
1.  Introduction
Afforestation is becoming a global movement toward the combined benefits of ecological restoration and the miti-
gation of climate change (Bastin et al., 2019; IPCC, 2014). Although highly uncertain and controversial, global 
afforestation may have the potential to sequester as much as 205 Gt C, reducing the global burden of anthropo-
genic emissions of CO2 by 68% (Bastin et al., 2019). A central unknown in such estimates depends on the role of 
supplies of soil nitrogen (N) and how this macronutrient could either facilitate or constrain decadal CO2 seques-
tration via afforestation practices (Luo et al., 2004, 2006). N is principally an essential component of proteins and 
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nucleic acids, which controls the metabolism and reproduction of plants (Scheible et al., 2004). Photosynthesis, 
the process producing major inputs of carbon (C) to ecosystems, is usually limited by the supply of soil N, 
especially in temperate ecosystems (Luo et al., 2004, 2006). Soil N constraints may increase with afforestation 
because more soil N will be absorbed and locked into aboveground biomass (Berthrong et al., 2009). The ability 
of soils to store C is also linked to N; N influences the decomposition of organic matter via microbial regulation 
and is stoichiometrically linked to C within a narrow range (Mooshammer et al., 2014). Soil N accordingly plays 
a key role in modulating the input and output of C in ecosystems (Vries et al., 2006; Vries et al., 2009) and further 
regulates the C sequestration capacity of ecosystems (Niu et al., 2016; Vitousek et al., 1997).

Besides soil N stock, the stoichiometric ratio of C and N (C:N) also strongly regulates soil N supply and ecosys-
tem C sequestration (Mooshammer et al., 2014; Vries et al., 2006; Vries et al., 2009). On the one hand, C:N can 
be used to indicate the N demand per unit of C storage; thus, an increase in C:N may indicate the enhanced C 
sequestration in the absence of concomitant increases in N supplies (Cotrufo et al., 2019). On the other hand, 
however, C:N also indicates the intensity of N limitation (Mason et al., 2022). Increased soil C:N indicates lower 
N availability and progressive N limitation (Luo et al., 2004; Mason et al., 2022), which would restrict future C 
sequestration (Vries et al., 2006; Vries et al., 2009). Therefore, exploring the changes of soil C:N after affores-
tation is important for understanding soil C and N interaction and predicting future C sink potential of planted 
forests.

The effects of afforestation on soil N and its stoichiometric ratio with C have been widely investigated in previ-
ous studies (Berthrong et al., 2009; D. Li et al., 2012; Xu et al., 2016). However, the impacts of afforestation on 
soil C and N showed large spatial heterogeneity (D. Li et al., 2012) with either positive (Lemma et al., 2006), 
negative (Farley et al., 2004), or negligible effects (Richter et al., 1999). It remains a puzzle why afforestation had 
such divergent impacts on soil C and N stocks in different regions. As shown in previous studies, the effects of 
afforestation could vary with climate zone, soil type and properties, planted tree species, stand age, and original 
vegetation types (Berthrong et al., 2009; D. Li et al., 2012). However, the major factors that regulate soil C and 
N dynamics after afforestation remain poorly understood, which hinders our ability to understand the effects of 
large-scale afforestation programs on soil nutrients and the capacity to sequestrate C.

In this study, we examined net N and C storage and C:N among soil pools in response to afforestation through our 
large-scale field sampling sites in northern China—a focus of afforestation during past decades (Bryan et al., 2018; 
Duan et al., 2011; He et al., 2015), and further evaluated for broader complementary effects vis-à-vis our study 
sites by mining the peer-reviewed scientific literature worldwide. With the world's largest area of planted forests 
(FAO, 2016; Piao et al., 2009; State Forestry Administration of the People's Republic of China, 2014), China has 
launched ambitious programs of afforestation that have contributed substantially to the sequestration of C (Hong 
et al., 2020; F. Lu et al., 2018; Shi & Han, 2014; Shi et al., 2013), thus it provides an ideal framework to inves-
tigate the effect of afforestation. A pairwise sampling method was conducted for the field campaign in northern 
China and only studies with the paired method were selected in the global metadata compilation. Compared with 
chronosequence and repeated sampling (D. Li et al., 2012; Shi & Han, 2014; Shi et al., 2013), paired sampling 
quantifies the opportunity costs of afforestation well (Hong et al., 2020; F. Lu et al., 2018) because it controls 
for the effects of other factors such as climate change and N deposition. Based on the comprehensive multiscale 
investigation of field-paired sampling data in the representative region (Figure 1a, n = 610) and the global meta 
data set of paired studies (Figure 1b, n = 211), we explored the impacts of afforestation on soil N and C:N and 
further investigated the major controlling factors of soil C and N dynamics after afforestation.

2.  Materials and Methods
2.1.  Study Design

In this study, afforestation includes both typical afforestation (i.e., planting trees in area with no forest history) 
and reforestation (planting trees in area with forest in last 50 years). We conducted a systematic field campaign 
from representative afforested areas in northern China and compiled a meta-data set at the global scale from 86 
peer-reviewed papers. We surveyed 610 afforested plots and 161 control plots in northern China, which consti-
tuted 610 afforested-control pairs (some control plots were used more than once). We collected data from 211 
study sites exploring changes in soil organic carbon (SOC) and soil total nitrogen (STN) caused by afforestation 
at the global scale from peer-reviewed papers, all of which also used pairwise sampling method.
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Figure 1.  Distribution of the study sites. (a) Distribution of the sampling plots in northern China. The rectangles indicate 
the control plots, and colors indicate the original vegetation and land use type. Triangles and + indicate the plots afforested 
with different tree species. The inset shows the location of the study region in China. (b) Distribution of the global study sites 
collected from published papers. The color of each point indicates the type of change to soil organic carbon and soil total 
nitrogen, and the size represents the absolute value of ΔSOC:ΔSTN.
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2.2.  Field Sampling Region

The field work was conducted in six provinces (Heilongjiang, Jilin, Liaoning, Hebei, Shanxi, and Shaanxi) and 
Inner Mongolia Autonomous Region in northern China (Figure 1a). This region extends from 34.20 to 51.80°N 
and 106.81 to 133.31°E, so the climate and soil vary greatly. Mean annual temperature (MAT) ranges from −3°C 
to 15°C, and mean annual precipitation (MAP) ranges from 355 to 1,068 mm. This region contains multiple 
soil types, including black soil, bog soil, brown coniferous forest soil, brown earths, brown pedocals, casta-
nozems, chernozems, cold brown calcic soil, yellow earths, and yellow-brown earths (Xiong & Li, 1987), approx-
imately corresponding to phaeozems, gleysols, humic cambisols, haplic/albic luvisols or eutric/dystric cambisols, 
haplic  calcisols, kastanozems, chernozems, cambisols, haplic alisols, and ferric/haplic luvisols, respectively, in 
the soil classification of the United Nations Food and Agriculture Organization (Xie et al., 2007).

This region is a focus of afforestation in China (Piao et al., 2009; State Forestry Administration of the People's 
Republic of China, 2014) with more than 120,000 km 2 of planted forest, most of which was due to the Three 
North Shelterbelt Development Program (He et al., 2015).

2.3.  Field Sampling Methods

Pairwise sampling was used to determine the impact of afforestation on STN and SOC in the field studies. We 
chose one nonafforested plot in the planted area at each site as the control plot to represent the soil proper-
ties without afforestation. Several afforested plots (1–26) with different planted tree species or stand ages were 
selected around the control plot. The vegetation and land use type of the control plot could represent the land-use 
history in the afforested plot before afforestation. The distance between any afforested plot and its correspond-
ing nonafforested-control plot was usually 50–100 m to minimize the variation in soil and climatic properties 
between the pair and the largest acceptable distance was not more than 2.5 km in very few plots. The original 
vegetation and land use types (OVLUT) included cropland, barren land, grassland, natural forest, and riparian 
sandy land. Note that natural forest control plots indicate their corresponding afforested plots used to be natural 
forests that have been clear-cut and then reafforested during the afforestation campaign. Each afforested plot 
and its corresponding control plot therefore constituted an afforested-control pair, with the difference between 
them representing the impact of afforestation. We examined 610 afforested plots and 161 control plots, repre-
senting 610 afforested-control pairs. All afforested plots were monocultures, so we could easily document the 
tree species. The main tree species were Pinus koraiensis, Pinus sylvestris var. mongholica, Pinus tabuliformis, 
Larix gmelinii, and Populus spp.  (including Populus simonii, Populus × beijingensis and Populus × xiaohei) 
and some minority species, which were marked as others. In each plot, we dug three replicate soil profiles in the 
diagonal direction and collected samples from different layers (0–5, 5–10, 10–20, 20–30, 30–60, and 60–100 cm) 
using a cutting ring of 100 cm 3. We collected 18 samples in each plot except for a few plots where we could not 
reach a depth of 1 m. In total, we selected a total of 11,610 samples for the study. Note that we collected two 
identical cutting rings of soils at each depth, one of which would later be oven-dried while the other air-dried. 
We measured the height and diameter at breast height of each tree in the afforested plots for calculating biomass 
using allometric equations (Fang et al., 1996). Additional data such as the year of afforestation (stand age) were 
obtained from local forestry administrations.

2.4.  Laboratory Methods

All soil samples were brought back to the laboratory and then air dried. Stones and roots were removed from 
air-dried samples by passing through 2-mm sieves. We oven-dried soils (one cutting ring) and got the soil dry 
weight (SDW). The remaining sieved soils (the other cutting ring) were prepared for chemical analyses. Soil pH 
was measured in 1:2.5 mixtures of soil and deionized water using a pH meter (PHS-3C, Lei-ci, China). Soil solu-
tions were shaken for 30 min and then kept static for 5 min before pH measurement. The soil inorganic C concen-
tration (SICC) was measured using a 08.53 CALCIMETER (M1.08.53.E, Eijkelkamp, Netherlands). SICC in our 
study was equivalent to the carbonate concentration in carbon dioxide (CO2) emissions digested using strong acid 
(0.2 mol L −1 HCl). Soil total N concentration (STNC) and soil total C concentration (STCC) were measured using 
an elemental analyzer (Viro el cube, Elementar, Germany) after the samples were subsequently passed through 
1-mm sieves.
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2.5.  Metadata Compilation

We collected data from published papers using the Web of Science to investigate the dynamics of SOC and 
STN after afforestation on a global scale. The following criteria were used to select the papers: SOC density and 
STN density were both reported or could be calculated using SOC and STN concentrations, soil bulk density, 
and sampling depth; pairwise sampling was used for obtaining data for both the afforested and control (nonaf-
forested) sites and data for mineral soil were included. This data set included a total of 211 sites reported in 86 
peer-reviewed papers. We extracted planted tree species in each site from the papers, and then obtained the corre-
sponding symbiotic mycorrhizal type for each tree species according to data provided by Wang and Qiu (2006) 
and Soudzilovskaia et al. (2020). The distribution of the mycorrhiza types associated with planted trees is shown 
in Figure S1 in Supporting Information S1, which was mainly driven by temperature and precipitation.

2.6.  Other Data

MAP and MAT were obtained from the China Meteorological Forcing Data set, which was created by merging 
a variety of data sources (Chen et al., 2011; Yang et al., 2010), with a spatial resolution of 0.1 × 0.1° and a 
temporal resolution of 3 hours. Data for net primary productivity (NPP) were obtained from the Moderate Reso-
lution Imaging Spectroradiometer MOD17A3 data set (Running, 2015). Data for soil type and clay concentration 
were obtained from the Harmonized World Soil Database v.1.2 (FAO et al., 2012). We also obtained data for N 
deposition from the Multi-Scale Synthesis and Terrestrial Model Intercomparison Project Nitrogen Deposition 
Enhanced Dentener data set (Wei et al., 2014), which includes ammonium N (NHx) deposition and nitrate N 
(NOx) deposition at a resolution of 0.5 × 0.5° for 1860–2050. Means of the 10-year data before field sampling 
(2003–2012) were used in the data analysis. To obtain the global potential afforestation area, global potential tree 
cover data (Bastin et al., 2019) (pixels with tree cover >20% were defined as potential forest), existing tree cover 
data (Hansen et al., 2013) (pixels with tree cover >20% were defined as existing forest), and data for agricultural 
and urban areas (Arino et al., 2012) were used. We used global potential forest pixels removing existing forest 
pixels, agricultural, and urban pixels to get the potential afforestation pixels. Data for global STN were obtained 
from world soil property estimates for broadscale modeling (WISE30sec) (Batjes, 2015).

2.7.  Data Analysis

Soil organic C concentration (SOCC) was calculated using STCC and SICC:

SOCC = STCC − SICC� (1)

Soil total nitrogen density (STNj) and SOC density (SOCj) in each soil layer (j indicates the jth layer, e.g., j = 1 
indicate the first layer (0–5 cm) while j = 6 indicates the sixth layer (60–100 cm)) was calculated using STNCj 
and SOCCj, SDW (SDWj), the volume of cutting ring (V), and the thickness of the layer (wj):

STN𝑗𝑗 = STNC𝑗𝑗 ∗
SDW𝑗𝑗

𝑉𝑉
∗ w𝑗𝑗 ∗ 10

2� (2)

SOC𝑗𝑗 = SOCC𝑗𝑗 ∗
SDW𝑗𝑗

V
∗ w𝑗𝑗 ∗ 10

2� (3)

Each plot had three replicate profiles, so mean STNj and SOCj for the three profiles were used in the analysis. The 
sum of mean STNj and SOCj in all layers was used to represent STN and SOC in each plot:

STN =

6
∑

𝑗𝑗=1

STN𝑗𝑗� (4)

SOC =

6
∑

𝑗𝑗=1

SOC𝑗𝑗� (5)
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We defined ΔSTN and ΔSOC due to afforestation as the differences of STN and SOC between the afforested 
and control plots (Equations 6 and 7) at both the plot and layer levels. Note that STN and SOC were corrected to 
equivalent soil masses because afforestation can also affect soil density:

ΔSTN = STN(afforested) − STN(control)� (6)

ΔSOC = SOC(afforested) − SOC(control)� (7)

We also calculated mean layer differences in SOC and STN using ΔSOC and ΔSTN in each layer divided by the 
corresponding layer thickness, respectively, to make the result comparable in the vertical direction.

The C:N ratio was calculated using Equation 8 for both the plot and layer levels, and Δ(C:N) was then calculated 
using Equation 9:

C ∶ N = SOC ∶ STN� (8)

Δ(C ∶ N) = C ∶ N(afforested) − C ∶ N(control)� (9)

ΔSTN, ΔSOC, and Δ(C:N) for the set of metadata were also calculated using Equations 6–9. For the metadata, 
STN and SOC were calculated based on Equations 2 and 3 if they were not directly reported. Differences in C:N 
were calculated using Equations 8 and 9.

Paired Student's t-tests were used to compare soil properties (STN, SOC, C:N) in the control and afforested groups 
for both the sampling data set and the set of metadata. Independent sample t-tests were used to determine whether 
the differences due to afforestation differed significantly from 0. False discovery rates were corrected to control 
potential error rates in multiple comparisons (Benjamini & Yekutieli, 2001). Ordinary least squared regression 
was performed to determine the relationships between variables. We estimated the uncertainties of the regression 
between ΔSTN and STN in control groups (STN_c) using bootstrapping, where we randomly selected 80% of the 
samples in each group to run the regression and repeated the random selection and regression for 1,000 times. We 
also conducted an analysis of covariance (ANCOVA) to explore whether regression slopes between ΔSTN and 
ΔSOC were significantly different among tree species groups. Moreover, given that previous studies indicated 
that many factors such as climate, soil type, OVLUT could regulate afforestation-induced changes in soil C and 
N (Berthrong et al., 2009; D. Li et al., 2012), we constructed boosted regression trees (BRTs) (Elith et al., 2008; 
Friedman, 2002; Friedman & Meulman, 2010) to evaluate the effects of all factors (MAP, MAT, NPP, soil type, 
tree species, OVLUT, stand age, clay concentration, SOC in the control groups, STN_c, pH in the control groups, 
N deposition, and C:N in the control groups) on ΔSTN (Figure S2 in Supporting Information S1). The BRT 
model well identified the variation of ΔSTN, which we then used to calculate the relative importance of each 
factor (Friedman, 2002; Friedman & Meulman, 2010).

Finally, we used error-based simulation to evaluate the robustness of the results accounting for the colinearity 
between ∆STN and STN_c (Hong et al., 2020) (Figure S3 in Supporting Information S1) because the negative 
correlation between ΔSTN and STN_c may have been confounded by observed errors. For each simulation, the 
“starting” STN_c was the observed value. The “starting” STN_f was calculated as the starting STN_c plus a 
random change (drawn from a distribution with the same mean and standard deviation as the observed ΔSTN). 
The starting ΔSTN and STN_c were thus not correlated. We then added a random error to the starting STN_c to 
create a “final” STN_c and a separate uncorrelated error to the starting STN_f to create the “final” STN_f. We 
then calculated the “final” ΔSTN as final STN_f—final STN_c. The final ΔSTN contained the error added to 
STN_c, so we expected a negative correlation between final ΔSTN and final STN_c. We conducted a regression 
analysis between final ΔSTN and final STN_c to obtain the slope and P value of this “null” negative correla-
tion. The slope gradually decreased as the proportional error increased (from 0.01 to 1), and the P value also 
decreased. This process was repeated 100 times for each increase in proportional error to obtain a mean. The 
results are shown in Figure S3 in Supporting Information S1. For the sampling data (Figure S3a in Supporting 
Information S1), the required proportional error needed to be >0.35 to obtain the observed slope from this “null” 
relationship, which was much higher than the observed mean error of 0.18. For the observed mean proportional 
error of 0.18, the “null” slope was −0.11 and 0 time in 100 times could produce an observed slope of −0.37, 
indicating that the observed negative correlation between ΔSTN and STN_c was robust for the sampling data. 
The same methods were used for the combined data, where the results indicated that the negative correlation 
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between ΔSTN and STN_c was also robust (Figure S3b in Supporting Infor-
mation S1). Testing the metadata results was not necessary because they were 
not significant.

3.  Results
3.1.  Changes in Soil N With Afforestation

The responses of STN to afforestation varied among planted tree species 
at both regional and global scales (Figure  2). STN with afforestation in 
the intensively sampled sites in northern China was significantly lower by 
0.05 kg N m −2 at depths of 0–1 m after correcting for the equivalent soil 
mass (Figure  2a, P  <  0.05), mostly driven by P. sylvestris var. monghol-
ica. Non-significant difference was observed between STN in control and 
afforested groups in the global data set based on the synthesis of previous 
studies (Figure 2b), with the most pronounced response for soils planted with 
hardwoods (P < 0.001), including eucalyptus (P < 0.05). Pine and other soft-
woods did not significantly affect STN. The change in STN also varied across 
sampling depth and stand age (Figure S4 in Supporting Information  S1). 
ΔSTN varied greatly with depth in young forests (0–10  years). STN with 
afforestation generally increased in the topsoil (0–5 cm) but decreased in soil 
below 5 cm in older forests (>20 years).

Based on the results of BRT (Figure S2 in Supporting Information  S1), 
STN_c had the highest importance in regulating soil N dynamics after 
afforestation. Therefore, we explored the relationship between ΔSTN and 
STN_c to further investigate the divergent responses of STN to afforestation 
at regional and global scales (Figure 3). ΔSTN and STN_c were negatively 
correlated (Figure  3a, P  <  0.001), indicating that afforestation increased 
STN in STN-poor soils but decreased it in STN-rich soils. This correlation 
was mainly driven by sampling data from northern China (P < 0.001), and 
the relationship in the global meta-analysis was only marginally significant 
(P = 0.08). The simulation demonstrated the robustness of the negative corre-
lation between ΔSTN and STN_c for the sampling and combined data (Figure 
S3 in Supporting Information S1), where the error-based slope was not able 
to attain the level of the observed slope. Thus, we further divided the data 
based on STN in the control groups (Figure 3b). Soil total nitrogen signif-
icantly increased with afforestation in the group with STN_c < 1 kg N m −2 
(depths of 0–1 m), accompanied by increased SOC. In contrast, both STN 
and SOC significantly decreased in the groups with STN_c > 2 kg N m −2 
(depths of 0–1  m). STN with afforestation significantly decreased in the 
group with STN_c between 1 and 2 kg N m −2 (depths of 0–1 m) with nonsig-
nificant effects on SOC. The dependence of ΔSTN and ΔSOC on STN_c was 
generally observed in groups with different OVLUT (Figure S5 in Support-

ing Information S1) and stand age (Figure S6 in Supporting Information S1), indicating that these two factors did 
not confound the dominant role of STN_c in regulating postafforestation soil C and N dynamics.

We defined the threshold STN (Tn), that is, the inflection point where ΔSTN changes from positive to negative, 
as the horizontal axis intercept of the ordinary least squared regression line in Figure 3a. The estimated Tn was 
at 0.86 (95% CI: 0.81–0.91) kg N m −2 at depths of 0–1 m using a bootstrapping method (see Section 2), which 
divided the sampled soils into low (<0.86) and high (>0.86 kg N m −2) N groups. We further investigated the 
divergent dynamics of STN with stand age in the two groups (Figure S7 in Supporting Information S1). Affores-
tation increased STN in the low-N group at all age groups, and this impact was significant at stand ages of 10–20 
and 30–40 years (Figure S7a in Supporting Information S1). In contrast, afforestation significantly decreased STN 

Figure 2.  Comparison of ΔSTN across tree species. (a) ΔSTN for the 
sampling data. (b) ΔSTN for the metadata. The whiskers indicate the 
distributions of the samples, and the white circles indicate the medians. *, **, 
and *** indicate that the null hypothesis can be rejected at P < 0.05, 0.01, 
and 0.001, respectively, in independent sample t-tests with correction of false 
discovery rates.
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in the high-N group at stand ages of 10–40 years, but not significantly in the 
group with stand age >40 years (Figure S7b in Supporting Information S1).

3.2.  Change of Soil C and N Interactions After Afforestation

The responses of soil N to afforestation differed at regional and global 
scales, but soil N and C were strongly coupled across data sets (Figure 4). 
The relationships between ΔSOC and ΔSTN yielded a slope of 9.69 for all 
sampling data combined. Interestingly, the regression slopes between ΔSOC 
and ΔSTN showed significant differences among species (P  <  0.001 for 
ANCOVA, Figure 4a), which suggests a divergent C change accompanied 
with per unit N change induced by afforestation with different tree species. 
Specifically, the slope was largest for L. gmelinii (11.60), indicating the high-
est rates of C gain/loss per unit change in N. In contrast, Populus spp. had 
the smallest changes in C per unit change in N (slope = 5.85). The slopes 
for P. koraiensis, P. sylvestris var. mongholica, P. tabuliformis, and others 
were 9.87, 10.41, 9.42, and 7.50, respectively. The metadata provided similar 
results, where per unit change in N was accompanied by 11.68 units of C 
change with afforestation (Figure 4b). The slope was largest for eucalyptus 
(14.96) and smallest for pine (9.53). The slopes for hardwoods (excluding 
eucalyptus) and softwoods (excluding pine) were 12.10 and 11.88, respec-
tively. However, it is noteworthy that the difference in slopes among species 
groups was nonsignificant (P = 0.33 for ANCOVA), which may be because 
hardwood and softwood included multiple tree species.

We explored the changes in SOC and STN and their relationships at different 
depths to determine whether the dynamics of SOC and STN varied verti-
cally (Figure S8 in Supporting Information S1). Both C and N in the topsoil 
(0–5 cm) increased with afforestation, but both C and N decreased below 
5 cm (Table S1). The dynamics between STN and SOC were also coupled at 
different depths, where the slopes varied between 7.10 and 10.76 but did not 
show a vertical trend (Figure S8 in Supporting Information S1).

With afforestation, C:N was higher than control groups for both the sampling 
data and the global metadata (Figure S9 in Supporting Information S1). For 
the sampling data, C:N significantly increased only for L. gmelinii, with 
nonsignificant changes in C:N in the other groups. The higher C:N with 
afforestation was majorly contributed by sites with high initial soil N (Figure 
S7 in Supporting Information S1), especially for the plantations older than 
20 years. The change in C:N for the low-N group was not significant and 
varied greatly. For the global metadata, C:N significantly increased for 
Eucalyptus, softwoods including pine, but nonsignificant difference was 
observed in the group of hardwoods excluding Eucalyptus. Interestingly, 
C:N only significantly increased where ectomycorrhizal trees were planted, 
although STN was higher for all mycorrhizal types (Figure S10 in Supporting 
Information S1).

The relative abundance of C and N (C:N) in background soil also regulated 
the changes in C:N (Figure 5a). C:N with afforestation tended to decrease 

in soil with relatively higher initial C:N but increased in soil with lower initial C:N. An age threshold was also 
observed for different depths (Figure 5b). The changes in soil C:N with afforestation were not significant at 
any depth when stand age was <30 years. C:N generally increased in the group of 30–40 years, which showed 
significant changes at depths of 0–5 and 20–30 cm. C:N with afforestation significantly increased at depths of 
60–100 cm for stand age >40 years.

Figure 3.  Control of initial soil total nitrogen (STN) on soil C and N 
dynamics after afforestation. (a) Relationships between ΔSTN and control 
STN from the sampling data, metadata, and all data. Ordinary least squared 
regressions were conducted between ΔSTN and control STN using the means 
of the slopes and intercepts with 100 bootstrapping iterations (see Section 2). 
The color scale indicates the amount of soil organic carbon in the control 
groups. (b) Comparisons of ΔSTN and ΔSOC across groups with different 
control STNs. The whiskers indicate the distribution of the samples, and the 
white circles indicate the medians. Independent sample t-tests with correction 
for false discovery rates were conducted to compare the data of each group 
with 0. *, **, and *** indicate that the null hypothesis can be rejected at 
P < 0.05, 0.01, and 0.001, respectively.
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Collectively, the dynamics of both soil C and N after afforestation were regu-
lated by background soil N status. At the global scale, soil N is lower than 
Tn (0.86 kg N m −2 in 0–1 m depth) in 45% of the potential afforestation area, 
which indicates a potential soil C sink with afforestation. In contrast, in the 
remaining 55% area, soil N is higher than Tn, indicating a risk of soil C and 
N loss after afforestation (Figure 6).

4.  Discussion
This study provides a comprehensive understanding on the dynamics of N 
and C-N interactions with afforestation in both intensively sampled north-
ern China and extensively synthesized global sites. We found initial soil N 
stock was the dominant factor controlling ΔSTN, with much higher impor-
tance than the other factors, such as tree species, precipitation, temperature, 
soil type, OVLUT etc. Both STN and SOC increased with afforestation in 
areas with low initial STN, but decreased in areas with high initial STN. The 
coupled dynamic of C and N depending on initial soil N status implies that 
the N cycle driven by plant physiological activity may regulate the dynamics 
of soil organic matter (SOM) (Mooshammer et al., 2014).

The N sources of ecosystem generally include atmospheric N deposition, 
biological fixation, and rock weathering (Houlton et  al.,  2018; Morford 
et al., 2016), while N output includes gaseous and aqueous export (Mason 
et al., 2022). There is no evidence that afforestation widely affects biological 
N fixation, but it can impact other N sources and output to regulate ecosystem 
N balance (Gundersen et al., 2006; Heil et al., 2007; Henneron et al., 2020). 
First, afforestation increases the surface roughness and collecting surface 
area (Gundersen et al., 2006; Heil et al., 2007). The forest canopy can directly 
absorb the deposited N and transfer the absorbed N to roots or input to soil  as 
litter (Nair et al., 2016; Wang et al., 2021). Second, planted trees generally 
have a deeper root system than original vegetation, so that they can absorb 
more N from deep soils and groundwater, and thus reduce gaseous and aque-
ous N losses from the ecosystem (Brady & Weil, 2008; Hobbie, 2015). Third, 
afforestation could reduce nitrate leaching by substantially increasing evap-
otranspiration, regardless of the species of planted trees (Y. Li et al., 2018). 
These processes indicate the increase (increasing input and decreasing 
output) of soil N induced by afforestation. However, afforestation can also 
intensify N mineralization through a strong priming effect, and thus increase 
the gaseous and aqueous N losses (Henneron et al., 2019, 2020). Given that 
most soil N is stored in SOM (Brady & Weil, 2008), the changes in SOC and 
STN are strongly coupled (see Figures 3 and 4).

In areas with low soil N stock, the increased N can be efficiently used by 
planted trees (X. Lu et al., 2021) and litters further recharge SOM. At the 

same time, the loss of soil C and N induced by the priming effect is low due to the limited amount of initial SOM. 
Therefore, both SOC and STN increase after afforestation in low-N areas, especially for the topsoil (Table S1). In 
contrast, in areas with high initial STN, soils can provide more nutrients through decomposition and mineraliza-
tion and support higher plant biomass than SOM-poor soils (Figure S11 in Supporting Information S1). Higher 
plant biomass leads to a stronger priming effect and thus stimulates N mineralization via SOM decomposition 
(Brady & Weil, 2008; Schimel & Bennett, 2004), which leads to a positive feedback between plant growth and 
SOM decomposition (Brady & Weil, 2008). Litters recharge the SOM pool but cannot fully offset the decompo-
sition loss so that both STN and SOC decrease after afforestation. Topsoil receives the largest litter input (Brady 
& Weil, 2008), resulting in the least decrease in STN and a nonsignificant increase in SOC (Table S1).

Plant uptake and microbial decomposers also regulate changes in C:N in soils with different C and N concen-
trations (Henneron et al., 2020; Mooshammer et al., 2014). In N-rich soils, plant uptake of N and litter input 

Figure 4.  Dynamics of soil total nitrogen and soil organic carbon. (a) 
Relationship between ΔSOC and ΔSTN across six tree species and all species 
pooled in the sampling data. (b) Relationship between ΔSOC and ΔSTN 
across the study sites collected from the published papers. The red lines are the 
ordinary least squared regression lines.
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(higher C:N comparing with soil) increase C:N, which becomes larger with 
age (Figure S7b in Supporting Information S1). In N-poor soils, although 
both soil C and N increased with afforestation, we did not find a signifi-
cant increase in C:N after afforestation (Figure S7a in Supporting Informa-
tion  S1), which may be due to the increase in inorganic N input through 
deposited N capture after afforestation (Henneron et  al.,  2019,  2020). 
Microbes can also adjust their C and N use efficiencies depending on the C:N 
stoichiometry of SOM (Janssen, 1996; Mooshammer et al., 2014). Specif-
ically, microbes retain high efficiencies of N use when N is more limited 
than C (high soil C:N) and thus reduce potential N losses by providing fewer 
substrates for nitrification and consequent losses through gaseous N forms. 
In contrast, when C is more limited than N (low soil C:N), the microbial N 
use efficiencies are low, resulting in higher N mineralization and gaseous N 
losses (Mooshammer et al., 2014). This adjustment of microbial nitrogen use 
efficiency to C-N imbalances leads to divergent changes of C:N caused by 
afforestation in soils with different relative abundances of C and N. Interest-
ingly, the increase in C:N for the metadata was notably driven mostly by trees 
with ectomycorrhizal associations. This indicates a higher N use efficiency 
and afforestation with ectomycorrhizal trees may therefore store more C per 
unit N in soil than afforestation with arbuscular mycorrhizal trees.

Afforestation may also directly and indirectly affect the soil N cycle via other 
mechanisms. For instance, afforestation can affect the emission and leach-
ing of nitrous oxide by affecting soil pH (Hénault et al., 2019), although the 
overall direction and magnitude of this effect remain uncertain. Moreover, 
both free-living and symbiotic N fixation rates tend to increase in response 
to increased carbon availability (Houlton et  al.,  2008; Reed et  al.,  2011; 
Vitousek et al., 2002), which could be especially important in N-poor sites; 
but can also be triggered via long-term feedback in N-rich environments that 
are underlain by N-rich parent materials (Dynarski et al., 2019). The extent 
to which plant-soil-microbe feedback triggered an increase in free-living 
biological N fixation with afforestation offers a compelling area for future 
mechanistic inquiry.

The field sampling data well characterized the effect of STN_c on changes 
to STN, but the relationship in the global metadata was weak and unreliable, 
for two possible reasons, including a lack of spatial coverage of studies and 
variation across soil depths. Most (95%) of the metadata sites were in regions 
with relatively low STN (<1 kg N m −2), so STN change was nonsignificant. 
Thus, a well-designed global-scale sampling study with different background 
soils is needed. Further, afforestation usually increases STN in topsoil but 
decreases it in deep soils. Our sampling depth in northern China was 1 m, but 
the sampling depths for the metadata studies were usually <1 m. Changes in 
STN for the metadata results were weak due to insufficient sampling depth 
and the absence of a negative correlation between ΔSTN and STN_c. Both 
intensive and extensive sampling studies are therefore essential for determin-
ing soil C and N storage after afforestation.

Our results indicated that the dynamics of soil C and N after afforestation 
were coupled for all depths, which were context-dependent. Afforestation 
increased STN in low-STN areas and thus increased soil C, and afforesta-
tion slightly decreased STN in high-STN areas, leading to the loss of soil 

C. Therefore, the potential of the soil C sink was regulated by the status of soil N. A recent study by Bastin 
et al. (2019) suggested that tree restoration has the potential to sequester as much as 205 Gt C in ecosystems. Our 
result, however, indicated the risk of soil C loss at more than half of the potential afforestation area (Figure 6), 
given that afforestation could stimulate SOC decomposition in regions with higher background soil N stock. 

Figure 5.  Changes in C:N (Δ(C:N)) induced by afforestation. (a) Comparison 
of Δ(C:N) in groups with different background C:N. The inset shows the 
relationships between Δ(C:N) and control C:N from the sampling data and 
metadata. (b) Vertical comparisons of Δ(C:N) in the various age groups. This 
result is based only on the sampling data because the metadata is insufficient 
to conduct a vertical comparison. Independent sample t-tests with correction 
for false discovery rates were conducted to compare the data of each group 
with 0. *, **, and *** indicate that the null hypothesis can be rejected at 
P < 0.05, 0.01, and 0.001, respectively.
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Hence, the estimated afforestation C sink potentials that do not account for the background soil N threshold may 
be overly optimistic (Bastin et al., 2019). Moreover, even assuming that this potential is accurate and achieva-
ble, based on the coupled dynamics of C and N in our study, a large amount of extra N would be required. The 
demand for N remains very high even considering the spatial heterogeneity and higher C:N in biomass than soil 
(Peñuelas et al., 2019). Increasing the N-use efficiency of an ecosystem is therefore important for enhancing 
the C-sink potential. The different change ratios of C and N (i.e., the change of C per change of N) among tree 
species may have been due to the different stoichiometric ratio of tree species (Peñuelas et al., 2019; Sardans 
et al., 2021), suggesting that the choice of tree species also affects the N-use efficiency. Although afforestation 
may decrease soil C in N-rich soils, the C loss would be offset by the increase in biomass C (Fang et al., 2001). 
Afforestation therefore has the potential to increase the C sink, but choosing appropriate species and strategies 
of nutrient management based on background environmental conditions are still important for maximizing the 
sequestration of C.
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The field data related to this research are available at figshare (https://doi.org/10.6084/m9.figshare.21341577).

Figure 6.  Soil total nitrogen (STN) in global potential afforestation area. Tn indicates the threshold of STN in Figure 3a. Global potential afforestation area is using 
global potential tree cover (Bastin et al., 2019) to remove existing tree cover (Hansen et al., 2013) and agricultural and urban areas (Arino et al., 2012). For the data of 
global potential tree cover and existing tree cover, only data with tree cover >20% was used.
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