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Terrestrial ecosystem carbon (C) sequestration plays an important
role in ameliorating global climate change. While tropical forests
exert a disproportionately large influence on global C cycling, there
remains an open question on changes in below-ground soil C stocks
with global increases in nitrogen (N) deposition, because N supply
often does not constrain the growth of tropical forests. We quanti-
fied soil C sequestration through more than a decade of continuous
N addition experiment in an N-rich primary tropical forest. Results
showed that long-term N additions increased soil C stocks by 7 to
21%, mainly arising from decreased C output fluxes and physical
protection mechanisms without changes in the chemical composi-
tion of organic matter. A meta-analysis further verified that soil C
sequestration induced by excess N inputs is a general phenomenon
in tropical forests. Notably, soil N sequestration can keep pace with
soil C, based on consistent C/N ratios under N additions. These find-
ings provide empirical evidence that below-ground C sequestration
can be stimulated in mature tropical forests under excess N deposi-
tion, which has important implications for predicting future terres-
trial sinks for both elevated anthropogenic CO, and N deposition.
We further developed a conceptual model hypothesis depicting
how soil C sequestration happens under chronic N deposition in
N-limited and N-rich ecosystems, suggesting a direction to incorpo-
rate N deposition and N cycling into terrestrial C cycle models to
improve the predictability on C sink strength as enhanced N depo-
sition spreads from temperate into tropical systems.

below-ground carbon sequestration | soil carbon storage | atmospheric
nitrogen deposition | nitrogen biogeochemistry | global changes

ith the globalization of anthropologically elevated nitrogen
(N) deposition (1-3), ecosystem C sequestration can be
stimulated in many places, because N limitation of net primary
productivity (NPP) is widespread (4, 5). However, N is relatively
abundant in many tropical forests, and experiments demonstrate
that N supply does not limit NPP in such N-rich forests (1, 4).
Moreover, previous studies on forest C sequestration overwhelm-
ingly emphasized plant productivity rather than soil stocks as sink
for C (6-11). Soil is the largest pool of terrestrial organic C in the
biosphere, and more than half of soil C is stored in forest ecosys-
tems (12). Accordingly, C sequestration as soil organic matter
could be quantitatively more important than vegetation for forest C
budgets (8).
Our current understanding of soil C sequestration in response to
N deposition in forests has several limitations. First, unlike biomass
C sequestration, responses of forest soil C sequestration to N de-
position remain inconclusive. Many studies on soil C dynamics
indicate that N deposition can increase soil C sequestration by
reducing the decomposition of plant litter and soil organic matter
(13-15), inhibiting soil respiration (16), or changing microbial en-
zymatic activity (14, 17). Conversely, other studies reported that
long-term N application did not affect soil C sequestration (18),
whereas Van Miegroet and Jandl (19) suggested that N addition
can deplete soil C pool through microbial respiration linked to
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transformation of excess N. The contradictory evidence points to
the necessity of further examination of how soil C sinks respond to
increased N deposition (3, 20). Second, most studies have been
conducted in mid-to-high latitudes in the Northern Hemisphere
(16, 18, 20, 21), where most forest ecosystems are N-limited, and an
increase in N supply can enhance NPP and aboveground litter
production (4, 9, 11, 21, 22). Until now, however, we have lacked
data about changes in soil C stocks with increased N supply in
tropical forests, where ecosystems are more often N-rich (1, 4).
This lack of information has led to a debatable assertion of eco-
system C neutrality with N deposition in many tropical forests (21,
23-25). In fact, we do not know what N will do to C storage in
N-rich ecosystems because there is a large class of such systems for
which there is little information.

Here, we experimentally tested the influence of elevated N
deposition on soil C sequestration in an N-rich tropical forest,
using more than a decade of N addition to experimental plots
established in a lowland primary forest at the Dinghushan Bio-
sphere Reserve (DHSBR) in southern China, which has received
high rates of ambient N deposition (e.g., >30 kg N-ha™'.y~! in
precipitation) for several decades (26). We first quantified the
contribution of long-term N addition to below-ground soil C
stocks. To further clarify the mechanisms on which soil C storage
was changed, we evaluated soil density fractions, because these
fractions are closely related to soil C stability and its potential for
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long-term preservation. The protection of organic matter in soils
generally increases with the increasing density of SOM fractions,
or with increasing association with mineral particles in the heavy
fraction of soils (27). To characterize the biochemical composi-
tion of organic matter residing in mineral soil fractions, we
employed solid-state '*C-NMR spectroscopy to determine the
relative abundance of alkyl C, O-alkyl C, aromatic C, and car-
boxyl C. Moreover, to identify whether there is a general pattern
of N-induced soil C sequestration in the tropics, we further
combined this field evidence with a meta-analysis of N addition
experiments to quantify the responses of soil C storage in trop-
ical forests to N additions.

Results and Discussion

Soil C Sequestration after a Decade of N Addition at an N-Saturated
Tropical Forest. Soil C and N concentrations were comparable
between treatments at the beginning of N addition (SI Appendix,
Fig. S1). However, 11 y of N addition (50 to 150 kg N-ha~'y™!)
greatly increased soil C and N concentrations in the primary
tropical forest at the Dinghushan reserve (Fig. 1 A and B and SI
Appendix, Fig. S1). Nitrogen addition significantly increased soil
C and N sequestration by 7 to 21% and 12 to 25%, respectively,
over the controls for the whole soil layers in this forest (Fig. 1 C
and D), whereas soil bulk density remained comparable among
treatments (SI Appendix, Fig. S24). Net soil C and N seques-
tration increased with greater rates of N addition, mainly in the
upper 20 cm (Fig. 1 E and F), where soil C and N sequestration
efficiency (C or N sequestration rate per unit of nitrogen addi-
tion) decreased with increased N addition (Fig. 1 G and H). For
the whole soil profile, soil C sequestration efficiency ranged from
8.6 to 10.5 kg C-kg™'-N. In temperate forests, a review of pub-
lished studies showed that soil C sequestration efficiency varied
widely, ranging from 3 to 25 kg C-kg™' N added and representing
10 to 100% of total C accumulation observed in trees and soils
(13, 21, 22), in close agreement with our findings. Using stoi-
chiometric scaling, however, de Vries et al. (10) estimated soil C
sequestration efficiency as 5.4 kg C-kg™' N for tropical forests,
lower than our findings.

In the temperate forests that have received most of the study
to date, the sink for soil C sequestration is typically coupled with
plant productivity and aboveground litter inputs. We found that,
however, long-term N addition affected neither tree growth and
litterfall production (26), nor the standing mass of forest floor
layer (SI Appendix, Table S1). Because the net soil C budget is
determined by the differences between C inputs as source and
outputs and inputs did not differ, we conclude that decreases in
C outputs are mainly responsible for the observed patterns, and
identify two potential mechanisms for soil C sequestration in this
N-rich forest.

First, elevated N addition decreased loss of soil C as CO,,
possibly from both a negative priming effect (retarding microbial
mineralization of soil organic C by altering microbial demand for
nutrients) and a soil acidification effect. A negative priming ef-
fect could occur because, in high-N ecosystems, microbes no
longer need to decompose recalcitrant organic matter to acquire
N. Also, soil acidification induced by N addition (SI Appendix,
Fig. S2B) can further drive negative priming effects at pH below
4.8 (28). This mechanism is supported by both the incubation
experiment (29) and field monitoring (30) in this forest, where soil
organic C mineralization and CO, emission were declined greatly
by elevated N addition, with lower soil pH suggested to be a
driver. Soil pH may influence priming indirectly by altering the
structure of the microbial community, which could slow C de-
composition (28, 31). Declines in soil CO, emissions, either
through fertilization or through atmospheric N deposition (espe-
cially in sites receiving more than 50 kg N-ha™'y~!) have been
reported for temperate forest ecosystems as well (21). A sub-
stantial body of evidence suggests that anthropogenic N deposition

20f7 | PNAS
https://doi.org/10.1073/pnas.2020790118

can slow the microbial decay of plant detritus and potentially in-
crease soil C storage across a wide range of terrestrial ecosystems
(13, 15, 32).

Second, elevated N addition decreased C leaching losses. A
previous study at our site showed that N addition greatly de-
creased annual dissolved organic C (DOC) efflux below the
rooting zone, and chemo-physical controls (solution acidity change
and soil sorption) rather than biological controls mainly accounted
for the decreased DOC efflux from this forest (33). In wet tropical
soils, Lohse and Matson (34) suggested that chemical and physical
mechanisms may be more important than biological processes in
controlling N losses as well. Hagedorn et al. (35) concluded that
the suppressed DOC fluxes from mineral soils under excess N
inputs could be attributed to reduced mobilization of nonlitter-
derived “older” DOC. Although DOC effluxes are smaller than C
fluxes via soil respiration in terrestrial ecosystems, DOC mobili-
zation and transport tightly link the bio-, hydro-, and pedosphere,
playing an important role in soil forming processes and C storage.
These mechanisms suggest that long-term N addition leads to
greater soil organic carbon (SOC) stabilization, and that soil
acidification could be an important contributor to soil C seques-
tration (28, 33), which is evidenced by the significant relationships
between soil C and soil pH (Fig. 2B).

We further found that long-term N addition significantly
changed the physical composition of soil C; the heavy fraction C
(organo-mineral associations) contributed to the elevated soil C
storage, while the light fraction (physically unprotected particulate
organic matter) decreased in percentage of bulk soil C (Table 1).
Mineral-associated heavy fraction C typically has much longer
turnover times than light fraction C (36), due to physical protection
of soil C in highly weathered tropical soils (37). Evidence from
sorption experiments has shown that organo-mineral associations
generally reduce the susceptibility of organic matter to oxidation
and the use by microbes (38). The fact that the majority of soil C
pool at our site was dominated by the heavy fraction (~80%) points
to a major sink for C storage in soils and an increase in mineral-
associated C pools under N treatments. However, elevated N ad-
dition did not change the chemical composition of soil C, such that
the abundances of alkyl, O-alkyl, aromatic, and carbonyl C were
generally not sensitive to N deposition (Fig. 3). The most plausible
reason may be the lack of change in the biochemical composition
of litter entering soil (e.g., C/N ratios; see SI Appendix, Table S1)
and in microbial biomass (31). Using two decades of experimental
N additions in northern hardwood forests, Zak et al. (15) found
that biochemically equivalent organic matter has accumulated as
heavy fraction C with mineral soil at a greater rate under experi-
mental N deposition, relative to the ambient treatment. Physical
interactions and occlusion between the surface of fine soil particles
and organic matter decay products is the most plausible mecha-
nism for increasing soil organic matter accumulation under N ad-
dition. If forests in the tropics respond in a manner similar to those
in our experiment, then it is likely that the unabated deposition of
anthropogenic N will increase the amounts and longevity of organic
matter stored in their soils.

Soil C Sequestration and N Deposition in the Tropics. Although forests
play a critical role in Earth’s terrestrial C sinks and exert strong
control on atmospheric CO, (24), the drivers of C sequestration,
and the geographical extent and magnitude of this sink remain
unclear. Our findings showed that long-term N input can con-
tribute greatly to soil C sequestration in this primary tropical
forest. This finding points to an urgent question—how general is
this observation in the tropics, where atmospheric N deposition is
projected to increase to much higher levels in 2050 as a result of
intensifying industrial and agricultural activities (2). Hence, we
explored a meta-analysis of N addition experiments to quantify the
responses of soil C storage to N additions in tropical forests. Be-
cause of very limited data on soil C composition changes, we
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Effects of long-term N addition on soil C and N at 0- to 40-cm soil layers in the N-saturated tropical forest of South China. (A) Soil C concentrations. (B)

Soil N concentrations. (C) Soil C stocks. (D) Soil N stocks. (E) Net C sequestration. (F) Net N sequestration. (G) C sequestration efficiency (C sequestration rate
per unit of nitrogen addition). (H) N sequestration efficiency (N sequestration rate per unit of nitrogen addition). Note: Soils were sampled after 11y of N
addition; the single (*) and double asterisks (**) indicate that there are significant differences between N treatments and the controls at P < 0.1 and P < 0.05
levels, respectively; net soil C and N sequestration generally show increasing trends with greater rates of N addition, while soil C and N sequestration effi-

ciency show decreasing trends; values are means with SE.

mainly focused on changes in total soil C storage. Our meta-
analysis showed that N addition greatly increased forest soil C
and N stocks (total mean by 8.2% and 9.5%, respectively) in both
organic and mineral layers, across tropical zones and N application
duration and levels (Fig. 4 A and B), demonstrating that chronic N
deposition can simulate soil C sequestration in the tropical and
subtropical forests as it did in our experimental site. Furthermore,
elevated N inputs significantly accelerated soil acidification in the
tropics where soil C stocks increased (Fig. 2B and SI Appendix, Fig.
S3), suggesting that soil acidification could contribute to soil C ac-
cumulation (13, 15, 30). However, recent studies on tropical forest
carbon budget, overwhelmingly focusing on aboveground mea-
surements of gain and loss, showed that tropical forests made an
approximately neutral or even negative contribution to the global
carbon budget (24, 25) (SI Appendix, Table S2). Furthermore, new
large-scale evidence that C uptake by intact tropical forests has
already started a worrying downward trend since 1990s, which has
consequences for policies intended to stabilize Earth’s climate (39).
Therefore, soil C sink should be reconsidered in the undisturbed
tropical forests, because organic matter absorbed to reactive soil
minerals is an important mechanism for long-term C storage (40).
In sum, tropical forest soils may be an underappreciated sink for
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CO, with elevating atmospheric N deposition, although this sink will
not be sufficient to compensate for all the C-emissions derived from
fertilizer production, transport and application.

Interestingly, more than 5 y of high N addition (e.g., >50 kg
N-ha™'y™') resulted in significant soil N retention in these
tropical and subtropical forests (Fig. 4B), indicating a non-
negligible N retention capacity even in ecosystems with high N
availability. Nitrogen can stabilize soil organic matter by forming
recalcitrant associations with C, resulting in the accumulation of
forms of stable organic matter over long periods of time (41).
The nature of the C-N covalent bond in litter and soil organic
matter can make N cycle more slowly, thus increasing N reten-
tion with increased soil C (42). We found no response of soil C/N
ratios to variable N additions across both tropical and subtropical
forests (Figs. 24 and 4C and SI Appendix, Fig. S2C), in contrast to
other studies. In temperate forests, N inputs to N-limited ecosys-
tems commonly increase soil C/N ratios from a stimulation in
plant growth and subsequent high C input into soils (43). Inves-
tigating across (semi)natural ecosystems in Europe, Mulder et al.
(44) found that soil C/N ratio was highly responsive to anthro-
pogenic N deposition. Nitrogen-induced compositional changes in
microbial communities have further functional implications for
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Fig. 2. Relationships between soil C, N, and soil pH across all samples and
plots at 0- to 40-cm soil layers in the N-saturated tropical forest of South
China. (A) Soil C and N. (B) Soil C and soil pH. Note: Soils were sampled at 0-
to 40-cm mineral layers after 11y of N addition.

soil C cycling and storage in forest ecosystems (32, 45). Consistent
C/N stoichiometry under variable N additions indicates a tight
coupling of soil C and N, with soil N sequestration keeping pace
with soil C in tropical ecosystems. This finding can contribute to
predicting future sinks for both elevated anthropogenic CO, and
N deposition in the tropics.

Soil C Sequestration Hypothesis. Previous studies pointed to tem-
perate and boreal forests as a predominant net global forest C sink,
because gross emissions via tropical deforestation are mostly com-
pensated by C uptake in both undisturbed and aggrading tropical
forests (24). Our results demonstrate that this suggestion underes-
timates tropical forest C sinks, and that soils rather than woody tree
biomass represent a significant C sink following long-term N addi-
tion in tropical forests. This study provides empirical evidence to
address the long-debated question of whether mature tropical for-
ests increase in soil C sequestration under elevated N deposition.
To evaluate ecosystem C sequestration, we develop a con-
ceptual model hypothesis depicting how soil C sequestration
could occur under chronic N deposition in N-limited and N-rich
ecosystems (Fig. 5). We suggest soil C sequestration has been
happening with elevated N deposition at global scale, but the
mechanisms are different between N-limited and N-rich ecosys-
tems. In N-limited ecosystems (Fig. 54), elevated N deposition
generally increases NPP (7, 9, 11, 43), and subsequent above-
ground litter production (9, 21, 22), but decreases below-ground
C allocation (e.g., fine root biomass and turnover) and microbial
biomass (13, 16, 21, 46), while CO, efflux is decreased (13, 21) and
leaching loss of DOC is increased (16, 47, 48). Nitrogen addition-

Table 1.
tropical forest of South China

induced soil net C sequestration occurs mainly as a result of in-
creased aboveground litter production and decreased CO, effluxes
in N-limited ecosystems, which was supported by C isotopic evi-
dence that N addition can stimulate soil C storage both by in-
creasing soil C input and by decreasing decomposition rates (49),
although N-induced enhancement of plant C inputs is not the
primary mechanism in some cases (13). In N-rich ecosystems
(Fig. 5B), however, chronic N deposition does not change NPP
and aboveground litter production (this study, and see refs. 11 and
50), although below-ground C allocation and microbial biomass
decreased greatly (46, 50). Decreased CO, and DOC effluxes (30,
33, 50) lead to much more soil C sequestration as recalcitrant
forms of soil C under elevated N deposition in N-rich ecosystems.
As ecosystem C output, DOC leaching is the primary difference in
SOC storage between the N-limited and N-rich ecosystems, which
is supported by the meta-analysis at global scale, where elevated N
addition significantly increased DOC effluxes in temperate and
boreal forests, but decreased them in the tropical forests (S Ap-
pendix, Supplementary Information Text and Fig. S4). Interest-
ingly, N addition-induced stimulating effects on DOC leaching
were weakened at a longer timescale (e.g., >5 y). Despite the
distinct differences in key ecological processes involving C fluxes
between two ecosystems, the patterns of soil C sequestration are
similar, showing increased recalcitrant SOC but decreased labile
SOC in both N-limited and N-rich ecosystems (Fig. 5 and ref. 21).
Based on this hypothesis, we could predict that N deposition-
induced soil C sequestration appears to be common in terres-
trial forest ecosystems, regardless of ecosystem N status and cli-
mate zones (Fig. 4; also see refs. 16 and 21). The present scheme
highlights a direction to incorporate N deposition and N cycling
into terrestrial C cycle models to improve the predictability on C
sink strength under global changes, because of the spread of en-
hanced N deposition from temperate into tropical systems (2).

Methods

Study Site. This study was conducted at the DHSBR, which is a United Nations
Educational, Scientific and Cultural Organization/Man and the Biosphere
Programme site lying in the middle Guangdong Province, southern China
(112°10’ E, 23°10’ N). The DHSBR has a monsoon climate and is in a sub-
tropical/tropical moist forest life zone. The annual average precipitation is
1,748 mm from 2002 to 2012, mainly concentrated from April to September
(26). Annual mean relative humidity is 80%. Mean annual temperature is
21.9 °C. The reserve has been experiencing high atmospheric N deposition in
precipitation (e.g., commonly >30 kg N-ha~".y~") at least since the 1990s. In
2009 to 2010, total atmospheric N deposition was about 48.6 kg N-ha=".y~"
with wet N deposition of 34.4 kg N-ha™"-y™" (26).

We established our research site in 2002 in a primary monsoon evergreen
broadleaf forest (climax forest) between 250 and 300 m above sea level. The
forest has been protected from disturbances related to land use for >400 y
(51), and supports a rich assemblage of plant species, most of which are
distributed throughout tropical and subtropical China, including Castanopsis
chinensis Hance, Schima superba Chardn. and Champ., Cryptocarya chinensis
(Hance) Hemsl., Machilus chinensis (Champ. Ex Benth.) Hemsl., Syzygium

Responses of soil carbon physical fractions to long-term N additions in the N-saturated

Treatment C stock, Mg C/ha N stock, Mg N/ha Percent of bulk soil C
Heavy fraction Control 21.32 (1.02) 1.71 (0.09) 75.45 (2.28)?
Low N 25.15 (1.39) 2.01 (0.07)° 79.30 (0.72)
Medium N 28.07 (1.67)° 2.28 (0.07)° 81.23 (0.08)°
High N 28.36 (1.90)° 2.25 (0.09)°¢ 82.97 (0.42)°
Light fraction Control 6.91 (0.58) 0.30 (0.03) 24.55 (2.28)?
Low N 6.54 (0.18) 0.29 (0.00)2® 20.70 (0.72)%
Medium N 6.49 (0.38) 0.27 (0.01)® 18.77 (0.08)°
High N 5.82 (0.40) 0.26 (0.01)° 17.03 (0.42)°

Notes: Soils were sampled at the upper 0- to 10-cm mineral layers after 11y of N addition. Values are means
and SE (in parentheses); different letters indicate significant differences between treatments (P < 0.05).
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Fig. 3. Effects of long-term N addition on soil organic C chemical compo-
sitions (A) and the stability indices of SOC (B) at the upper 0- to 10-cm layer
in the N-saturated tropical forest at the Dinghushan reserve. Note: The
stability indices include the recalcitrance index and the aliphaticity index.
The recalcitrance index is the ratio of (alkyl + aromatic C)/(O-alky! + carboxyl
Q). The aliphaticity index is the ratio of the alkyl region divided by the
O-alkyl region. Nitrogen addition generally had no effects on the chemical
composition and the stability indices of SOC.

rehderianum Merr. and Perry, and Acmena acuminatissima (Blume) Merr. et
Perry. Canopy closure is typically above 95% (52). Soils in the study site are
lateritic red earths (Oxisols) formed from sandstone with a common depth of
40 cm (ranging from 30 to 70 cm), and are highly weathered with poor soil-
buffering capacity (53). The primary forest has been N-saturated (30, 52, 53),
and is an N-rich ecosystem as are many lowland tropical forests (26).

Experimental Treatments. Nitrogen amendments were initiated in July 2003,
with four rates used: control (0 N added), low-N (50 kg N-ha=".y~"), medium-N
(100 kg N-ha="-y™"), and high-N (150 kg N-ha=".y~"). These were based on
present atmospheric N deposition rate and the expected increase in the
future due to the rapid development of agricultural and industrial activities
(54, 55). In total, there were 12 10- x 20-m plots surrounded by buffer strips
that were at least 20 m in width, with treatments replicated in triplicate and
randomly assigned. Monthly applications of NH4;NO3 solution were sprayed
onto the plots at constant rates throughout the year. The control treatment
consisted of equal volumes (20 L) of deionized water.

Field Sampling and Laboratory Analysis. Soils at the upper 0- to 10-cm layers
were randomly collected during the summer seasons (July to September) in
the years of 2003, 2004, 2006, 2009, and 2014, respectively. The cores were
taken beneath the loose litter layer (Oi) and were composed of Oe and Oa
horizon plus mineral soil to a total depth of 10 cm. In 2014, we enriched soil
sampling, including forest floor layers and deeper mineral soil layers (0 to 40
cm). Forest floor layer (organic horizon), which mainly consists of unde-
composed plant materials on the soil surface (mainly as Oi layer), was col-
lected at two random points on an area basis using a 20 x 20-cm wooden
frame. Mineral soil samples were taken using an auger (5.1 cm in diameter)
and divided into four layers (0 to 10, 10 to 20, 20 to 30, and 30 to 40 cm).
Two soil cores were taken from each plot and analyzed separately but only
plot mean values were used. In the laboratory, soils were sieved (2 mm) to
remove roots and stones, and mixed thoroughly by hand for subsequent
chemical analysis. In addition, litterfall in each plot was collected monthly
during July 2013 and June 2014 using two litter traps (1 x 1 m) with 1-mm
mesh in each plot at 1-m height. Litterfall was separated into leaves and
others (branches, fruits, flowers, barks).

All litters and soil subsamples were oven-dried at 70 °C and ground to a
fine and homogeneous powder. Carbon, N, and 3C contents of all samples
were determined simultaneously on an isotope ratio mass spectrometer
(Isoprime 100; Isoprime) coupled to an automatic, online elemental analyzer
(vario ISOTOPE cube).

Soil C fractions were measured for soils sampled in 2014. Soil organic
matter was separated by density into light fraction and heavy fraction using a
modification method based on the procedures of Janzen et al. (56) and
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Strickland and Sollins (57). The light fractions with low density (<1.7 g~cm'3)
are partly decayed organic residues, representing physically unprotected
SOM pool, turning over on short timescales; while heavy fractions with high
density (>1.7 g-cm™3) referred to humic substance, which are generally
mineral associated, representing physically stabilized SOM and turning over
on longer timescales. Specifically, 10 g of air-dried soil was placed in a
centrifuge tube and added to 50 mL of Nal solution with a density of 1.7
g-cm~3. The tubes were shaken on a shaker for 60 min with a frequency of
250 per min, and then centrifuged at 1,000 rom for 10 min. The floating
light fraction was sucked on a 0.45-um polycarbonate filter. This process was
repeated twice in order to separate the light and heavy fractions totally.
After that, the material remaining at the bottom of the tube (the heavy
fraction) was added to 50 mL of deionized water, shaken and centrifuged
for three times to wash. The light fraction was rinsed with 100 mL of 0.01 M
CaCl, and then 100 mL of deionized water until all Nal was removed. Both
the light fraction and heavy fraction were dried at 60 °C for 48 h, weighed,
and ground to determine the C and N contents as described above.

To explore how long-term N additions affect the chemical composition of
soil organic matter, we resampled the top 0- to 10-cm soils in 2017. Ap-
proximately 5 g was weighted into 100-mL polyethylene centrifuge tube and
shaken end-over-end with 8 (4*1 h, 3*12 h, and 1* 24 h) successive 50 mL of
10% hydrofluoric acid (vol/vol). Samples were centrifuged after each ex-
traction at 3,000 rpm for 10 min, and the supernatant was removed with a
tube attached to a plastic syringe to prevent the loss of fine material by
decanting. The remaining sediment was washed with distilled water and
over dried at 40 °C, and ground to a powder for further analysis. We
employed solid-state '3C-NMR spectroscopy to determine the relative
abundance of alkyl C, O-alkyl C, aromatic C, and carboxyl C, after demin-
eralization with 10% hydrofluoric acid (to remove mineral material includ-
ing paramagnetic compounds such as Fe and to concentrate the SOM). The
spectra were recorded on a Bruker AV-300 NMR spectrometer at a frequency
of 75.5 MHz. Cross-polarization magic-angle-spinning (CPMAS) was applied
at 12 kHz, with contact time of 35 ms, recycle time of 5 s, and zero-filled of
2,000 data points. To quantify the different types of C, the CPMAS '*C NMR
spectra were divided into four chemical shift regions: alkyl C (0 to 50 ppm),
O-alkyl C (50 to 110 ppm), aromatic C (110 to 160 ppm), and carboxyl C (160
to 220 ppm). The integration of the peaks within each of the chemical shift
regions allowed us to estimate the relative C contents, expressed as the
percent ratio of the peak area of these groups to the total peak area in each
composite sample. We further calculated the recalcitrance index and the
aliphaticity index, which were related to the stability of SOC. The recalci-
trance index is the ratio of (alkyl + aromatic C)/(O-alkyl + carboxyl C). Alkyl
and aromatic compounds include long-chain aliphatics and tannin, among
other compounds, which are hydrophobic and resist decay, whereas O-alkyl
and carboxyl C represent compounds such as organic acids, which are hy-
drophilic and labile. The aliphaticity index is the ratio of the alkyl region
divided by the O-alkyl region. A higher ratio signifies a greater contribution
of alkyl C, such as lipids and other aliphatic compounds. A lower ratio in-
dicates a greater contribution of O-alkyl C, mostly represented by plant
carbohydrates, including cellulose and hemicellulose, which are considered
more labile than alkyl C to microbial decomposers.

Soil for bulk density was randomly collected from undisturbed soil within
each plot in 2014, using a stainless-steel core (5.65 cm in diameter, 4 cm in
depth, and 100 cm® in volume). We used these soil bulk densities to calculate
soil C storage. Soil C storage is the product of soil C concentration, layer
thickness, and bulk density.

Data Compilation. We searched the peer-reviewed journal articles on March 31,
2018 in Web of Science (1900 to 2017), using the following search criteria:
“forest” and “carbon” and “nitrogen addition or nitrogen deposition or ni-
trogen enrichment or nitrogen fertilization.” This search returned 5,405 papers,
the titles of which were scanned to eliminate obviously irrelevant papers,
resulting in a list of 110 candidate papers. Candidate papers were individually
examined for data meeting the following criteria (S/ Appendix, Table S3):

1) To avoid possible confounding factors caused by site conditions, we only
included studies in which control and N addition treatment sites experi-
enced the same climatic, soil, and vegetation conditions. Studies along N
deposition gradients were excluded.

2) Measurements from different N addition levels, N addition types, soil depths,
or ecosystems within a single study were considered as independent. For
several long-term research sites, to meet the statistical assumption of inde-
pendence among observations, only the latest results were included for
multiple measurements over time.
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Fig. 4. The mean effect sizes of experimental N addition on soil C (A), N (B), and UN (C) ratios in the tropics. The variables are categorized into different groups
depending on forest types, and N addition periods and levels. Error bars represent 95% confidence intervals (Cls). The dashed line was drawn at mean effect size of 0.
The effect of N application was considered significant if the 95% Cl of the effect size did not cover zero. The sample size for each variable is shown next to the point.

3) For studies that examined the interactions of N addition with other
global change factors (e.g., elevated CO,, climate warming, changing
precipitation, etc.), only data from the control and N addition plots were
included, because additional factors can interact with N inputs and affect
soil C and N cycling in complex ways.

4) Only field studies performed in forest ecosystems were used, and plot
areas should be >10 m*10 m.

5) Means, SDs (or SEs), and numbers of replication were directly provided or
could be calculated.

When data were graphically presented, figures were digitized to extract
the numerical values using Engauge Digitizer (Free Software Foundation).
Soil pH values were also extracted if available. We selected data for the
tropical and subtropical forest ecosystems, including tropical forests (0 to
23.5° S/N) and subtropical forests (23.5° to 30° S/N).

Statistical Analyses. Repeated-measure ANOVA was performed to examine
the overall effects of N treatments on soil C and N dynamics during the study

o

< Nitrogen )
deposition

period. One-way ANOVA with Fisher LSD (least-significant difference) multiple
range test was performed to determine the effects of N treatment on soil/litter
C, N, and C/N ratios, soil pH, litter mass, soil C physical fractions, and chemical
compositions. We conducted the planned contrast analysis to test differences
between control plots and N treatment plots. A general linear model was used
to analyze the relationships between soil C and N, and soil pH across all
samples and plots. All analyses were conducted using SPSS 14.0 for Windows
(SPSS). Statistically significant differences were set with values of P < 0.05,
unless otherwise stated. All data met the assumptions of the tests.

For meta-analysis, we calculated the mean effect size and 95% Cl of the overall
effects of experimental N additions on soil C and N contents, &N ratios, and soil
pH, using the methods described by Hedges et al. (58). The effects of N additions
were estimated based on the natural log-transformed response ratio (RR):

INRR = In(X¢/Xc),
where X; is the treatment mean, and X, is the control mean. The variance (v)

associated with each value of InRR was calculated as follows:
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Fig. 5. Soil C sequestration hypothesis: conceptual schemes on how soil C sequestration happens under chronic N deposition in forest ecosystems. (A)
N-limited ecosystems. (B) N-rich ecosystems. Nitrogen addition-induced soil net C sequestration occurs mainly as a result of increased aboveground litter
production and decreased CO, effluxes in N-limited ecosystems, while decreased CO, and DOC effluxes lead to much more soil C sequestration as recalcitrant
forms of soil C under elevated N deposition in N-rich ecosystems. The hypothesis suggests that N deposition-induced soil C sequestration widely exists in
terrestrial ecosystems, regardless of ecosystem N status and climate zones. Notes: The key ecological processes were marked with numbers; “1" means in-
crease, “|"” means decrease, and “—" means no response. NPP, net primary productivity.
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where n; and n. are the sample sizes for the treatment and control groups,
respectively; and s; and s. are the SDs for the treatment and control groups,
respectively.

The mean response ratio (INRR) was calculated using a fixed-effects model
of the meta-analytical software, METAWIN (Sinauer Associates). Confidence
intervals (Cls) on the weighted effect size were generated using boot-
strapping (9,999 iterations). If the 95% CI values of the effect size for a
variable did not overlap with 0, the effect of N additions on the variable was
considered to differ significantly between two treatments. Because N ad-
dition did not cause statistically significant differences in soil bulk density,
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