrient cycling due to the vast C stocks (70–150 Pg) in plant litter (Schimel, 1995). Therefore, a quantitative evaluation of the influence of N enrichment on global litter decomposition processes is crucial to better predict future ecosystem C and nutrient budgets (See et al., 2019).

Numerous studies have reported the effect of N enrichment on litter decomposition in recent years (Hobbie, 2000; Allison et al., 2009; van Diepen et al., 2015; Hou et al., 2020). However, these studies have reached conflicting conclusions, showing that N enrichment can either accelerate, inhibit, or have no detectable effect on litter decomposition processes (Hobbie, 2000; Song et al., 2019; Hou et al., 2020). These conflicting results may be due to differences in a variety of factors, including litter quality, N application rates and forms, ambient N deposition, experimental durations, and climate variables (Knorr et al., 2005). Chen et al. (2015) showed that although litter decomposition was stimulated by low N enrichment, it was inhibited when N enrichment was high. In contrast, Mo et al. (2006) and Fang et al. (2007) concluded that the litter decomposition rate was accelerated and inhibited during the early and late stages of N enrichment, respectively. The mechanisms explaining the influences of these various factors on the relationship between N enrichment and litter decomposition remain unclear. The numerous conflicting results have prevented a general understanding of global litter decomposition in response to N enrichment. A meta-analysis of previous studies presents an effective means of identifying the general responses and patterns of litter decomposition to N enrichment.

Numerous previous studies have found that litter quality can determine the effect of N enrichment on litter decomposition processes (Vivanco and Austin, 2011; Averill and Waring, 2018; Argiroff et al., 2019; See et al., 2019; Hou et al., 2020). The N enrichment has generally been found to increase the decomposition of high-quality litter, i.e., with high N and low lignin concentrations (Hobbie et al., 2012; Zhang and Wang, 2012; Hou et al., 2020), but decrease the decomposition of poorer quality litter with high lignin concentrations (Carreiro et al., 2000; Knorr et al., 2005). Knorr et al. (2005) estimated that the N enrichment significantly stimulated the decomposition of litter with a low lignin content (<10%), had insignificant effects on litter with a medium lignin content (10–20%), and significantly inhibited the decomposition of litter with high lignin content. These results are consistent with a previous report that the rapid decomposition of cellulose, but the accumulation of lignin, inhibited litter decomposition during the later stages of decomposition (Hobbie et al., 2012). Therefore, a better understanding of the interactive effects of litter quality and N enrichment on litter decomposition is crucial to the prediction of litter decomposition rates following N enrichment.

Grasslands, wetlands, and plantations play crucial roles in the global terrestrial C sink (Gray and Fierer, 2012; Wang et al., 2019a; Hong et al., 2020; Yu et al., 2020a). Plantations comprise ∼80% of the forest C sink in China (Hong et al., 2020). Changes in land use from plantations to mature forests have significantly affected soil moisture levels and plant diversity (Zhou et al., 2013; Wang et al., 2019a), decreased the C:N ratio and lignin content of litter, and accelerated litter decomposition (Huang et al., 2011). In addition, Yu et al. (2020b) reported that the increased area under primary forest and the insignificant decrease in plantation coverage have resulted in differential responses of soil C accumulation to N enrichment. The inconsistent results of these various studies have limited the accurate evaluation of C cycling processes in forest ecosystems, and a better understanding of litter decomposition responses to N enrichment in different ecosystems is extremely important to accurately assess and predict the global C balance.

Previously, only two meta-analyses have investigated litter decomposition under N enrichment, with both studies being limited in scope (Knorr et al., 2005; Zhang et al., 2018). Knorr et al. (2005) showed that N enrichment resulted in an insignificant decrease in litter decomposition in forests in Europe and the United States. In contrast, Zhang et al. (2018) showed that N enrichment affected litter decomposition differently in different biomes, with positive impacts on secondary forests, no impacts on primary forests, wetlands, and grasslands, and negative impacts on plantations. Results from Knorr et al. (2005) indicated that N enrichment had no significant effect on litter decay when averaging overall studies. But litter decomposition was significantly inhibited (−5%) at low levels of N enrichment (<75 kg N ha–1 year–1), significantly accelerated (+17%) under medium N enrichment (75–125 kg N ha–1 year–1), and was significantly and strongly inhibited (−9%) at high N enrichment (>125 kg N ha–1 year–1). Overall, Knorr et al. (2005) showed that litter decomposition followed an inverted U-shaped curve in response to increasing N enrichment, while, Zhang et al. (2018) found that litter decomposition followed a linear response to increasing N enrichment, with a greater inhibitory effect at high N enrichment levels. These contrasting results hinder our ability to understand the general patterns and drivers of litter decomposition under nitrogen enrichment on a global scale. We took a broader view compared with these previous analyses and considered N enrichment forms, ambient N deposition, mesh size of the litter decomposition sampling bags, litter lignin content, and ambient humidity. Furthermore, N enrichment rates were examined in grasslands, wetlands, and forests. Consequently, our study represents a critical and comprehensive evaluation of the impacts of N enrichment on global litter decomposition. In addition, our database was more extensive, and a global synthesis was performed to investigate the effects of a wider range of environmental and experimental factors on the effects of N enrichment on litter decomposition, including forest, wetland, and grassland ecosystems, to enable the most comprehensive evaluation of the impacts of experimental and environmental factors to date.

Our study particularly set out to (1) identify the global pattern of litter decomposition in response to N enrichment and (2) determine how experimental and environmental factors influenced litter decomposition as a result of N enrichment.



MATERIALS AND METHODS


Data Collection

Data were obtained from peer-reviewed journals presented on the Web of Science and the China National Knowledge Infrastructure (CNKI). We selected publications containing the keywords “N enrichment,” “N fertilization,” “N application,” “N input,” or “N deposition” together with “litter decay,” “litter decomposition,” “litter mass remaining,” or “litter mass loss.” The following criteria were used to collate data from the studies detected: (1) data were collected only from N addition experiments; (2) data were collected under the same experimental conditions; (3) the litter decay rate (mean and standard error), as well as sample sizes, must have been reported; (4) in studies that investigated enrichment with other nutrients in addition to N, only the control and N enrichment group data were extracted; and (5) the type or rate of N enrichment were regarded as independent observations (Zhang et al., 2018; Deng et al., 2019). In total, 3,215 observations from 118 papers were included in our study.

We investigated the impacts of various factors on the response of litter mass decomposition to N enrichment, including ecosystem type (forests, grasslands, and wetlands), N treatments, and experimental period. Sufficient data on forests allowed the data to be subdivided according to community succession stage: plantations, primary forests, and secondary forests. The N application forms were grouped as follows: (1) CO(NH2)2; (2) NH4NO3; (3) NH4+; (4) NO3–; and (5) mixed N, for example, urea and glycine. The N addition rates were classified as either <50, 50–150, and >150 kg N ha–1 year–1. The data were further classified according to experimental duration (<6, 6–12, 13–24, >24 months); annual ambient N deposition in grasslands (<10, 10–20, 20–30, >30 kg N⋅ha–1 year–1); annual ambient N deposition in forests (<30, 30–40, 40 kg N⋅ha–1 year–1) and ratio of N enrichment rate:ambient N deposition in grasslands (<5, 5–10, >10) and ratio of N enrichment rate:ambient N deposition in forests (<5, 5–10, >10); and humidity index (HI) (≤30, 30–60, >60, where HI = MAP/(MAT+10) (mean annual precipitation and mean annual temperature, respectively). Litter types were grouped by lignin content, with <10, 10–20, and >20% corresponding to low, medium, and high litter-quality groups, respectively (Knorr et al., 2005). Exclusion methods include physical exclusion classified as coarse (≥1 mm mesh litterbag) and fine (<1 mm mesh litterbag). The data for N enrichment rates investigated in the current study ranged from 2.4 to 640 kg N⋅ha–1 year–1, and ambient N deposition ranged between 2 and 97.5 kg N⋅ha–1 year–1. The duration of litter decomposition ranged from 0.5 to 72 months. MAT ranged from −5.3 to 26.6°C, and MAP ranged from 150 to 5,100 mm.

The environmental factor data included in the current study, such as ambient N deposition, N enrichment rate, MAT, MAP, and geographical locations (Supplementary Figure 1), were obtained from the published data. All data were extracted from tables or figures and digitized into graph form using the GetData Graph Digitizer.1



Meta-Analysis

The response ratio (RR) of individual observations was calculated as treatment (Xt) divided by control (Xc) (Xia and Wan, 2008; Wang et al., 2019b; Sha et al., 2020):
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In Equation (1), RR is the response ratio representing the percentage change; Xt represents the mean value of the litter mass remaining after N enrichment; and Xc represents the mean value of the litter mass remaining in control plots (without N enrichment).

The variance (v) was calculated using the following equation:
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In Equation (2), nt and nc indicate the number of sample replications for treatments and controls, respectively. St and Sc represent standard deviations (SDs). When SDs were not stated in the publication, the SDs were calculated from the standard error (SE):
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The weighting factor (w) for each RR was calculated as follows:
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Since some data in the papers did not include variance, weighting by sample sizes was implemented, following previous studies (Peng et al., 2017; Mao et al., 2020; Sha et al., 2020):
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The weighted effect size ln(RR′) was obtained by the following equation:
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Finally, the mean variance-weighted effect size was applied to evaluate the total impacts of N enrichment on litter decay rate by the following equation:
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where [image: image] and wi are the lnRR’ and w of the ith observation, respectively.

Percentage change was obtained by the following equation:
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All calculations were performed using MetaWin (version 2.1).2 The N enrichment was regarded to have significantly affected litter mass remaining after N enrichment if the 95% confidence intervals (CIs) did not overlap with zero. In addition, groups were considered to be significantly different from each other if the 95% CIs of each group did not overlap (Sha et al., 2020). A positive and negative percentage change in comparison with the control group represents deceleration and acceleration of litter decomposition due to N enrichment, respectively.



Statistical Analysis

The humidity index was taken as the climatic factor influencing the effects of N enrichment on litter mass remaining, following Deng et al. (2019), and was categorized as follows: (1) 0–30; (2) 30–60; and (3) >60. General linear regressions were used to evaluate the relationships between percentage change in litter mass remaining after N enrichment and the various factors, including the level of N enrichment, ambient N deposition, MAT, MAP, HI, and litter nutrients. All relevant analyses and graphs were performed using Origin (version 9.0).3




RESULTS


The Effects of N Enrichment on Litter Mass Remaining

Averaging the data overall, studies indicated that N enrichment did not significantly affect litter mass loss after N enrichment. As shown in Figure 1, the effects of N enrichment on litter decomposition varied greatly among different ecosystem types. The N enrichment significantly accelerated the loss of litter mass by 3.91 and 1.82% in grasslands and wetlands, respectively, whereas, it significantly decelerated the loss of litter mass by 1.18% in forests. Furthermore, although N enrichment decelerated litter decay by 2.96% in plantations, there were no significant effects in primary and secondary forests. In addition, although N enrichment significantly altered litter decomposition, the magnitude and direction of the effects were regulated by litter quality, N enrichment rate, N enrichment form, experimental duration, ambient N deposition, litterbag mesh size, ecosystem type, and climate variables (Supplementary Figures 3–8).
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FIGURE 1. Mean percent change in litter mass remaining after nitrogen (N) enrichment among different ecosystem types. Differences in mean levels were regarded as significant if the 95% confidence intervals (CIs) did not overlap zero. Values in brackets represent the number of observations for each ecosystem type.




The Effect of N Enrichment on Litter Mass Remaining in Grasslands

The N addition rate and ambient N deposition significantly affected litter decay in grasslands, with the effect varying among different ranges of N deposition. The N deposition <50 kg N ha–1 year–1 had a small but significant effect in enhancing litter decay by 0.92%, whereas N deposition in the range of 50–150 kg N ha–1 year–1 stimulated litter decay by 5.69%, and N addition >150 kg N ha–1 year–1 stimulated litter decay by 3.34% (Figure 2). Low and medium levels of ambient N deposition of <10 and <10–20 kg N ha–1 year–1 significantly accelerated litter decay by 5.71 and 2.73%, respectively. The N enrichment showed no significant effects on litter decay at high levels of ambient N deposition. Expressing N addition rate as ambient N deposition indicated that N addition significantly stimulated litter decay by 1.40–4.66%, with a greater effect as N addition increased.
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FIGURE 2. Mean percent change of litter mass remaining after N enrichment, ambient N deposition, and the ratio of N addition:ambient N deposition in grassland. Differences in mean levels were regarded as significant if the 95% CIs did not overlap zero. Values in brackets represent the number of observations for each ecosystem type.




The Effect of N Enrichment on Litter Mass Remaining in Forests

The N enrichment and ambient N deposition significantly affected litter decomposition in forests, with the effect varying among the different ranges of N deposition. The N deposition of <50, 50–150, and >150 kg N ha–1 year–1 stimulated litter decomposition by 0.62, 1.92, and 4.98%, respectively (Figure 2). The N enrichment significantly accelerated litter decay by 1.45% at low levels of ambient N deposition (<30 kg N ha–1 year–1), whereas there was no significant effect at medium levels of ambient N deposition (<10–20 kg N ha–1 year–1). High levels of ambient N deposition inhibited litter decay. Expressing the N application rate as ambient N deposition showed that N enrichment significantly slowed litter decay by 1.86% (a factor of 5–10) in plantations but had no significant effect in other forest types.

Data for forests were grouped according to community successional stages into plantations, primary forests, and secondary forests. These different groups showed different effects of N enrichment on litter decay. Low N enrichment levels (<50 kg N ha–1 year–1) accelerated litter decay in plantations and secondary forests by 4.48 and 1.47%, respectively, whereas, medium and high N enrichment inhibited litter decay by 3.85–5.63% in plantations and had no detectable impact on the litter decay in secondary forests (Figure 3). The N enrichment showed no detectable impact on litter decay in primary forests. The effects of N enrichment on litter decay in the different forest types differed under different levels of ambient N deposition. Expressing N enrichment as ambient N deposition showed that N enrichment significantly inhibited litter decay in plantations but showed variable effects on litter decay in primary and secondary forests.
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FIGURE 3. Mean percent change in litter mass remaining after N enrichment, ambient N deposition, and the ratio of N addition:ambient N deposition in the forest. The data were further grouped according to the community successional stages of the plantation, primary forest, and secondary forest. Differences in mean levels were regarded as significant if the 95% CIs did not overlap zero. Values in brackets represent the number of observations for each ecosystem type.




Environmental Factors Affecting the Responses of Litter Decomposition to N Enrichment in Grasslands and Forests

There is a negative relationship between the N addition rate and litter decay rate in the forest ecosystem, but this relationship is not significant in grassland (Figure 4). Ambient N deposition affected the RRs of litter mass remaining after N enrichment. Specifically, the RRs of litter mass remaining after N enrichment increased linearly as ambient N deposition increased.
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FIGURE 4. Relationships of the response ratio of litter mass remaining after N enrichment with N enrichment rate, ambient N deposition, lignin, cellulose, litter nutrient status, and climatic factors.


There were significant differences in lignin, cellulose, and litter nutrient status (C, N, and P), and each had a significant effect on litter decay (Figure 4 and Supplementary Figure 2). In particular, litter N content had no detectable impact on litter decay in grasslands but was significantly positively related to litter decay in forests. In addition, the response ratio of litter mass remaining after N enrichment increased with increasing MAP and MAT (Figure 4). HI showed a positive effect on the percentage change in litter mass remaining in grasslands, but a negative effect on forests.




DISCUSSION

This meta-analysis provided a comprehensive quantitative evaluation of litter decomposition as a result of increased N enrichment in terrestrial ecosystems, especially in grasslands, wetlands, and forests. Results indicated that N enrichment had no notable impact on overall litter decomposition at the global scale, consistent with previous reports at the regional or global scales (Knorr et al., 2005; Zhang et al., 2018). However, the results provided solid evidence that globally increased N enrichment does have different effects on litter decomposition in different ecosystems. First, our results indicated that N enrichment accelerated litter decomposition in grasslands and wetlands, but significantly slowed it in forests. Second, the subdivision of the forest data according to land use difference showed that N enrichment significantly inhibited litter decomposition in plantations, but not in primary and secondary forests. This study challenges previous views that N enrichment did not affect litter decomposition in grasslands and wetlands and increases litter decomposition in secondary forests (Zhang et al., 2018). Third, our meta-analysis showed that N enrichment effects were dependent on experimental and environmental factors. Specifically, the influence of N enrichment on litter decay was accelerated at low N addition rates, but inhibiting effects increased significantly as the N addition rate changed in forests, plantations, and secondary forests. The litter decomposition rate exhibited an inverted U-shape response to increasing N addition rates, with the fastest decomposition at inputs of 50–150 kg N ha–1 year–1. Unfortunately, the limited data available on ambient N deposition in wetlands hampered the exploration of any differing effects of ambient N deposition and N enrichment on litter decomposition, and N enrichment effects on litter decomposition in wetlands remain largely unknown. Our results showed that a better understanding of the divergent responses of litter decomposition to N enrichment greatly improved our ability to accurately evaluate and predict the global C cycle and should be considered and applied in future global biogeochemical models.


The Positive Effect of N Enrichment on Litter Decomposition in Grasslands

Nitrogen is a key nutrient for plant growth in grassland ecosystems (Bai et al., 2010). The N enrichment significantly increases soil N availability, thereby influencing grassland productivity and its C cycle. Changes resulting from N enrichment have notable effects on litter decomposition in grasslands (Averill and Waring, 2018). This study found that N enrichment significantly accelerated grassland litter decomposition, with 784 observations showing that the effect was larger at medium or high N enrichment levels than at low levels. This result contradicted that of a previous meta-analysis of 251 observations, which concluded that N enrichment had no detectable impact on grassland litter decomposition (Zhang et al., 2018). This discrepancy could be attributed to the inclusion of more grassland samples in our meta-analysis, notably the inclusion of N enrichment studies in a variety of grassland types (meadow steppes, typical steppes, desert grasslands, and alpine grasslands) (Wang et al., 2021). Many of these studies indicated that N enrichment significantly accelerated grassland litter decomposition, e.g., evidence from meadow steppes (Dong et al., 2019), typical steppes (Gong et al., 2020; Hou et al., 2020), and desert grasslands (Zhang et al., 2020). The inclusion of this data improved our ability to identify the significant differences between grasslands more broadly. Several possible factors could enhance the positive effects of increased N enrichment on grassland litter decomposition. First, N enrichment significantly increased the litter N content and decreased the litter C:N ratio (Xia and Wan, 2008; Lu et al., 2011; Hou et al., 2018; You et al., 2018; Mao et al., 2020), thereby stimulating litter decomposition. Second, N enrichment significantly decreased soil pH, resulting in an increase in soil Mn content (Yang et al., 2012; Zeng et al., 2016; Hou et al., 2020), leading to the stimulation of litter decay (Sun et al., 2019; Hou et al., 2020). Third, N enrichment significantly changed the composition of the soil microbial community (Mooshammer et al., 2014; Zeng et al., 2016). The N enrichment significantly increased the bacteria:fungi ratio, suggesting that N enrichment could result in nutrient recycling in grassland systems being dominated by the bacterial community. Bacteria-dominated systems generally stimulate litter decomposition under relatively high nutrient availability since bacteria have higher nutrient demands and metabolic activities compared to fungi (Mooshammer et al., 2014; Zhou et al., 2017). Fourth, N enrichment significantly enhanced litter Ca and Mn contents (Hou et al., 2020), which have crucial functions in regulating litter decomposition (Davey et al., 2007; Berg et al., 2013; Whalen et al., 2018; Sun et al., 2019). For example, N enrichment consistently accelerated litter decay due to higher litter Mn and soil Mn contents, with a stronger effect of soil Mn relative to litter Mn (Whalen et al., 2018; Hou et al., 2020). Regarding Ca, Pichon et al. (2020) found that N enrichment significantly enhanced litter Ca content and improved litter quality, thus accelerating litter decomposition. While, some previous studies have demonstrated the negative effects of N enrichment on soil microbial activity and the consequent inhibition of litter decomposition (Lu et al., 2011; Zhou et al., 2017), this study showed that N enrichment increased grassland litter decomposition due to the positive effects of enhanced soil N availability overcoming any negative effects (Liu et al., 2010).



The Negative Effects of N Enrichment on Litter Decomposition in Forests

The present study showed that N enrichment significantly inhibited litter decay in forests. Subdividing the data according to forest successional type (plantations, primary forests, and secondary forests) showed that N enrichment significantly inhibited litter decomposition in plantations but had no detectable impact on it in primary and secondary forests. These results partly support previous meta-analyses, which suggested that N enrichment had mixed effects on forest litter decomposition (Zhang et al., 2018), or inhibited it (Knorr et al., 2005). The negative response of plantations was the strongest response to N enrichment among all the ecosystems examined, although primary and secondary forests showed insignificant and moderate responses to N enrichment, respectively.

A previous study also showed that N enrichment inhibited, had no detectable effect, or stimulated litter decomposition in plantations, primary forests, and secondary forests, respectively (Zhang et al., 2018). In particular, our study demonstrated the critical fact that low N enrichment levels (<50 kg N ha–1 year–1) significantly increased litter decomposition in plantations and secondary forests, while medium (50–150 kg N ha–1 year–1) or high (>150 kg N ha–1 year–1) levels of N enrichment inhibited it and that the inhibitory effect increased significantly with increasing N enrichment rate. Several possible factors may account for this difference. Earlier studies indicated that litter quality was tightly related to species diversity and forest successional stage (Berg and Laskowski, 2006; Deng and Janssens, 2006). The diversity and richness of plant species have been extensively used to clarify variations in litter decay mainly because the rate of litter decomposition is higher in more diverse forests than in less diverse ones (Perez et al., 1998; Huang et al., 2011). This may explain why low N enrichment levels significantly increased litter decomposition in secondary forests and plantations which are more species diverse and have different litter qualities (e.g., lower C:N ratios) than primary forests (Li et al., 2005; Yu et al., 2014). In addition, earlier studies have also provided evidence that land use differences significantly influenced soil moisture and plant diversity (Zhou et al., 2013; Wang et al., 2019a), which generally decreased the litter C:N ratios and litter lignin content leading to accelerated litter decomposition (Huang et al., 2011). However, medium or high N enrichment consistently decreased the rate of litter decomposition in secondary forests and plantations, perhaps because N enrichment increased both litter lignin content and litter C:N ratios (Cizungu et al., 2014). This view supports the results of a previous study showing that the accumulation of soil C in plantations is due to the very slow decomposition of organic matter (Yu et al., 2020a,b). Other studies have indicated that lowered soil pH induced by N addition significantly decreased soil microbial activity (Treseder, 2008; Hobbie et al., 2012) and that the negative effects of N enrichment significantly reduced the activity of lignin-degrading enzymes, resulting in the inhibition of litter decay (Carreiro et al., 2000). There is no denying that N enrichment also improves litter quality and increases N content (Mao et al., 2020), the negative effects of increased soil N on litter decay surpassing the positive effects of improved litter quality (Liu et al., 2010). Long-term, high N enrichment was shown to contribute to soil acidification in forest ecosystems (Yang et al., 2015) and to further decrease soil-based cations (K+, Na+, Mg2+, Ca2+). These changes in soil macronutrients can significantly affect litter decay rates (Vivanco and Austin, 2019; Zhou et al., 2020). Our study suggested that low or medium N enrichment did not affect litter decomposition in primary forests, while high N enrichment led to an insignificant decrease of 3.17%, based on seven observations. This was consistent with a previous study showing that N enrichment significantly inhibited litter decomposition due to significantly increased soil N availability, leading to soil N saturation (Mo et al., 2006). The insignificant results obtained when testing litter decomposition responses in primary forests may result from the underrepresentation of samples from high N enrichment studies, preventing us from identifying the significant differences within ecosystems more broadly.



The Positive Effect of N Enrichment on Litter Decomposition in Wetlands

Our results included 150 wetland observations, with N input gradients, indicating that wetland N enrichment consistently and significantly stimulated litter decomposition, a result which differed from that of Zhang et al. (2018), based on only 17 observations, in which N enrichment had no effect on wetland litter decomposition. Soil water saturation had direct positive effects on litter decomposition through increased N enrichment and also significantly influenced microbial activity (Song et al., 2011). Apparently, changes in the availability of soil or water N and soil water saturation may have interactive or complex effects on litter decomposition. The high variability in the responses of wetland litter decomposition to increased N enrichment presents great challenges to the prediction of litter-mediated global C cycling and nutrient budgets under future enhanced N deposition (Bardgett et al., 2014).



Factors Affecting the Responses of Litter Decomposition to N Enrichment

This study showed that the nutrient, cellulose, and lignin contents of litter were significantly different in the different ecosystems (Supplementary Figure 2). It should be noted that although N enrichment altered litter decomposition, the magnitude and direction of the effect were regulated by the nutrient and lignin contents of litter, N application dose, N enrichment form, experimental duration, litterbag mesh size, and climatic variables (Supplementary Figures 3–8), in accord with previous studies (Knorr et al., 2005; Zhang et al., 2018). The N addition increased litter decomposition under low N addition but inhibited decomposition under high N addition. This result could be attributed to the positive effect of improved litter quality at low N enrichment exceeding the negative effect on soil microbial activity (Fang et al., 2007; Liu and Greaver, 2010). A study by Chen et al. (2015) similarly found that low N enrichment significantly enhanced litter decay, whereas medium or high N enrichment notably inhibited it.

The magnitude and direction of the effect of N enrichment on litter decay varied greatly among the different forms of N addition (Supplementary Figures 3–8). The addition of mixed forms of N, for example, urea and glycine, showed stronger positive effects on litter decomposition compared to those of N alone. This result supported a previous meta-analysis (Knorr et al., 2005) and the study by Zhang et al. (2014). Most of the data for the addition of mixed N forms were derived from a single study on the meadow steppes of inner Mongolia, using five grassland species and community litter (Dong et al., 2020). Another study also showed that the addition of mixed forms of N in a field experiment significantly stimulated the decay of Metrosideros polymorpha litter (Hobbie, 2000). These studies indicated that the effects of the addition of mixed forms of N on litter decay differ from those of single forms of N, as seen in the present meta-analysis, indicating that global C emissions from litter decay may be underestimated (Gray and Fierer, 2012). Future studies should look further into the effects of the addition of mixed forms of N on litter decay.

Ambient N deposition, experimental duration, litterbag mesh size, and HI regulated the degree of the N enrichment effect on litter decay to some extent (Supplementary Figures 3–8). The N enrichment for a period of less than 6 months tended to stimulate litter decay, whereas longer periods of N enrichment either significantly inhibited or had no effect on litter decay. Previous studies have found that the duration of litter decay had significant effects on the litter decay rate, with an increased decay rate during the initial phase of litter decay, falling during the later phase (Zhang and Wang, 2012). This result was consistent with previous studies reporting the rapid decomposition of labile C fractions due to the high degrading activities of enzymes during the initial period, whereas the accumulation of lignin in litter later on reduced the activity of lignin-degrading enzymes (Zak et al., 2008; Hobbie et al., 2012; Zhang and Wang, 2012). Expressing the N enrichment rate as ambient N deposition showed that the effects of N enrichment on litter decay were regulated by the ambient N deposition and the N addition:ambient N deposition ratio. This demonstrated the noticeable impact of ambient N deposition on litter decomposition.

This study found a significant linear correlation between MAT and MAP (P < 0.001) (Supplementary Figure 8). Therefore, HI was used as a climatic indicator to quantify the relationship between litter mass remaining after N enrichment and climate. HI significantly influenced the effect of N enrichment on the litter decay rate (Supplementary Figures 3–8), whereas no significant difference among ecosystem groups was evident. Linear regression analysis showed that the RR of litter mass remaining increased significantly with increasing MAP and MAT, which partly supported the results of previous meta-analyses (Knorr et al., 2005; Zhang et al., 2018). Although linear regression analysis indicated that the RRs of litter mass remaining after N enrichment decreased significantly with increasing HI in grasslands, they increased with increasing HI in forests. This result indicated that climate could be a crucial factor regulating the effects of N enrichment on litter decomposition. Our meta-analysis of all field experimental results under N enrichment revealed a general pattern of the response of litter decomposition to N enrichment and the factors regulating this response. Therefore, the results of the present study are of value for accurately evaluating and predicting the impact of future global changes on litter decay.




CONCLUSION

Understanding the impacts of N enrichment on global plant litter decomposition is crucial for predicting the global C cycle and nutrient budgets of litter mediation in terrestrial ecosystems. Overall, our synthesis indicated that N enrichment significantly accelerated litter decomposition in grasslands and wetlands, but inhibited it in plantations and that the magnitude and direction of these effects are regulated by experimental and environmental variables. Litter decomposition rates were stimulated by low N enrichment but significantly inhibited by both medium and high N enrichment, with a greater inhibitory effect at high N enrichment in forests (plantations and secondary forests), suggesting that the impacts of N enrichment on litter decomposition are highly dependent on N enrichment rate. These results showed the importance of considering and incorporating these differential responses into global biogeochemical models to improve our ability to more accurately evaluate and predict the global ecosystem nutrient cycle of plant litter mediation under increasing N enrichment.
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