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Abstract. Soil respiration (Rs), a key component of the global carbon cycle, plays a pivotal role in regulating atmospheric CO2 

concentrations and climate. Yet, the global responses of Rs and its components, including heterotrophic respiration (Rh) and 

autotrophic respiration (Ra) to varying levels of nitrogen (N) deposition remain poorly understood. By synthesizing global 30 

data from 931 paired observations of 226 experimental sites, this study indicated that Rs responses generally decline with 

increasing N inputs: low to moderate additions exert negligible or slightly positive effects, while higher additions consistently 

suppress Rs, mainly through reductions in Rh. Based on an N addition threshold (Nth) that indicates whether Rs increases or 

decreases, we incorporated this response pattern into the Community Land Model version 5 (CLM5). We demonstrate that 

ignoring N’s variable impacts may cause Rs to be overestimated or soil carbon sequestration to be underestimated by up to 35 

20%. Our results provide a robust global assessment of Rs-N relationships and demonstrate the importance of representing N-

induced reductions in soil respiration in Earth system models, to improve predictions of terrestrial carbon-climate feedbacks. 
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1 Introduction 

Soil respiration (Rs), the flux of autotrophically- and heterotrophically-generated CO2, emits 10 times CO2 to the atmosphere 

than fossil fuels annually (Bond-Lamberty & Thomson, 2010). As the second largest carbon flux from terrestrial ecosystems 40 

to the atmosphere (Raich & Schlesinger, 1992), Rs is critical to the global soil carbon budget and the accurate projection of 

the future climate change (Xu & Shang, 2016). With increasing nitrogen (N) deposition, global Rs dynamics and soil carbon 

stock changes remain unclear. Increasing evidence from N addition experiments and global meta-analysis has revealed diverse 

responses of Rs to N addition (Lu et al., 2011; Lu et al., 2021; Magnani et al., 2007; Zhou et al., 2014; Zhong et al., 2016; 

Yang et al., 2022; Liu et al., 2023). The pattern of variations in Rs along the N addition gradients has been progressively 45 

unveiled across diverse sites, suggesting that the impacts of N addition on Rs are expected to be largely dose-dependent (Lee 

& Jose, 2003; Raposo et al., 2020; Tian et al., 2016a). However, global comprehension of how Rs respond to diverse levels of 

N addition remains ambiguous (Deng et al., 2020; Zhou et al., 2014; Zhou et al., 2016).  

Moderate N additions can alleviate soil N limitation and promote plant growth. However, when the input exceeds the 

retention capacity (of both soil and vegetation), N saturation is reached, and leaching occurs (Aber et al., 1998; Chiwa et al., 50 

2019). Nitrogen saturation also leads to reductions in microbial biomass and activity (Lee and Jose, 2003; Treseder, 2008), 

soil acidification (Wang et al., 2019a), changes to belowground carbon distribution, and potential harm to the plant root systems 

(Janssens et al., 2010). Global evidence of N saturation of above-ground net primary productivity in terrestrial ecosystems has 

been proposed, with an N saturation flux threshold of 5–6 g m−2 yr−1 (Tian et al., 2016b). Previous studies also suggest a 

potential saturation threshold for N addition (NTh) for Rs, which differentiates the responses of Rs to varying N levels. Although 55 

numerous N addition experiments have demonstrated the dependence of Rs on N addition level (Chen and Chen, 2023; Wang 

et al., 2019b), the quantification of N addition threshold for Rs remains inadequately addressed. Identifying and assigning an 

appropriate N saturation threshold can enhance our understanding of the responses of Rs to N addition (Yu et al., 2018). With 

the anthropogenic N inputs continued increasing, consideration of the impacts of N saturation on the global carbon cycle can 

help improve the accuracy of assessments of soil carbon sequestration capacity. Given the spatial heterogeneity of the N limit, 60 

the observed evidence should be incorporated into the Earth system models for better accounting for the spatial and temporal 

patterns of N-induced Rs and better future carbon dynamics projections (Niu et al., 2016; Penuelas, 2023; Thomas et al., 2013).  

Several process-based and empirical models have been used to estimate the global distribution of N deposition (Schwede 

et al., 2018) and its potential effects on ecosystems (De Marco et al., 2014; Lamarque et al., 2005; Payne et al., 2017), providing 

comprehensive estimates of atmospheric N deposition compared to regional monitoring networks (Schwede et al., 2018). With 65 

a process-based model, Kicklighter et al. (2019) found a strong control of N on carbon stocks in northern Eurasian forests 

under different future climate scenarios (Representative Concentration Pathways (RCPs) 4.5 and 8.5). To better understand 

the effects of global N deposition on Rs, Chen and Chen (2023) established linear mixed-effect models by correlating 

observations with key drivers of Rs response to N addition, such as N deposition levels and climatic conditions. However, 

despite these efforts, estimating soil carbon dynamics under N deposition still has substantial uncertainties. Current Earth 70 
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system models do not consider the saturation impact of N on Rs, resulting in bias of global carbon storage projections (Lee 

and Jose, 2003; Raposo et al., 2020; Tian et al., 2016a). With global economic activity continuing to increase, it is essential to 

reduce uncertainty in future carbon sequestration in terrestrial ecosystems through better characterization of the interaction 

between the amount of change of active N inputs and ecosystem carbon dynamics (Reay et al., 2008).  

To that end, this study seeks to improve the representation of Rs and soil organic carbon (SOC) under N deposition by 75 

incorporating N saturation effects into an Earth system model. Using a global dataset of N addition experiments, we first 

identified a global mean N addition threshold through multiple algorithms. This threshold, which marks a significant shift in 

the trend of Rs responses along the N addition gradient, was used as a reference parameter to inform improvements in the 

Community Land Model version 5 (CLM5). Subsequently, we analysed how Rs and its components respond across the N 

addition gradient. Finally, based on the observed NTh, the soil decomposition module in CLM5 was modified to involve the 80 

response of Rs to N deposition and to predict global soil carbon dynamics, in the 21st century under the latest climate projection 

scenario of the sixth Coupled Model Intercomparison Project (CMIP6). 

2 Materials and Methods 

2.1 Data collection and screening for meta-analysis 

To perform a meta-analysis, 226 peer-reviewed papers published during the past decades were retrieved by searching the Web 85 

of Science, Google Scholar, and the China National Knowledge Infrastructure (CNKI, https://www.cnki.net/) using the 

following terms: “carbon emission”, “fertilization”, “heterotrophic respiration”, “N addition”, “N deposition”, and “soil 

respiration”. The N addition in this study only includes the treatment of fertilization or simulated N deposition. In order to 

ensure the data were appropriate for our analyses, we selected studies that only matching the following criteria. (1) Studies 

measured at least one pair of variables (soil respiration or environmental variables) in both the control and treatment(s); (2) 90 

Selection of N addition experiments performed under the same meteorological conditions, to control for unmeasured factors; 

(3) Rs, Rh, and Ra (from plant roots and autotrophic microorganisms) were measured using in-situ field experiments; (4) Only 

records involving N-only addition treatments were retained. Studies with combined treatments (e.g., N+P, N+warming) were 

excluded. (5) Only experiments that applied N in inorganic forms (e.g., NH₄NO₃) were included, and those using organic forms 

such as urea were excluded. (6) Croplands were excluded for two main reasons. First, experimental N inputs in croplands are 95 

primarily applied in the form of fertilizers (e.g., urea) (Shukla et al., 2017; Liang et al., 2019), which cannot be equated with 

atmospheric N deposition under natural conditions. Second, due to long-term intensive fertilization, cropland soils exhibit 

markedly reduced sensitivity to additional N inputs, and their N thresholds (Nth) are often much higher than those of other 

ecosystems (Zhou et al., 2014; Lamptey et al., 2018). Therefore, including croplands in the analysis could introduce systematic 

bias into global threshold estimates. (7) The means, standard deviations or errors of corresponding variables and sample sizes 100 

for control and treatment groups could be directly obtained from the text and/or tables, or from digitized graphs; (8) For soil 
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properties, measured or average measured values were provided for the upper soil layer (0-10 cm); (9) When an experiment 

reported multiple levels of N addition, we treated each level as one treatment. 

We extracted the variables, as shown in Table S1, from these peer-reviewed articles, and collected the data of plant 

photosynthesis, microbial diversity, and soil enzyme activities under N addition from other published meta-analyses (Table 105 

S1). In total, 931 paired observations from 226 experimental sites were extracted (Dataset S1). The ranges of latitudes were 

from 43.66°S to 64.75°N (Fig. 1). 

 

Figure 1: Spatial distribution of N addition experiments included in the meta-analysis. 

2.2 Meta-analysis 110 

To calculate the response ratio (RR) of each N addition experiment, we took the natural logarithm (ln) of the ratio of treatment 

to control values for each response variable, as 

 𝑅𝑅 = ln (
𝑋̅𝑡

𝑋̅𝑐
) = ln(𝑋̅𝑡) − ln(𝑋̅𝑐)  (1) 

where Xt and Xc are the mean values of a given variable in the treatment and control groups, respectively. Taking the logarithm 

can linearize the metric, treating deviations in the numerator the same as deviations in the denominator, and significantly 115 

reducing skewness in small-sample distributions (Hedges et al., 1999). 

While RR represents the response ratio of individual pairwise comparisons between treatment and control, the mean 

weighted response ratio (RR++) was calculated from RR to determine regional and global averages as Eq. (2). 

 𝑅𝑅++ =
∑ 𝑤𝑖𝑅𝑅𝑖

𝑚
𝑖=1

∑ 𝑤𝑖
𝑚
𝑖=1

  (2) 
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where m is the number of experiments in the group (e.g., a geographical region), and RRi and wi (i = 1, 2, …, m) are the RR 120 

and weight of the ith experiment in the group, respectively. The weights were calculated as wi=1/vi, where vi is the within-study 

variance of study (i). vi was calculated following Eq. (3). 

 𝑣 =
𝑆𝑡

2

𝑛𝑡𝑋̅𝑡
2 +

𝑆𝑐
2

𝑛𝑐𝑋̅𝑐
2  (3) 

where nt and nc are the numbers of replicates for the N addition treatment and the control, respectively; and St and Sc are the 

standard deviations for the treatment and control groups, respectively. Some studies did not report the standard deviations; to 125 

address this gap, we first calculated the coefficient of variation (CV=standard deviation/mean) using the subset of studies that 

reported both mean and standard deviation. Then computed the average CV within each dataset, stratified by sub-ecosystem, 

under the assumption that the relative variability of similar measurements within the same ecological context is comparable. 

For those studies lacking standard deviation, we estimated the missing values by multiplying the reported mean by the 

corresponding average CV (Bai et al., 2013).  130 

The RR and variance of a single study were calculated using the escalc function from the R package metafor (Viechtbauer, 

2010), and the RR++ was calculated in a weighted, mixed-effects model using the rma.mv function in metafor, with “study” as 

a random effect to account for the non-independency of multiple observations in the same study (Terrer et al., 2021). The 

effect sizes of the N addition treatments were expressed as percentages: 

 𝐸𝑓𝑓𝑒𝑐𝑡 𝑠𝑖𝑧𝑒 = [exp(𝑅𝑅++) − 1] × 100%  (4) 135 

2.3 Identification of N addition threshold 

This study aims to reveal the saturation response pattern of N on Rs and to calibrate the Earth system model. To achieve this, 

we require a calibration parameter that could capture the critical shift in Rs response (RRs) to N enrichment. In this study, we 

identify the N addition threshold—a value that characterizes the significant change in RRs to N addition—as the calibration 

parameter. We first calculated the weighted response ratio (RR++) for each N addition level and found that RR++ exhibits a 140 

decreasing trend as N input increases (Fig. 2a). Therefore, the threshold can be determined by identifying the point at which 

RR++ significantly declines. Subsequently, we applied three change-point detection methods—the sliding t-test (Basseville and 

Nikiforov, 1195), Pettitt test (Pettitt, 1979), and Mann-Kendall test (Mann, 1945; Kendall, 1975) on the RR++ series to 

determine the specific inflection point (i.e., N addition threshold, NTh) with the highest confidence level.  

The sliding t-test is based on the student’s t-test, which examines whether the difference in the mean values between two 145 

series was significant to identify the abrupt change. The difference was calculated as Eq. (5): 

 𝑡 =  
𝑥1̅̅̅̅ −𝑥2̅̅̅̅

𝑠(
1

𝑛1
+

1

𝑛2
)
  (5) 

where x1 and x2 are two series of the RR++ series, one before and one after a certain point, with sample sizes n1 and n2, 

respectively. The overbar denotes the mean value. And s was calculated as: 
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 𝑠 = √
(𝑛1−1)𝑠1

2+(𝑛2−1)𝑠2
2

𝑛1+𝑛2−2
 (6) 150 

where s1 and s2 represent the variance of 𝑥1 and 𝑥2. Here, the statistical variable 𝑡 satisfies the t-distribution with (n1+n2–2) 

degrees of freedom. Given the significance level α, if |𝑡| > 𝑡𝛼, the mean value difference between 𝑥1 and 𝑥2 is statistically 

significant, suggesting an abrupt change of the RR++ series at that certain point. We have performed sliding t-tests on multiple 

points with various subsequence lengths and took the abrupt change with the highest confidence as the threshold. 

The Pettitt algorithm is a non-parametric test used to detect change points in time series data (Pettitt, 1979). Its core 155 

principle is to compare each data point in the series with all preceding data points to evaluate their relative magnitudes, thereby 

determining whether a change point exists. Specifically, the algorithm computes a test statistic Ut at each point. If Ut at a 

certain point is significantly higher than at other positions, that point is considered a likely change point. For a dataset 𝑋 with 

𝑁 observations, the test statistic 𝑈𝑡 was calculated as follows: 

 𝑈𝑡 = 𝑈𝑡−1 + 𝑉𝑡 , 𝑡 ∈ [2, 𝑁]  (7) 160 

 𝑉𝑡 = ∑ 𝑠𝑔𝑛(𝑥𝑡 − 𝑥𝑗)𝑁
𝑗=1   (8) 

Mann-Kendall test is a non-parametric statistical method that detects monotonic trends and performs mutation point 

identification in a dataset, by comparing the magnitude of each data point with those of all preceding observations (Mann, 

1945; Kendall, 1975). For a data series 𝑥1, 𝑥2, ...... 𝑥n of length n: 

 𝑆𝑘 = ∑ ∑ 𝑠𝑖𝑔𝑛(𝑥𝑖 − 𝑥𝑗)𝑖−1
𝑗=1

𝑘
𝑖=1 , 𝑘 = 2, 3, … , 𝑛  (9) 165 

where Sk is the cumulative sum of the sign of rank differences among all data points within the first 𝑘 observations. It reflects 

whether the current data point 𝑥𝑖 tends to increase or decrease relative to all preceding points. The standard statistic U was then 

calculated: 

 𝑈𝐹𝑘 =
𝑆𝑘−𝐸(𝑆𝑘)

√𝑉𝑎𝑟(𝑆𝑘)
, 𝑘 = 1, 2, … , 𝑛  (10) 

 𝐸(𝑆𝑘) =
𝑘(𝑘+1)

4
  (11) 170 

 𝑉𝑎𝑟(𝑆𝑘) =
𝑘(𝑘−1)(2𝑘+5)

72
  (12) 

Then, the original sequence is reversed to calculate the corresponding UBk, which represents the trend variation from the end 

of the series moving backward. The intersection points of the UFk and UBk curves—especially within the significance range—

is considered a potential change point. 
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2.4 Simulation of Rs and soil C dynamics under future N deposition 175 

The latest version of the Community Land Model (CLM5) (Lawrence et al., 2019a) was employed as the land modelling 

system, to simulate land surface processes at the global scale. The CLM5 includes comprehensive representations of bio-

geophysical and bio-geochemical processes such as energy, water, and carbon-nitrogen cycling (Lawrence et al., 2019b). The 

CLM5 simulations are forced by the GSWP3 reanalysis data (Compo et al., 2011) product as atmospheric conditions. The 

International Land Atmosphere Model Benchmarking (ILAMB) project has verified that GSWP3 as the forcing data is superior 180 

to other datasets in accompanying the CLM5 when biogeochemistry is enabled (Collier et al., 2018). The N deposition 

experiments are conducted in the period of 1951 to 2014. Before conducting the control and sensitivity simulations, we 

performed a 2000-year-long spin-up simulation with the original CLM5 forced by 1950 climatological data, making the 

biogeochemical cycles in the model reach their equilibriums. 

The CLM5 already incorporates the saturation effects of N enrichment on vegetation-related processes associated with 185 

Ra (Lawrence et al., 2019b), and our meta-analysis indicates that the overall decline in Rs under excessive N addition is 

primarily driven by the significant reduction in Rh (Fig. 4). To accurately represent the effect of N-enrichment on Rs, we 

focused on modifying the Rh component (soil decomposition module), which results from microbial decomposition of soil 

organic matter and litter, while the simulation of Ra remained at the model’s default settings. In the default model, Rh arises 

from the decomposition of soil organic matter, represented as a cascade of four soil organic matter pools (active, slow, passive, 190 

and coarse woody debris), along with three litter pools (metabolic, structural, and woody litter). Decomposition fluxes among 

pools are driven by base rate constants and modulated by environmental scalars for soil temperature, moisture, and mineral N 

availability (Lawrence et al., 2019b). These rates are further constrained by pool-specific C:N ratios and stoichiometric rules, 

but no explicit feedback from excess mineral N is included. To address this gap, we introduced a new soil decomposition 

scalar, ndepscalar, to represent the inhibitory effect of excess soil mineral N on microbial decomposition. This scalar directly 195 

adjusts the soil decomposition fluxes: when ndepscalar is less than 1, it reduces the decomposition rates accordingly, thereby 

decreasing microbial decomposition activity and subsequently Rh, leading to a reduction in Rs (Eq. (13)). In our modification, 

we chose soil mineral N concentration (SNC), accumulated from atmospheric inorganic N deposition, as the N threshold 

indicator. Since the majority of soil mineral N is primarily concentrated in the topsoil (Fig. S1), we assumed that when the 

total soil mineral N of 25 soil layers is higher than NTh, Rs was inhibited (Table S2). We implemented this relationship through 200 

the following function: 

 𝑛𝑑𝑒𝑝𝑠𝑐𝑎𝑙𝑎𝑟 =
𝑁𝑇ℎ

𝑆𝑁𝐶
× 𝛼  (13) 

where the SNC is the soil mineral N content (g m-2), and α is a factor to be determined via model calibration. Ten test 

simulations were conducted with different α, in which α = 0 indicates that the NTh is ineffective (Table S3), and the model 

operates identically to the default version. To calibrate the parameter α in the N scalar function (Eq. (13)), we used the fitted 205 

regression curve from the global experimental dataset (Fig. 2a) as a benchmark. For each tested value of α, we ran the model 
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globally and calculated the simulated RRs across all grid cells and then computed the R² between the simulated RRs–N 

relationship and the empirical curve. The value of α that yielded the highest R² was selected to modify the N scalar in the 

CLM5, ensuring that the model better captured the empirical response pattern of RRs to N addition. As α increases, R2 first 

increases and then decreases (Fig. S2). We therefore assumed that the "best" α could be found by applying a second-order 210 

polynomial fitting. The fitting result indicates that by theory, choosing α of 0.172 can offer the best fit between the model 

result and observed results from the meta-analysis (Fig. S3). Therefore, we finally chose an α of 0.172 for the model experiment 

in the projected period.  

Given the current dataset, we can confirm that excessive N suppresses Rs, but we cannot robustly determine whether this 

suppression follows a linear or nonlinear form. While some studies have suggested potential nonlinear responses of terrestrial 215 

ecosystem to N enrichment (Janssens et al., 2010; Tian et al., 2016b), such patterns are often ecosystem-specific and require 

high-resolution, gradient-based, and long-term N addition experiments to detect. The available global dataset, albeit 

comprehensive, still lacks sufficient temporal and gradient coverage to robustly parameterize a nonlinear suppression curve. 

For these reasons, we retained the model’s default assumption of a linear suppression effect, ensuring both simplicity and 

consistency with the existing CLM5 framework. We acknowledge that nonlinear responses are plausible, and incorporating 220 

such mechanisms in future work—once more targeted datasets are available—could improve the realism of model projections. 

The projection scenario is set to the Shared Socioeconomic Pathway 245 and 585 (SSP245 and SSP585), implying 

moderate and strong global warming trends with different anthropogenic activities, respectively (Meinshausen et al., 2020). 

The atmospheric N deposition is also prescribed under these scenarios, the input data of which is obtained from the support 

model input data server of NCAR. Two cases are conducted, including one control case, which is the original CLM5 model 225 

without any N development, and one sensitivity case based on the model development with the inclusion of NTh. Both cases 

were simulated for the period of 2015-2100, using the SSP245 or SSP585 atmospheric forcing data. 

3 Results 

3.1 Changes of Rs with N addition increase 

Based on global data from 226 experiments (Fig. 1), this study shows that Rs remains stable up to a certain point and then 230 

declines with further N increase (Fig. 2a). The sliding t-test and Pettitt test both indicated a RR++ change-point at 11.3 g N m⁻² 

yr-1, but the Mann-Kendall test suggested a slightly higher threshold at 14 g N m⁻² yr-1 (Fig. S4). Given that two independent 

methods consistently identified the threshold at 11.3 g N m⁻² yr-1, we considered this result more robust and adopted it as the 

representative change-point in this study. Therefore, we chose 11.3 g N m-2 yr-1 (90% CI: 11.28~11.52) as a key threshold for 

Rs behaviour (Figs. 2, S4). The inhibitory effects of excess N become apparent on the responses of Rs, mainly Rh, to N 235 

additions (Figs. 3, 4). This approach sheds light on the complex relationship between N addition and Rs, moving beyond simple 

low or high classifications to a more detailed understanding based on the N addition gradient. 
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Figure 2: The changes in the weighted response ratio of soil respiration (Rs) (RR++) with N addition gradient (a) and in the response 

ratio of Rs (RRs) with soil total N increments (b). The red curves represent the fitted trend (nonlinear regression), and the vertical dashed 240 
line indicates the estimated threshold identified via the change-point analysis. The dark blue dots represent the RR++ under each N addition 

level, while semi-transparent blue dots represent all observations and the size of the circles represents 𝒍𝒏𝝎𝒊, and the shade of the dots color 

indicates the density of the dot distribution. The error bars and shaded areas represent the 95% confidence intervals of RR++ and the fitted 

curve, respectively. 

Nitrogen addition resulted in rapid increases in soil N concentrations, and Rs response showed similar patterns to the 245 

increases in soil N and N addition levels (Fig. 2), highlighting the inhibitory effects of excessive N on Rs. In the threshold 

analysis, we used the absolute N addition rate to more clearly capture the response of Rs to N input, thereby providing a direct 

and practical reference for the management of anthropogenic N emissions. Besides, the background soil mineral N is negligible 

relative to the amount of added N (Wang et al., 2017; Wang et al., 2019). Thus, employing N addition as the basis for defining 

the N threshold offers a consistent and robust framework for evaluating the response of Rs to N enrichment. 250 
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Figure 3: Weighted response of soil heterotrophic respiration (RRh) (a) and autotrophic respiration (RRa) (b) to N addition gradient. 

The dark blue dots represent the RR++ under each N addition level, the semi-transparent blue dots represent all observations and the size of 

the dots represents 𝑙𝑛𝜔𝑖, and the shade of the dots color indicates the density of the dot distribution. The error bars and shaded areas represent 

the 95% confidence intervals of RR++ and the fitted curve, respectively. 255 

3.2 Responses of Rs and its components to N addition across ecosystems 

The inhibitory effect of excessive N on Rs was widespread globally (Fig. 4), and was primarily driven by reductions in Rh 

(Fig. 3a, 4). Under high N addition, Rs and Rh were 9.4% (95% CI: 5.9-12.9%) and 11.3% (95% CI: 6.0-16.6%) lower than 

the control, respectively (p < 0.001) (Fig. 4a, b). In contrast, high N did not significantly affect Ra compared to the control, 

but decreased it compared to low N addition (Fig. 4c). Low N stimulated Ra in several ecosystems, while high N significantly 260 

suppressed Rh in most ecosystems. In forests, High N decreased Rs by 8.5% (95% CI: 4.5-12.5%, p < 0.001) (Fig. 4a, b), and 

by 14.2% (95% CI: 21.7-6.7%, p < 0.001) and Rh by 30.9% (95% CI: 38.6-23.2%, p < 0.001) in grasslands (Fig. 4a, b). In 

contrast, low N increased Ra by 8.6% (95% CI: 1.0-16.1%) (p < 0.05) in grasslands (Fig. 4c). Nitrogen addition significantly 

limited the plant growth in grasslands and enhanced Ra by increasing the aboveground net primary productivity and the 

belowground net primary productivity (Yan et al., 2009). However, Rs and its components responded negatively to high N in 265 

grasslands (Fig. 4). 

For different forest ecosystems, high N significantly suppressed Rs across all types except temperate forests (Fig. 4a). 

And forests at high and low latitudes (e.g., tropical and boreal forests) tended to exhibit negative responses to both low and 

high N, whereas mid-latitude forests (e.g., subtropical forests and deciduous broadleaf forests) displayed stimulations under 

low N but suppression under high N (Fig. 4a). The Rh showed a weaker positive or stronger negative response to high N 270 
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compared to low N, except for boreal forests. Plant N resorption and litter N mineralization are two major ways in which plants 

obtain N (Cleveland et al., 2013). Nitrogen limitation is relatively more prevalent in boreal forests and in most temperate 

forests (Du et al., 2020), as trees invests C for N acquisition, resulting in high C input via root exudation (Chen et al., 2014; 

Meyer et al., 2017), leading to a high Rh as a byproduct of the N-mining of soil organic matter (Deng et al., 2018). When N 

fertilizer occurred, N limitation of plants is alleviated, plants do not need to strongly invest more C as root exudates etc. in the 275 

rhizosphere/soil for nutrient uptake, so soil microbial activity decreases and Rh is drastically reduced. However, tropical forests 

are not N-limited, extra N input could cause nutrient imbalances (e.g., phosphorus limitations), which in turn lead to reduced 

root C allocation and decreased microbial activity. 

 

Figure 4: Weighted response ratios for total soil respiration (Rs) (a), heterotrophic respiration (Rh) (b), and autotrophic respiration 280 

(Ra) (c) under low (LN) and high (HN) N treatments. The acronyms CF, DF, EF, BF, TEF, sub-TRF, TRF, and GLD represent coniferous 

forests, deciduous broad-leaved forests, evergreen broadleaf forests, boreal forests, temperate forests, subtropical forests, tropical forests, 

and grasslands, respectively. Error bars represent 95% confidence intervals. The numbers in parentheses indicate the sample size while 

asterisks *, ** and *** denote significant effects of N addition at p < 0.05, p < 0.01, and p < 0.001, respectively. The filled and empty bars 

represent significant difference and no difference between LN and HN, respectively. The negative effects of increasing N addition were 285 

evaluated across three dimensions: (1) weakening of the positive response; (2) reversal from a positive to a negative response; and (3) 

strengthening of the negative response. 
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3.3 Response of Rs under future N deposition 

This study used soil mineral N concentration, the accumulation from atmospheric N deposition, as the indicator for N threshold, 

to revise the soil decomposition module in the CLM5 model (Methods). The CLM5 simulation results reveal that the soil 290 

mineral N has been over the threshold of 11.3 g m-2 long before in the high latitude regions (Fig. 5a, b). In temperate regions 

and the majority of the tropics, soil mineral N concentrations remain below the threshold by 2100 (Fig. 5a, b). Although 

anthropogenic N emissions are generally higher in mid-latitude with dense human activities, many boreal areas—including 

North America, Russia, and parts of the Nordic countries—have experienced higher rates of N deposition (Janssens et al., 

2010; Quinn Thomas et al., 2010). Furthermore, N do not necessarily deposit locally, due to the influence of large-scale 295 

atmospheric circulation (He et al., 2025). The long-range transport and deposition of N oxides allow high-latitude regions to 

accumulate N more rapidly (Lee et al., 2014; Horton et al., 2015; He et al., 2025), leading to earlier exceedance of the N 

threshold in these areas. When soil mineral N exceeds 11.3 g m-2, the relationship in the CLM5 model was adjusted by 

modifying the soil decomposition module (Methods). When implementing our new N scheme, the differences in Rs of the 

model projection is significant, with a maximum difference of 20% globally between the new scheme and the control one (Fig. 300 

5c, d). The largest differences are found in the cold regions around Eurasia and North America, including Siberia, Alaska, and 

North Canada. Scattered regions with Rs inhibition also exist over northern China, southern Canada and the mid-west US, and 

South America (Fig. 5c, d). No significant inhibition of Rs by N deposition is simulated in the main tropical forests (e.g., the 

Central Africa forests and Amazon Rainforest) compared to boreal regions (Fig. 5c, d). 

The inhibition of N deposition to Rs helps to store more carbon within the soil rather than it being emitted to the 305 

atmosphere, and the boreal and temperate regions contribute most, to be the major global carbon sinks (Fig. 5e, f). Based on 

our new model development, the current control version of the CLM5 model used in the CMIP6 project might underestimate 

soil carbon sequestration. Quantitatively, by the end of the 21st century, more than 15% more soil carbon sequestration in 

boreal regions is projected with the new model than that projected by the original model configuration (Fig. 5e, f). Nitrogen 

deposition is a chronic perturbation, suggesting that its effects on Rs may shift over time (Smith et al., 2015; Xing et al., 2022). 310 

The accumulation of soil carbon is close to linear before 2040 and starts to stabilize thereafter. By 2100, the global mean 

difference in soil carbon is just above 2%, implying that the inhibition of Rs due to the N enrichment contributes about 2% 

more carbon sequestration globally (Fig. 5g, h). The temporal variations of soil carbon under excessive N concentration are 

clearly affected by latitudes. Soil carbon accumulates rapidly at high latitudes due to stronger inhibition of Rs by greater N 

deposition rates in the boreal and temperate forests, with the difference exceeding 4% by 2100 (Fig. 5g, h). While at lower 315 

latitudes, soil carbon accumulation begins to decline around 2040 (Fig. 5g, h), this change also reflects the pattern of soil CO2 

emissions across a N addition gradient (Zheng et al., 2022).  

Increased N deposition reduces soil carbon loss and promotes soil carbon sequestration, which has been demonstrated 

globally, especially in N-limited boreal and most temperate forests (Lu et al., 2021; Magnani et al., 2007). However, the 

negative impacts, including terrestrial acidification, eutrophication, and biodiversity loss, of significant reactive N deposition 320 
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on global forests far outweigh the carbon benefits (Gundale, 2022). In addition to being harmful to terrestrial ecosystem 

function (Bobbink et al., 2010; Bowman et al., 2008), reactive N deposition stimulates the emissions of N2O (Davidson, 2009) 

and CH4 (Yang et al., 2022), causing a radiative forcing that can potentially offset that reduced by CO2 sequestration (Zaehle 

et al., 2011). Therefore, an improved understanding of the impact of N deposition on terrestrial ecosystems and the reduction 

of anthropogenic N deposition is critical for mitigating climate change. 325 

 

Figure 5: Global soil mineral N concentration, differences in soil respiration and soil carbon under the Shared Socioeconomic 

Pathway 245 and 585 (SSP245 and SSP585) scenarios by 2100. (a, b) The year when mineral N concentrations reached the NTh for each 

grid. (c, d) The difference (%) in Rs between the sensitivity case (i.e., with NTh) and the control case (i.e., without NTh) by 2100. (e, f) The 
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difference (%) in soil carbon between the sensitivity and the control cases by 2100. (g, h) The time series of differences in soil carbon 330 

between the sensitivity and the control cases, the shaded area represents the uncertainty of the estimates. There are no significant differences 

in the simulation results between the two scenarios. That is, ignoring the N-addition threshold introduces a considerable error in the 

estimation of Rs regardless of future climate change. 

4 Discussion 

4.1 Potential mechanism 335 

Numerous studies have revealed the biogeochemical processes of Rs in response to N addition at the regional scale (Chen et 

al., 2017; Janssens et al., 2010; Lu et al., 2021). Here, we classified N addition into low and high N doses based on NTh. The 

treatment is regarded as low N addition if the dose is below Nth, and as high N addition if the dose is above Nth. We further 

analysed the effects of different N addition levels on photosynthetic factors, vegetation growth, and soil properties, and 

elucidated how Rs responds (Figs. 4, S5). Low N addition significantly enhances photosynthesis and fine root biomass and 340 

hence Ra (Figs. 6, S5). However, high N addition decreases photosynthetic nitrogen-use efficiency by 40.7% (95CI%: 2.4%-

79.2%) (p < 0.01) and decreases fine root biomass (Figs. 6, S5). Low N addition alleviates N limitation, promotes plant growth, 

and increases shoot biomass and the input of organic residues (Aber et al., 1998; Bai et al., 2021), while excessive N enrichment 

causes an imbalance of nutrients in plant tissues (Janssens et al., 2010), and reduces allocation of photosynthates from the 

shoot to the root system and associated mycorrhizas (Aber et al., 1998; Bond-Lamberty & Thomson, 2010), leading to 345 

decreases in root biomass and Ra compare to low N (Fig. 6). While plants possess the ability to regulate resource allocation in 

response to environmental stresses (Bloom et al.,1985), Ra is regulated by the plant's physiological feedback mechanisms, 

counteracting its decrease under high N conditions. 

Low N addition has a non-significant negative effect on Rh (Fig. 4b), while excessive N enrichment inhibits Rh 

significantly (Fig. 4b). Generally, fertilization does not have direct effects on Rh (Graham et al., 2014). Excessive N addition 350 

markedly increases the concentrations of NH₄⁺ and NO₃⁻, and significantly decreases soil pH by 8.5% (about 0.23 pH units) 

(95% CI: 5.8-11.2%) (p < 0.001) (Figs. S5, S6). Soil acidification(Figs. 6, S5) is considered to be the main threat to soil 

microorganisms biodiversity (Chen et al., 2017) and a key driver of soil microbial N cycling under global change (Zhong et 

al., 2023). High N addition decreases microbial biomass carbon, which represents labile carbon that turns over fast in soil (Guo 

et al., 2020), by 8.6% (95% CI: 0.12-17.1%) (p < 0.05), and the diversity of arbuscular mycorrhizal fungi by 8.6% (95% CI: 355 

7.0-10.3%) (p < 0.01), exacerbating the inhibition on the oxidase activity but easing the promotion on the hydrolase activity 

(Fig. 6). Soil microorganisms are important regulators of soil carbon emissions (Falkowski et al., 2008), playing an important 

role in ecosystem functions such as nutrient cycling and organic matter decomposition and their diversity is one of the key 

determinants of these ecological functions (Brussaard, 1997). It is shown that excessive N addition significantly decreases 

microbial diversity and biomass, and inhibits the production and decomposition efficiency of enzymes. These will delay the 360 
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microbial mineralization of soil organic carbon (Lu et al., 2021), decreases the decomposition of plant litter (Michel & Matzner, 

2003), and then inhibits Rh (Fig. 6).  

 

Figure 6: Potential mechanisms operating under low and high N additions, describing how increasing N addition inhibits soil 

respiration (Rs). Soil biodiversity under N enrichment was the major driver in reducing Rs. Heterotrophic respiration (Rh) rather than 365 

autotrophic respiration (Ra) led to the response of Rs under high N addition. The gs, PNUE, Aarea, AGB, FBC, BGB, OE, HE, AM_D, B_D, 

and MBC represent stomatal conductance, photosynthetic nitrogen use efficiency, photosynthetic rate per area, aboveground biomass, fine 

root biomass, belowground biomass, activity of oxidative enzymes, activity of hydrolytic enzymes, arbuscular mycorrhizal fungi diversity, 

bacterial diversity, and soil microbial biomass carbon, respectively. The green and brown numbers indicate the effects of low N addition and 

high N addition, and , *, **, *** denote not-significant effect, and significant effects at p < 0.05, p < 0.01, and p < 0.001, respectively. ↑ 370 

and↓ denote significant increase and decrease, respectively. 
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Globally, we also conclude that Rh rather than Ra dominates the change of Rs induced by excess N, although differently 

across vegetation types. This is inconsistent with a previous conclusion that the response of Rs to N addition depends more on 

the response of Ra, without considering the amount of N added (Zhou et al., 2014). Zhou et al. (2014) found that the response 

of Ra to N addition was more consistent with that of Rs, and concluded that ecosystem-specific differences in Rs response 375 

were primarily driven by variations in Ra due to distinct plant community characteristics. In contrast, our study found that Rh 

exhibited a stronger alignment with Rs across different N addition levels, especially under high N additions. This discrepancy 

may be attributed to two key differences between the two studies. First, our analysis was based on a more recent and 

comprehensive global experimental dataset, including broader ecosystem coverage and more detailed measurements. Second, 

Zhou et al. (2014) did not separate different levels of N addition, whereas our study explicitly accounted for N addition 380 

gradients. Our approach may better capture shifts in the dominant contributors to Rs under increasing N input, particularly the 

enhanced role of Rh under higher N availability. 

In this study, high N decreased both Rh and Ra with the decrease in Rh being more pronounced. This is consistent with 

the response to N of below-ground processes associated with Rh and vegetative processes associated with Ra (Fig. 6). 

Specifically, microbial activity, which drives Rh, shows a more sensitive response to N addition. Previous studies have shown 385 

that soil rather than tree biomass represents the main change in carbon sink under N addition in temperate and tropical forests 

(Lu et al., 2021; Nadelhoffer et al., 1999). 

4.2 Uncertainties 

Based on the experimental dataset, we find a potential global average N addition threshold (i.e., NTh) which can indicate the 

significant changes in Rs. The Nth served as parameter references to improve CLM5 model. It is important to emphasize that 390 

our focus lies not on the precise numerical value of the threshold, but rather on the trend shift it indicates—from stimulation 

to suppression in RRs. Capturing this ecological trend is essential for introducing biologically meaningful mechanisms into 

land surface models, thereby enhancing their ability to simulate soil carbon dynamics under N enrichment. Nevertheless, the 

identification and application of such thresholds are subject to uncertainties  

First, from the ecological perspective, experimental N addition cause a rapid and substantial increase in soil mineral N 395 

availability, much higher than background levels. However, in natural ecosystems, atmospheric N deposition in most regions 

is generally one to two orders of magnitude lower than experimental additions, and not all the N deposition are utilized in the 

soil. Therefore, in our CLM5 model, we used soil mineral N concentration—representing cumulative N availability—as the 

threshold indicator, rather than annual deposition rates which would be too low to drive meaningful changes in Rs over short-

time scales. What needs to be emphasized is that we did not directly equate the N addition threshold from experiments to a 400 

fixed value of soil mineral N. Instead, we used the empirical RRs–N addition response curve as a benchmark to calibrate a 

parameter (α) in the model (Eq. (13)). The model adjusts how soil mineral N inhibits Rs when it exceeds a flexible threshold 

(NTh). While this approach offers a tractable and biogeochemically reasonable method to link field observations to model 

processes, we acknowledge that it is a simplification. For instance, the actual increase in soil mineral N might be less than the 
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total N added, due to factors such as leaching and denitrification. Consequently, the saturation threshold for soil mineral N 405 

concentration is expected to be lower than the experimental N addition threshold, potentially leading to an underestimation of 

C sequestration in some regions in CLM5. 

Second, from the methodological perspective, we employed three statistical approaches—sliding t-test, Pettitt test, and 

Mann-Kendall test—to detect the potential threshold in Rs response to N addition. While the sliding t-test and Pettitt test both 

indicated a change-point at 11.3 g N m-2yr-1, the Mann-Kendall test suggested a slightly higher threshold at 14.0 g N m-2 yr-1. 410 

These differences arise from the distinct detection principles of each method. Given that two independent methods—based on 

different statistical assumptions—consistently identified the threshold at 11.3 g N m-2 yr-1, we considered this result more 

robust and adopted it as the representative change-point in this study. Nonetheless, we acknowledge that differences in data 

sensitivity, test assumptions, and threshold detection algorithms can introduce uncertainty. As more long-term experimental 

and observational data become available, the value of this threshold is likely to be refined.  415 

Lastly, the N addition threshold likely varies across ecosystems due to differences in plant–soil–microbe interactions. Our 

study indicates that forests tend to exhibit higher thresholds (10.0–11.3 g N m-2 yr-1) than grasslands (4.0–6.7 g N m-2 yr-1) (Figs. 

S7, S8). However, due to the limited availability and consistency of experimental data—particularly from underrepresented 

regions—we were unable to derive robust, biome-specific estimates. Future efforts should prioritize the integration of more 

diverse field measurements and regionally calibrated simulations to better constrain ecosystem-level N thresholds. Given that 420 

the primary aim of this study is to capture the general saturation pattern of Rs in response to N input at the global scale and to 

improve the parameterization in CLM5, we adopted a simplified, globally uniform threshold. While this approach facilitates 

model implementation, it may lead to over- or underestimation of Rs suppression in specific biomes. 

Taken together, the N threshold identified in this study should be interpreted as a guiding principle for model 

parameterization, rather than a fixed or universal value. Our primary emphasis is on the robust trend of decreasing Rs response 425 

with increasing N input, which reflects a general ecological pattern and provides a foundation for incorporating saturation N 

response functions into terrestrial biosphere models. 

5 Conclusion 

Our results provide new insights and improvements for predicting the fate of soil C in the future. This study addresses the 

general issue of how different N addition levels affect Rs, and identifies a N addition threshold that determines the direction 430 

of Rs responses. This work sheds light on the complex relationship between N addition and Rs, moving beyond simple low or 

high classifications to a more detailed understanding based on continuous N levels. Moreover, incorporating this complex 

relationship into Earth system models is both challenging and critical. Based on this new relationship, our modified CLM5 

model elucidates that the absence of N threshold effects on Rs leads to significant underestimation of global soil carbon 

sequestration in the future. This notable discrepancy between our predictions and those of the IPCC implies that the effect of 435 

soil C emissions on climate change could be potentially over-estimated, given the high uncertainty of soil C changes in the 
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future. Our study also highlights that this new mechanism is necessary and critical for improving the predictability of Earth 

system models. 
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