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• Nitrogen (N) and phosphorus
(P) selectively modify litter and soil C de-
composition.

• N addition increased the litter carbon de-
composition while P had no influence on
it.

• P addition impeded the soil carbon de-
composition while N had no influence on
it.

• Litter P concentration played a vital role in
litter decomposition.

• Greater C-release rate was attributed to
higher microbial activities.
Abbreviations: SOC, soil organic carbon; SOM, soil organ
organic carbon.
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Conceptual diagrams showing how N and P addition modify the litter and soil C decomposition and the underlying
microbial mechanisms. Panel (a) shows changes in the litter and soil decomposition under N and P addition. Panel
(b) shows the relative amount of the soil carbon (C) and litter C at the beginning of the 12-months decomposition
experiment in a tropical forest in south China. Panel (c) shows the relative amount of the soil C and litter C in un-
fertilized controls at the end of the decomposition experiment, where the enzyme activities and microbial commu-
nity compositions in soils were shown in the circle; panel (d) shows nitrogen (N) addition enhanced the litter
decomposition through the increased enzyme activities, fungal biomass, total PLFAs biomass (although the relative
bacterial abundance were decreased); panel (e) shows phosphorus (P) addition impeded the soil C decomposition
through the decreased C-degrading activities and total PLFAs biomass (although the relative bacterial abundance
were increased).
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 Terrestrial soils release large amount of carbon dioxide (CO2) each year, which are mainly derived from litter and soil
carbon (C) decomposition. Nutrient availability, especially nitrogen (N) and phosphorus (P), plays an important role in
both litter and soil C decomposition. Therefore, understanding the underlyingmechanism is crucial for mitigating CO2

emission and climate changes. Here, we assessed patterns of litter and soil C decomposition after 11 yrs. in-situ N and P
addition in a tropical forest where corn leaves or corn roots were added as litter C. The total CO2 efflux was quantified
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and partitioned using 13C isotope signatures to determine the sources (litter or soil C) every three months. In addition,
Changes in C-degrading enzyme activities: β-1,4-glucosidase (BG), phenol oxidase (PHO) and peroxidase (PER), and
microbial biomarkers were assessed to interpret the underlying mechanism. Total C-release was enhanced up to17%
by the long-term N addition but inhibited up to 15% by P addition. Precisely, N addition only accelerated the litter de-
composition and increased about 42% and 6% of the litter C release at 0–5 cm and 5–10 cm soil depths, respectively;
while P addition only impeded the soil C decomposition and decreased about 9% and 11% of the soil C release at
0–5 cm and 5–10 cm, respectively. The enhanced C release under N addition might be attributed to the enhanced
microbial biomass, the ratio of fungi to bacteria and C-degrading enzyme activities. However, P addition resulted in
the reverse result in microbial properties and C-degrading enzyme activities, associated with a decreased C release.
Our study suggests that the long-termN and P addition selectively affected the litter and soil C decomposition because
of their different physiochemical properties and this tendencymight bemore pronounced in tropical forests exposed to
increasing atmospheric N deposition in the future. The study indicates that the different patterns of litter and soil C
decomposition under climate change should be taken account in the future C management strategies.
Mineralization
Decomposition
Soil microbial composition
Enzyme
1. Introduction

The soil is a major reservoir of potentially mineralizable carbon (C) and
serves as a buffer against atmospheric carbon dioxide (CO2) increase and a
potential sink for additional C depending on the balance between photosyn-
thesis, decomposer organism respiration and stabilizing C in soils (Chen,
2021; Dungait et al., 2012; Wang et al., 2021). Tropical forests represent
a major terrestrial C stock, a large proportion of which is contained in the
soil and decaying organic matter (Phillips et al., 1998; Grace et al., 2001;
Guo and Gifford, 2010) and the turnover of organic C is fast in tropical for-
ests (Ramankutty et al., 2002). There was considerable amount of CO2 re-
leased from tropical forest soil floors and was mainly derived from litter
and soil C decomposition (Sayer et al., 2011). Litter, forming the link be-
tween soil and vegetation, is key component of forest ecosystems (Zhou
et al., 2017). Litter decomposition is a vital process in the global C balance
and affected by both biotic and abiotic factors including litter quality, soil
decomposer activity and nutrient availability (Berg et al., 2010; Garcia-
Palacios et al., 2016). Multiple interactions between the Soil C and litter de-
termines the turnover and storage of soil organic C (SOC), which are influ-
enced by global changes (Crow et al., 2010). However, litter added to soils
can also stimulate the soil C mineralization, a phenomenon known as the
“priming effect” (Kuzyakov et al., 2000). Therefore, understanding the dy-
namics of litter and soil C decomposition is crucial for predicting the future
terrestrial C release under climate change.

Nutrient availabilities, especially availability of nitrogen (N) and phos-
phorus (P), regulate litter and soil C decomposition as they can mediate mi-
crobial activities (Mackenzie et al., 2002; Jing et al., 2017). Globally, N and
P are the most prevalent limiting nutrients for plant growth (Elser et al.,
2007; Vitousek et al., 2010; Hou et al., 2020). Nutrient addition in terres-
trial ecosystems may alter organic C decomposition through changes in
degrading enzyme activities (Cusack, 2013), microbial community compo-
sition (Li et al., 2014) and microbial investment in enzyme production
(Wang et al., 2020). Although there are numerous studies on how litter or
soil C decomposition responds to elevatedN levels, there is no clear consen-
sus. A meta-analysis showed that N addition enhanced soil C turnover in
short-term studies, while it slowed it down in long-term studies (Janssens
et al., 2010). Moreover, in heavily N-limited ecosystems, soil C decomposi-
tion may be accelerated by greater N availability (Bragazza et al., 2012) via
the increased microbial biomass and activity and the production of C-
degrading enzymes (Manning et al., 2008). Different from soil C,which per-
sists in soils through chemical bonding and physical protection (Koegel-
Knabner et al., 2008), litters comprise freshly added organic matter, and
have greater C and N concentrations, making them more accessible to mi-
crobial decomposition (Aerts, 1997). In addition to the microbial and enzy-
matic characteristics, the litter quality also plays a key role in affecting its
decomposition. For example, high-quality (low-lignin) litter decomposition
is stimulated byN addition (<5 kgN·ha−1·yr−1) across different ecosystems
including forests and grasslands, while similar patterns were not observed
with low-quality litter (Knorr et al., 2005). Furthermore, the response of lit-
ter decomposition to N addition also varies among ecosystems; some stud-
ies in tropical forests showed a slower litter decomposition or soil
2

respiration rate under N addition (Mo et al., 2006; Fang et al., 2007;
Zhang et al., 2020), mainly caused by a decreased microbial biomass
(Chen et al., 2013; Li et al., 2014; Lu et al., 2021), slower enzyme activities
(Carreiro et al., 2000; Xiao et al., 2018) and suppressed Nmining (Berg and
Matzner, 1997; Magill and Aber, 1998; Neff et al., 2002; Hagedorn et al.,
2003). In summary, the conflicting results from different studies and the
different response of soil C and litter C decomposition to N addition may
be explained by the degree of N limitation in different ecosystems, the du-
ration andmagnitude of N deposition, and different characteristics of soil C
and litter C.

Generally, tropical forests are P-limited ecosystems (Hou et al., 2020),
and the dynamics of litter and soil C decomposition will respond to P addi-
tion to a greater extent than N addition (Cleveland and Townsend, 2006;
Chen et al., 2016; Poeplau et al., 2017; Hui et al., 2020; Zhang et al.,
2020). Considerable studies have shown that P addition in tropical forests
could accelerate the decomposition of soil C (Liu et al., 2012; Mori et al.,
2015; Hui et al., 2020) and litter (Cleveland et al., 2002; Jacobson and
Bustamante, 2014; Chen et al., 2016), thus decreasing soil C stocks
(Poeplau et al., 2016). Accelerated litter or soil C decomposition under P
addition can be attributed to three complementarymechanisms: 1) Soil mi-
crobial community composition (Liu et al., 2012) was altered to favor the
growth of microbes and production of C-degrading enzymes under P addi-
tion (Mori et al., 2018); 2) P addition may liberate microbes from P defi-
ciency (Rousk and Baath, 2007; Cruz et al., 2009; Li et al., 2014), and
thus stimulates litter and soil C decomposition (Hobbie and Vitousek,
2000; Mori et al., 2018); 3) Enhanced availability P plus the sufficient C
sources may cause N limitation of microbial growth, and thus force mi-
crobes to acquire N through soil organic matter (SOM) mineralization
(Mehnaz et al., 2019). However, the positive feedbacks between litter or
soil C decomposition and P addition does not happen in all situations; a neg-
ative (Chen et al., 2013; Mori et al., 2015; Fang et al., 2019) or no response
(McGroddy et al., 2004; Zhang et al., 2020) has also been found. Increased
P availability will decrease “microbial P mining” during which labile C is
used to decompose SOM for P hydrolysis in soils with low availability of in-
organic P. This is associated with 1) down-regulated microbial investment
in enzyme production (Wang et al., 2020); 2) unchanged (Turner and
Wright, 2014; Chen et al., 2019) or decreased C-degrading enzyme activi-
ties (Chen et al., 2013; Jing et al., 2016); 3) altered microbial community
composition (Fang et al., 2019).

The uncertain response of litter and soil C decomposition to N and P ad-
dition calls for further detailed studies to investigate underlying mecha-
nisms. So far, most studies have focused on either litter (Chen et al.,
2016; Averill and Waring, 2018; Zhang et al., 2020) or soil C (Fang et al.,
2019; Tian et al., 2019) decomposition, while integrated field studies to si-
multaneously test litter and soil C decomposition are scarce (Sayer et al.,
2011). Here, we used an 11-years long-term N and P addition experiment
in a tropical forest in south China, combined with a natural abundance iso-
tope study, so that we can quantify the effect of N and P addition on litter
decomposition and soil C mineralization at the same time. We use dried
corn leaves and corn roots (i.e. from a C4 plant with a 13C isotope composi-
tion different from that of forest soil C, which was derived from C3 plants)
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as litter input, which were mainly differed in lignin concentration. We
mixed the litter with nutrient-addition soils to monitor leaf litter and SOC
decomposition in a tropical forest. This site has low P and high N availabil-
ity (Wang et al., 2014), therefore, we anticipated that N addition would im-
pede the C turnover, whereas P addition would accelerate C turnover.
Concretely, we hypothesized that: (H1) Total CO2 release will be slowed
by N addition but accelerated by P addition; (H2) Both of the litter and
soil C decomposition will be impeded by N addition, but accelerated by P
addition. (H3) Corn leaves will decompose faster than corn roots. To verify
our hypotheses, total CO2 efflux was measured and partitioned based on
isotope composition, andwemonitored changes in extracellular enzymeac-
tivities andmicrobial community composition every threemonths to inves-
tigate the underlying mechanism.

2. Material and methods

2.1. Soil collection

We collected soils from a 11-years nutrient addition experiment at the
Xiaoliang Research Station of Tropical Coastal Ecosystems, Chinese Acad-
emy of Sciences (21°270′N, 110°540′E), Southwestern Guangdong Prov-
ince, China. Descriptive information on this site and experimental design
were given in Wang et al. (2014). Shortly, the soil was a latosol with a pH
of c. 4 and low availability of P. In August 2009, a factorial nutrient addition
experiment for N and P was established in a completely randomized block
design. Within five replicate blocks, a control (CK), and treatments of N ad-
dition (+N), P addition (+P), and N and P addition (+NP)were randomly
assigned to four 10 m×10m plots (Zhao et al., 2014). Starting in Septem-
ber 2009, the plots were fertilized to a total application of 100 kg N or P
ha−1 year−1. We dissolved 476.6 g NH4NO3 (equal to 166.6 g N) and/or
808 g NaH2PO4 (equal to 166.6 g P) in 30 L groundwater and applied the
solution to the corresponding blocks using a backpack sprayer every two
months. For control plots, 30 L groundwater was added. The amounts of
N and P added are equal to other N addition (Lu et al., 2010) and P addition
(Liu et al., 2012) experiments in this region. In December 2019, we took
eight soil cores to 0–5 and 5–10 cm depth at random in each plot and ho-
mogenized soils from each treatment into one soil sample. The soils were
sieved (2-mmmesh) to remove stones and roots. The physiochemical prop-
erties of the soils are presented in Table 1.

2.2. Experimental design

To assess the effect of N and P availability on litter and soil C decompo-
sition, a 12-months field decomposition experiment was conducted. Two
types of litter were chosen: corn leaves and corn roots, which differs in
chemical properties, especially in lignin content. The 13C isotopic abun-
dance of corn leaves and corn roots was −14.4‰ and − 15.2‰, respec-
tively (Table S1), whereas the 13C isotopic abundance of soils from our
site was c. -28‰ (Table 1). Moreover, the chemical characteristics of corn
residues were in the range of the leaf litter and woody debris form our
Table 1
Physiochemical characteristics of soils from nutrient addition treatments in a secondary
phosphorus (P) addition, +NP is both N and P addition, and TN is total N concentratio
ammonium-N concentration, NO3

−-N is nitrate N concentration, Pextr is extractable P con
umn indicate significant differences among nutrient addition treatments at P < 0.05 (af

Soil
depths

Nutrient addition TN
(g kg−1)

TP
(g kg−1)

SOC
(%)

p

0–5 cm

CK 2.1 ± 0.45 0.22 ± 0.02b 2.5 ± 0.43 3
+N 2.5 ± 0.31 0.24 ± 0.01b 2.9 ± 0.56 3
+P 1.7 ± 0.30 0.47 ± 0.04a 2.1 ± 0.45 4
+NP 2.6 ± 0.34 0.55 ± 0.04a 3.3 ± 0.36 3

5–10 cm

CK 1.5 ± 0.22 0.23 ± 0.01b 1.6 ± 0.18 3
+N 1.5 ± 0.24 0.20 ± 0.01b 1.8 ± 0.20 3
+P 1.4 ± 0.09 0.39 ± 0.02a 1.4 ± 0.21 4
+NP 1.6 ± 0.16 0.38 ± 0.03a 2.0 ± 0.22 3

3

site (Table S2). Considering the logistics of labeling field litters, we made
a compromise and used corn residues to substitute field litters. Corn leaves
or roots were mixedwith 70 g dry weight equivalent of fresh soil from each
treatment to double the organic C content in soils for three reasons: (1) the
amount of corn residue added to soil was close to the actual litter input into
the surface soil layers (0–5 cm, 16–18 g C kg−1 soil yr−1); (2) based on a
previous incubation experiment using soil from this site, we added
4.4 mg C dry soil for a 90-days incubation experiment (Zhang et al.,
2020); for the 12-months field experiment, we doubled the SOC content
to investigate how litter and soil C changed over a longer time; (3) with
the same amount of litter C input into soil, it was easier to compare with
soil C decomposition. Therefore, we simply doubled the SOC content,
rather than considering the annual litter input. The amount of the corn res-
iduesmixedwith soils were given in Table S3. Themixtures were placed in-
side a 0.15 mm-mesh 10 cm × 15 cm nylon bag to prevent effects of soil
animals and plant roots. We collected the samples every three months
over one year, and the treatment included two types of litter addition,
four nutrient additions and two soil layers. Thus, we prepared 320 bags
in total (four sampling time× four nutrient addition treatments× two lit-
ter types × two soil depths × five replicate blocks). After the nylon bags
were put into the place where the soil cores were collected, one nylon
bag of each treatment from each block was collected every three months.

2.3. Gas analyses and soil sampling

The soil on the surface of nylon bags was removed gently, and the soil
samples were then transferred to plastic sample bags for later analysis.
Total CO2 efflux was assessed by incubation and determined the source
using the 13C isotope signature. Aliquots of 10 g dry-weight equivalent of
fresh soils were transferred to 250 mL glass flaks, sealed with Parafilm
and incubated at 25 °C in the dark for 24 h. After the incubation, the flasks
were evacuated with CO2-free air and resealed for four hours before sam-
pling. After four hours, 200 mL gas in the flask was collected and diluted
with 100 mL CO2-free air, resulting in 300 mL gas samples for analysis of
CO2 concentrations and 13C isotopic abundance using a Cavity Ring-down
Spectrometer (G2201-i Isotopic CO2/CH4, Picarro, Santa Clara, CA, USA).

2.4. Enzyme analysis

The activities of enzymes involved in the decomposition of cellulose (β-
1,4-glucosidase; BG), and the degradation of lignin (phenol oxidase; PHO;
and peroxidase; PER (Freeman et al., 2004; Ghafoor et al., 2017;
Nannipieri et al., 2018) were assessed. BGwasmeasured by adding the sub-
strate p-nitrophenyl-phosphate tetrahydrate bound to the chromogen p-
nitrophenol (pNP) (Tabatabai and Bremner, 1969), and incubating the sam-
ples at 37 °C for 1 h. After incubation, we quantified the released pNP at
405 nm spectrophotometrically (Multiskan™ FC, Thermo Fisher Scientific,
Waltham,MA,USA).We use L-3,4-dihydroxyphenylalanine (DOPA) as sub-
strate to measure Oxidative activities of PHO and PER spectrophotometri-
cally according to Saiya-Cork et al. (2002).
tropical forest, where CK is unfertilized controls, +N is nitrogen (N) addition, +P is
n, TP is total P concentration, SOC is soil organic carbon concentration, NH4

+-N is
centration; values are means±SE for n=5; different lowercase letters within a col-
ter correction for multiple comparisons).

H NO3
−-N

(mg kg−1)
NH4

+-N
(mg kg−1)

Pextr
(mg kg−1)

d13C
(‰)

.8 ± 0.09ab 10 ± 1.1b 3.2 ± 0.45 2.8 ± 0.46b −28.7 ± 0.18

.5 ± 0.10b 17 ± 1.7a 4.7 ± 0.71 2.8 ± 0.42b −28.7 ± 0.19

.1 ± 0.11a 11 ± 1.2b 2.7 ± 0.51 82.3 ± 9.66a −28.2 ± 0.27

.8 ± 0.10ab 12 ± 1.0ab 5.1 ± 0.85 76.2 ± 17.57a −28.0 ± 0.30

.8 ± 0.06 6 ± 0.5ab 2.0 ± 0.44 1.1 ± 0.14b −28.2 ± 0.24

.6 ± 0.09 9 ± 1.2a 1.8 ± 0.35 1.5 ± 0.36b −28.3 ± 0.40

.1 ± 0.08 7 ± 0.9ab 1.8 ± 0.28 32.4 ± 5.49a −28.5 ± 0.25

.9 ± 0.08 6 ± 0.6b 1.3 ± 0.30 28.1 ± 8.32a −28.1 ± 0.19
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2.5. Phospholipid fatty acids (PLFAs)

We analyzed phospholipid fatty acids (PLFAs) to determine soil micro-
bial community structure and microbial biomass according to Bossio and
Scow (1998). Peaks were determined by comparison with a 19:0 internal
standard using gas chromatography (GC7890, Agilent, Santa Clara, CA,
USA) and assigned following standard nomenclature (Tunlid et al., 1989).
The biomass of single fatty acids was presented as nmol g−1 soil dry weight
and calculated based on the concentration of the 19:0 internal standard.
Fungi were calculated from PLFAs 18:2ω6c, 18:3ω3c and 16:1ω5c
(Frostegard and Baath, 1996). Bacterial biomass was represented by
PLFAs i14:0, i15:0, a15:0, i16:0, i17:0, a17:0, 16:1ω7c, 18:1ω9c, 18:1ω7c
15:0 and 17:0 (Bossio et al., 2006). The total PLFAs biomass of the soil mi-
crobial community was presented as the sum of fungi, bacteria and PLFAs
14:0, 16:0, 17:1ω8c. We calculated the ratio of fungi to bacteria (F/B
ratio) to indicate changes in microbial community structure (Bardgett
et al., 1996; Frostegard and Baath, 1996).

2.6. Data analysis

The litter or soil C release was calculated from the differences between
13C isotopic abundance of the soil and litters using a two-poolmixingmodel
(Zhu et al., 2014):

Csoil ¼ Ctotal � atom%13Clitter − atom%13Ctotal

atom%13Clitter − atom%13Csoil

Clitter ¼ Ctotal −Csoil

where Ctotal is total C release, Csoil and Clitter are soil and litter C release, re-
spectively, atom%13Ctotal, atom%13Csoil and atom%13Clitter are atom%13C
values of Ctotal, soil and litter, respectively.

Cumulative total C, litter or soil C release after 12 months were calcu-
lated by the total area of the line chart of C-release rate. Total CO2-C, litter
CO2-C and soil CO2-C was used to represent total C release, litter decompo-
sition, and soil C decomposition. All subsequent statistical analyses were
carried out in R.4.0.5 for Mac (R Core Team, 2021).

One-way ANOVAs were used to analyze the effect of long-term nutrient
addition on soil physicochemical properties, litter properties before the de-
composition experiment (n = 5). Where the effects were significant, we
conducted post hoc tests (Tukey's HSD) to compare individual treatments.

Linear mixed-effects models (LMEs) (lmer function in the lme4 package
(Bates et al., 2015) were used to evaluate the effect of nutrient addition
treatments, litter types and soil depths on total, litter or soil C-release
rate. In the LMEs, Nutrient addition treatments, litter types and soil layers
were set as fixed effects, and replicate blocks and sampling time were in-
cluded as random effects. We determined the model fit by comparing full
models with null models, and the Chi-square values and p-values of the
model fit are given (Table S3). We used likelihood ratio tests and
Satterthwaites approximation in the lmerTest package (Kuznetsova et al.,
2017) to determine the significance of each term. Where the interactive ef-
fect of nutrient addition treatments and litter types was significant, the in-
dividual model was used to analyze the differences among substrate-
addition treatments within each nutrient addition treatments. Two-way
ANOVAswere used to test the effect of nutrient addition treatments and lit-
ter types on cumulative C release at the end of the experiment; whenever
ANOVA yielded significant effects, Tukey's HSD test was performed to as-
sess the differences between nutrient addition or litter types at P < 0.05.

The effects of nutrient addition, litter types and their interactions on soil
enzyme activities and microbial community composition were also tested
using LMEs where nutrient addition treatments, litter types and soil depths
were set as fixed effects, and replicate blocks and sampling time were set as
random effects. Full models were compared with null models to determine
the model fit and the Chi-square values and p-values of the model fit are
given (Tables S5 and S6).Where overall models were significant, treatment
contrasts at each sampling timewere assessed using the pairs function in the
4

emmeans package (Lenth, 2021). Significant results were presented at P <
0.05 and marginally significant trends at P < 0.1.

The correlation analysis among the C-release rate, microbial community
composition and enzyme activities was conducted using the rcorr function
in the Hmisc package (Harrell, 2021), and the results of the correlation test
are given in Tables S7 and S8. Finally, to assess the direct and indirect link-
ages between nutrient addition, microbial community composition, enzyme
activities and C-release rate, we used structural equation modeling (SEM) in
the lavaan package (Rosseel, 2012). The a priori conceptual model included
all possible hypothesized paths between variables, and non-significant paths
were dropped from subsequent models until the best model fit was achieved.
In the final model, we included the N and P addition as influencing factors, a
latent variable ligninenzymes measured by the PHO and PER activity, BG activ-
ities, total PLFAs and F/B ratio to present microbial community composition.
The data from the last sampling time (December 2020) were used to conduct
the SEM. The Chi-square (χ2) test was used to evaluate the overall fit of the
model, alongside root mean square error of approximation, comparative fit
index (CFI), and the goodness of fit index (Schermelleh-Engel et al., 2003).

3. Results

3.1. Total, litter and soil C release

Total C-release rates varied significantly among nutrient addition treat-
ments and soil layers, while litter types had no significant influence on
them (Fig. 1). Total C-release rates increased during the first six months,
with a peak in June 2020, and then decreased during the following six
months. Total C-release rate was significantly accelerated by N addition but
decreased by P addition (P< 0.01, Fig. 1a and b), in contrast with our hypoth-
esis 1 (H1). The cumulative total C release presented similar patterns as the
total C-release rate, showing that N addition enhanced the cumulative total
C release, while P addition decreased it (P < 0.05, Fig. S1a and b). NP addi-
tion, however, showed no significant influence on the cumulative total C re-
lease, except at 0–5 cm soil depths with added corn leaves (P < 0.05,
Fig. S1a and b). Thus, total C release was enhanced by N addition and sup-
pressed by P addition and was greater at 0–5 cm soil depths.

Nutrient addition and soil depths had a significant influence on litter de-
composition rate (P < 0.05, Fig. 1c and d). Nitrogen and NP addition acceler-
ated litter decomposition rate, while P addition had no significant influence
on it compared with unfertilized controls (P < 0.05, Fig. 1c and d). At 5–10
cm soil depths, corn leaves decomposed faster than corn roots, but this ten-
dencywas not significantwhen the data from0 to 5 cm soil depths combined,
thus we reject hypothesis 3 (H3). The cumulative C release from litter at
0–5 cm soil depths was enhanced by N addition (P < 0.05, Fig. S1c and d),
while P and NP addition had no significant influence on it. Moreover, N
and P addition had no significant influence on the total litter decomposition,
while corn leaves decomposed more than corn roots at 5–10 cm soil depths.

Phosphorus addition significantly decreased the soil C decomposition rate
(P < 0.01, Fig. 1c, d), but neither N nor NP addition had significant influence
on it, in contrastwith our hypothesis 2 (H2). Soil depth and litter types had no
significant influence on soil C decomposition rate. Cumulative soil C release
was greater under N or P addition at 5–10 cm soil depths when we added
corn leaves (P< 0.05, Fig. S1c and d), while there were no other noticeable
differences caused by litter or nutrient addition. Hence, only P addition
negatively influenced the soil C decomposition.

The decreased total C release under P addition soil was mainly caused
by the decreased soil C decomposition, with the litter decomposition
being unchanged. The enhanced total C release under N addition soil was
accounted for by increased litter decomposition, while the soil C decompo-
sition remained unchanged. Thus, N and P additionmodifiedC release from
litter and soil in different ways.

3.2. Enzyme activities

Nitrogen addition significantly enhanced BG activity, while P addition
decreased it (P < 0.001, Fig. 2a). However, NP addition had no significant



Fig. 1. Carbon (C)-release rates in soils from nutrient addition treatments during a 12-months field decomposition experiment in a secondary forest in south China, showing
total C release at 0–5 cm (a) and 5–10 cm soil depths (b), litter C release at 0–5 cm (c) and 0–5 cm soil depths (d), soil C release at 0–5 cm (e) and 5–10 cm soil depths (f); CK
(turquoise) is unfertilized controls, +N (orange) is nitrogen (N) addition,+P (hot pink) is phosphorus (P) addition, and+NP (green) is both N and P addition. Symbols and
error bars represent means and standard errors for n=5; P-values from linear mixed-effects models (LMEs) shown in each subfigure represent the effects of litter types and
nutrient addition treatments at each soil depth and P-values from LMEs shown under each row represent the effect of litter types and nutrient addition treatments across all
soil depths.
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influence on BG activities; this may result from the additive effect of NP ad-
dition. BG activities were greater at 0–5 cm soil depths (P < 0.05, Fig. 2a).
In general, no noticeable difference in BG activity was observed between
different litter types, except for some certain sampling time (September
2020 and December 2020).

The dynamics of the PHO and PER activities showed a similar pattern as
BG activities. There was no significant effect of litter type on PHO and PER
activities, while theywere higher at 0–5 cm soil depths than at 5–10 cm soil
depths (P< 0.05, Fig. 2b and c). There was no obvious influence of separate
N and P addition on PHOandPER activities, while NP addition significantly
enhanced both of them (P < 0.05, Fig. 2b and c).

3.3. Microbial community composition

Nitrogen and P addition exerted different influences on the relative fun-
gal abundance showing that N addition significantly increased the relative
fungal abundance, while P addition had no influence on it compared with
the unfertilized control (P < 0.01, Fig. 3a). There was no significant
5

influence of litter type on the relative fungal abundance (P > 0.05,
Fig. 3a). The relative fungal abundance was greater at 5–10 cm than
0–5 cm soil depths (P < 0.001).

The relative bacterial abundance was reduced by N addition but en-
hanced by P andNP addition (P< 0.01, Fig. 3b).Moreover, the relative bac-
terial abundancewas greater in soils addedwith corn roots than corn leaves
(P < 0.001, Fig. 3b). There were no significant differences in the relative
bacterial abundance between soil depths (P > 0.05, Fig. 3b).

The total PLFAs biomass was significantly enhanced by N addition but
decreased by P addition (P < 0.01, Fig. 4a), while it was not influenced
by NP addition. At 0–5 cm soil depths, the total PLFAs biomass was greater
than that at 5–10 cm soil depths (P < 0.05, Fig. 4a). There were no signifi-
cant differences in the total PLFAs biomass between soils supplied with
corn leaves or corn roots.

The F/B ratio was greater in N-addition soils, and lower in P-addition
compared with unfertilized controls (P < 0.001, Fig. 4b). The enhanced
F/B ratio underN addition resulted from the increased relative fungal abun-
dance and decreased the relative bacterial abundance, and we found the



Fig. 2. Enzyme activities in soils from nutrient addition treatments during a 12-months field decomposition experiment in a secondary forest in south China, showing: β-1,4-
glucosidase (BG) activities at 0–5 cm (a) and 5–10 cm (b) soil depths, phenol oxidase (PHO) activities at 0–5 cm (c) and 5–10 cm (d) soil depths and peroxidase (PER) ac-
tivities at 0–5 cm (e) and 5–10 cm (f) soil depths at each sampling time, where CK (turquoise) is unfertilized controls, +N (orange) is nitrogen (N) addition, +P (hot
pink) is phosphorus (P) addition, and + NP (green) is both N and P addition. Different capital letters indicate significant differences between litter types and different low-
ercase letters indicate significant differences among nutrient addition treatments at P < 0.05 (after correction for multiple comparisons). P-values from linear mixed-effects
models (LMEs) shown at the right of the figure represent the effects of nutrient addition, litter types, soil depths and their interactions.
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opposite in P-addition soils. The F/B ratio was greater at 5–10 cm soil
depths than at 0–5 cm soil depths (P< 0.05). Also, the F/B ratio was greater
in soils added with corn roots than corn leaves (P < 0.05, Fig. 4c).

Generally, N and P addition exerted opposite influences on microbial
community composition, showing that N addition increased the relative
fungal abundance and decreased the relative bacterial abundance,
while P addition had no significant influence on the relative fungal abun-
dance increased the relative bacterial abundance. Nitrogen addition
enhanced both the total PLFAs biomass and F/B ratio, while P decreased
both.
6

3.4. Correlations among the C-release rate and microbial activities

In the first three months, the C-release rate (total, litter and soil C-
release rate) had strong positive correlations with PHO, PER and total
PLFAs biomass, while negative correlations were observed among the rela-
tive fungal abundance, F/B ratio and C-release rate (P < 0.05, Fig. 5 and
Table S7). After three months of decomposition, correlations between C-
release rate and relative fungal and bacterial abundance was weaker.
Strong correlations were found among C-release rate, enzyme activities
and the total PLFAs biomass (P < 0.01, Fig. 5 and Table S7). The



Fig. 3. The relative abundance of fungal and bacterial abundance in soils from long-term fertilization treatments during a 12-months field decomposition experiment in a
secondary forest in south China, showing: relative fungal abundance at 0–5 cm (a) and 5–10 cm (b) soil depths and relative bacterial abundance at 0–5 cm (c) and
5–10 cm (d) soil depths at each sampling time. Abbreviations, statistical significance and P-values follow the legend to Fig. 2.
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correlations among the C-release rate, enzyme activities and microbial
community composition were more intense at 0–5 cm soil depths than at
5–10 cm soil depths (Fig. S2 and Table S8).

3.5. Structural equation modeling (SEM)

We used structural equation modeling (SEM) to determine the direct
and indirect pathwaysmediating C release. There was a total positive effect
of N addition on C-release rates, while P addition had a negative effect on
them (Fig. 6). The magnitude of the effect of P addition on C release was
greater than that of N addition (Fig. 6b, d and f). Moreover, the influence
of N and P addition on C-release rate was mainly through direct pathways.
Nitrogen addition also increased total PLFAs, F/B ratio and ligninenzymes

and BG activities, thus indirectly enhanced C-release rate. Phosphorus addi-
tion, however, inhibitedC release indirectly through decreasing total PLFAs
biomass, F/B ratio and ligninenzymes and BG activities. In general, the en-
hanced ligninenzymes and total PLFAs biomass favors the C release, while
the increased F/B ratio and BG activities associated with the decreased C-
release rate, but not significantly.

4. Discussion

Our study provides insight into how soil N and P availability affect the
litter and soil decomposition and the underlying microbial mechanisms.
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First, N addition enhanced total C release by increasing litter decomposi-
tion, while it had no influence on the soil C decomposition. On the other
hand, P addition decreased total C release via impeding soil C decomposi-
tion without altering litter decomposition (H1 and H2). Finally, although
corn leaves and corn roots had different chemical properties, there were
no significant differences in the decomposition rate and the magnitude of
their influences on the soil C decomposition rate (H3). Though the findings
contradict with all our hypothesis and disagree with several studies con-
ducted in tropical forests (Mo et al., 2006; Fang et al., 2007; Zhang et al.,
2020), changes in C-degrading enzyme activities, microbial biomass and
F/B ratio under N or P addition could support our findings.

4.1. Litter decomposition

Different from our hypothesis 3 (H3), there were no significant differ-
ences between the decomposition rate of corn leaves and corn roots.
Decay rates are commonly inversely related to cellulose and lignin concen-
tration of the substrate and positively related to N and P concentrations
(Berg and McClaugherty, 2003; Cornwell et al., 2008; Michael et al.,
2009). The corn leaves had a higher N concentration, while the corn
roots had a higher concentration of P, cellulose and lignin. We surmise
that higher litter P concentration may offset the negative influence of the
greater cellulose and lignin concentration. Thus, the litter P concentration
might be a key factor affecting the litter decomposition process, especially



Fig. 4. The total PLFAs biomass and F/B ratio in soils from nutrient addition treatments during a 12-months field decomposition experiment in a secondary forest in south
China, showing: total PLFAs biomass at 0–5 (a) and 5–10 cm (b) soil depths and F/B ratio at 0–5 (c) and 5–10 cm (d) soil depths at each sampling time. Abbreviations, sta-
tistical significance and P-values follow the legend to Fig. 2.
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in P-deficient tropical forest soils (Wang et al., 2014) which agrees with
previous findings at this site (Chen et al., 2016; Zhang et al., 2020).

Nitrogen addition enhanced the litter decomposition rate, which does
not support our hypothesis 2 (H2) and previous findings in tropical forests
that N addition inhibited litter decomposition (Fang et al., 2007; Mo et al.,
2008; Zhou et al., 2017; Zhang et al., 2020). However, considering enzyme
activities and microbial community compositions, our findings can be well
explained. First, stimulated BG activities under N addition facilitated litter
decomposition, because BG was the main extracellular enzymes
decomposing cellulose (Ghafoor et al., 2017). Second, the enhanced rela-
tive fungal abundance in N-addition soils indicated that fungi played a crit-
ical role in litter decomposition, especially when substrate had a relatively
high cellulose and lignin content (Aneja et al., 2006; Rousk and Baath,
2007; Kuramae et al., 2013; Talbot et al., 2013). Moreover, greater F/B ra-
tios were also observed under N addition, which was in line with previous
findings that increased fungal biomass and F/B ratio may promote decom-
position of recalcitrant components in substrates (Kuzyakov, 2010;
Fontaine et al., 2011). Third, although there were no significant changes
in PHO and PER activities under N addition, N addition exerted a positive
influence on PHO and PER activities through increasing the F/B ratio ac-
cording to the correlation and SEM results since the PHO and PER activities
are generally related to fungi (Sinsabaugh, 2010). The main function of
phenol oxidases was to reduce oxygen to hydrogen peroxide (H2O2) and
catalyze the degradation of polysaccharides and lignin (Sinsabaugh,
2010). Thus, N addition might indirectly alter PHO and PER activities
and enhance litter decomposition. Finally, soil microbial processes in trop-
ical forests under long-term nutrient addition are generally C limited
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(Eberwein et al., 2015), and the addition of plant-derived C thus might lib-
erate soil microbes fromC limitation, in accordance with increased enzyme
activities and microbial biomass in the present study and other findings in
tropical forests (Qiu et al., 2016; Fan et al., 2019a). Therefore, N addition
enhanced microbial activities and mediated litter decomposition.

The overall lack of stimulation of litter decomposition under P addition
in this study did not verify our hypothesis 2 (H2) and contradicts other stud-
ies conducted in tropical forests (Cleveland et al., 2002; Jacobson and
Bustamante, 2014; Chen et al., 2016); however, it was in line with a previ-
ous study at this site (Zhang et al., 2020). BG activities decreased signifi-
cantly in P-addition soils which would decrease cellulose decomposition
(Ghafoor et al., 2017). Previous studies in tropical forests discovered that
microbes down-regulate investments in enzyme release when P is sufficient
(Yao et al., 2018; Wang et al., 2020), which supports our findings. How-
ever, there was an increase in the relative bacterial abundance in soils sup-
plied with P. Bacteria can also benefit from readily-available substances
formed during degradation of complex macromolecules by fungal exoen-
zymes (De Boer et al., 2005; Romani et al., 2006) which may neutralize
the negative effect of decreased enzyme activities and also explain the un-
changed litter decomposition under P addition. Although there was no sig-
nificant influence of P addition on the litter decomposition, our SEM result
showed a sign of negative influence brought by P addition on litter decom-
position through decreased PHO and PER activities, total PLFAs biomass
and F/B ratio. Moreover, under NP addition, the litter decomposition rate
was also increased, albeit it less than under N addition, showing the addi-
tive effect of N and P. When supplies of C, N and P simultaneously meet mi-
crobial demands, decomposition rate peaks (Melillo et al., 1982; Sterner



Fig. 5. Pearson rank correlation between total, litter or soil carbon (C)-release rate,
enzyme activities, microbial community composition across all soil depths from
nutrient addition treatments during a 12-months field decomposition experiment
in a secondary forest in south China after each sampling time. BG is the β-1,4-gluco-
sidase activity, PHO is the phenol oxidase activity and PER is the peroxidase activ-
ity. Circles with red and blue colors indicate positive and negative correlations,
respectively; circle size indicates the P-values and *, P < 0.05; **, P < 0.01; ***,
P < 0.001.
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and Elser, 2002), while excessive P may lead to a decrease in enzyme pro-
duction (Yao et al., 2018; Wang et al., 2020). Therefore, NP addition can
also stimulate litter decomposition, but to a smaller extent than N addition
alone.

4.2. Soil C decomposition

Nitrogen addition had no significant influence on soil C decomposition,
while P addition inhibited it, thus we reject our hypothesis 2 (H2). How soil
C decomposition responds to N and P addition is different from the re-
sponse of litter C, showing selectively modifications of N and P on these
two different C sources. Although the total amount of litter C and soil C
were set to the same, the physiochemical characteristic played an important
role in their decomposition in response to N and P addition. Apart from C,
litters contain more nutrients (such as N, P and other mineral elements)
than soils, making them more accessible to microbes (Aerts, 1997). Con-
versely, the composition of soils is more complex, with the particulate C
the easiest to decompose (Cotrufo et al., 2019) and the mineral-associated
C more persistent in soils through chemical bonding to minerals and phys-
ical protection in small aggregates (Koegel-Knabner et al., 2008).
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Studies conducted in tropical forests showed a decreased soil C release
(Mo et al., 2008; Hui et al., 2020) and enhanced soil C sequestration (Lu
et al., 2021) under N addition. However, a meta-analysis showed N addi-
tion had no influence on soil C decomposition in tropical forests (Liu and
Greaver, 2010), but some experimental studies showed an enhanced soil
C decomposition in tropical forests under N addition (Cleveland and
Townsend, 2006; Fan et al., 2019b). Though the findings did not support
our hypothesis, clues could be found in microbial activities and previous
studies conducted in this site. First, although there was an increase in the
relative fungal abundance and BG activities, the relative bacterial abun-
dance was lower in N-addition soils which was in line with our previous
study at this site (Li et al., 2014). Fungi are generally the principal agents
in degradation of recalcitrant organic matter (Sinsabaugh, 2010), while
bacteria are effective in degradation of labile organic matter and utilize
the readily-available substances formed during degradation of complex
macromolecules by fungal exoenzymes (De Boer et al., 2005; Romani
et al., 2006). Thus, without the help of bacteria, the following degrading
process might be impeded and influence the soil C degrading. Second, pre-
vious studies showed that N addition accelerates decomposition of labile
soil C, while it inhibited decomposition of recalcitrant soil C (Neff et al.,
2002; Janssens et al., 2010) which was partly in line with our findings
and explains why N addition enhanced the litter C decomposition while
had no significant influence on soil C decomposition. Chen et al. (2020)
found that N addition enhanced the accumulation of mineral-associated or-
ganic C (MAOC), which is closely associated with the mineral surface and
considered recalcitrant SOC (Rowley et al., 2018; Lavallee et al., 2020).
We thus speculate that the insignificant effect of N on soil C decomposition
might be caused by enhanced particulate organic C (POC) decomposition
and accumulation ofMAOC (Lu et al., 2021). Thus, the unchanged soil C de-
composition under N addition might be explained by a combined effect of
enzyme activities, microbial community composition and physical protec-
tions of soil C.

The soil C decompositionwas inhibited by P additionwhich led to rejec-
tion of our hypothesis 2 (H2). Under most conditions, P addition is sup-
posed to enhance the soil C decomposition in tropical forests (Hobbie and
Vitousek, 2000; Mori et al., 2018), since P limits productivity and greater
P availability could relieve degrading microbes from P limitation (Rousk
and Baath, 2007; Cruz et al., 2009; Li et al., 2014). However, there is also
a decreased soil C decomposition under P addition in some tropical forests
(Chen et al., 2013; Fang et al., 2019), similar as in the present study. We
interpreted our findings with microbial activities combined with previous
studies conducted in this site. First, though there was an increase in the rel-
ative bacterial abundance, bacteria alone cannot degrade the complexmac-
romolecules without involvement of fungi to produce oxidases, especially
when microbes down-regulate investment in enzyme release (De Boer
et al., 2005; Romani et al., 2006; Sinsabaugh, 2010). Moreover, some stud-
ies have found that “P mining” occurs in tropical forests (Chen et al., 2013;
Zheng et al., 2015; Fang et al., 2019). Under P deficiency, microbes likely
produce cellulases to degrade SOM and liberate organic P, therefore in-
creasing P availability (Camenzind et al., 2018). Conversely, when P is suf-
ficient, the addition of inorganic P might in turn decrease microbial
investment in C-degrading enzymes, thus impeding soil C decomposition
(Zheng et al., 2015). Second, although not statistically significant, P-
addition soils had a lower SOC content than unfertilized controls before
the decomposition experiment started (Table 1), similar as in other studies
conducted in tropical forests which showed that short-term P addition de-
pleted SOC storage (Cleveland and Townsend, 2006; Bradford et al.,
2008; Poeplau et al., 2016). In P-addition soils, enhanced soil microbial ac-
tivities degraded the labile C fraction at the early stage of nutrient addition,
with the remaining C being more recalcitrant (Fang et al., 2019). The de-
pleted SOC content under P addition might also explain why the increased
litter decomposition rate was observed in this site at the early stage of P ad-
dition (Chen et al., 2016), while unchanged litter decomposition (Zhang
et al., 2020) or decreased soil C decomposition (Zhang et al., 2021) were
observed in more recent studies. Therefore, we assume that the influence
of P on soil C decomposition depends on the duration of P addition, since



Fig. 6. Structural equationmodeling (SEM) indicating how soil andmicrobial properties affect the total (a), litter (c) and soil (e) C-release rate at the end (December 2020) of
a 12-monthsfield decomposition experiment in a secondary tropical forest in south China. In panel (a), (c) and (e), ligninenzymes is a latent variablemeasured by PHO and PER,
BG is β-1,4-glucosidase activities; dashed or solid green arrows indicate the first and second measurement variables, respectively, and numbers parallel to arrows represents
standardized loads. Solid red and blue arrows indicate significant positive and negative correlations, respectively (P < 0.05), and dashed red and blue arrows indicate insig-
nificant positive and negative trends, respectively. Numbers parallel to arrows represent standardized path coefficients, themagnitudes of which are proportional to the thick-
ness of arrows. In panel (b), (d) and (f), the total effect is the sumof direct and indirect effects;χ2, chi-square; df, degrees of freedom; CFI, comparativefit index; GFI, goodness-
of-fit index; RMSEA, root mean square error of approximation; AIC, Akaike's information criteria, n = 80.
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long-termP addition couldmodify the SOC storage alongwithmicrobial ac-
tivities. Finally, based on the balance of N and P requirements of microbes,
P addition to N-sufficient tropical forests may also lead to reduced “P min-
ing” (Elser et al., 2007; Vitousek et al., 2010), since that balance was
10
reached. This is evidenced by the result that NP addition had no significant
influence on soil C decomposition because there were sufficient nutrients
for microbial growth, but microbes reduced their capacity for “P mining”
and thus their ability to degrade organic matter (Zheng et al., 2015).
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4.3. Limitations of the present study

The field incubation experiment was intended to assess difference in lit-
ter (new C) and soil organic matter (old C) decomposition in response to N
and P addition in a tropical forest. We acknowledge that the field incuba-
tion study had some limitations for understanding of SOC and litter decom-
position in a tropical forest. First, the addition of corn residues, rather than
litter from the field, might introduce some uncertainties considering differ-
ent litter quality. However, in this study, there was no corn residue type ef-
fect (corn leaves vs corn roots) on litter or soil C decomposition, suggesting
that litter quality was not a significant factor in this study. However, we
suggest that isotope-labeled forest litter would be a more effective method
to conduct similar experiments in the future, because this can avoid the ef-
fect of litter quality on the decomposition process. Second, the added litter
quantity might also induce some uncertainties. In this study, the amount of
corn residue added to soil was similar to the actual litter input into the sur-
face soil layers (0–5 cm, 16–18 g C kg−1 soil yr−1). During litter decompo-
sition, the N and P in the added litter will be released into soil, leading to
the amount of N or P applied to soil or utilized by microbes being greater
than the added mineral N or P. Therefore, when investigating litter decom-
position under nutrient addition, the amount of nutrients released from lit-
ter should also be monitored and be taken into consideration when
interpreting the results. However, in this study, we also added the same
amount of litter in the control plots which would eliminate the effect of lit-
ter quantity, because all treatments received similar amounts of litter.
Third, this study, which was conducted in the field, only measured C emis-
sion four times a year, and thusmight miss any peaks of decomposition and
thus bias the findings. Different from lab incubation experiment, where C
emission can be measured multiple times, each field sampling in this
study was destructive. The three-months intervals thus may have missed
possible peaks of litter C decomposition, because this generally increases
soon after addition. However, the aims of this study were to assess differ-
ences between litter (new C) and soil organic matter (old
C) decomposition in response to N and P addition. Although the short-
term response is important to understandmechanisms, litter decomposition
is a long-term process, and usually lasts for years, even in tropical forests.
The current experimental design thus can still address our key questions.
In this study, we cannot exclude all the above-mentioned uncertainties,
but the present study did provide new insights on litter and soil organic C
decomposition under different N and P availability. We also explained un-
derlying mechanisms.

5. Conclusions

The present findings demonstrate that N and P addition exerted oppo-
site influences on litter and soil C release, showing that N addition en-
hanced litter decomposition, while P addition inhibited soil C
decomposition. The distinct changes in C release from litter and soil
under N and P addition can be ascribed to variation in enzyme activities
and microbial community compositions. Moreover, there were no signifi-
cant differences between the decomposition of corn leaves and roots, indi-
cating that, besides the litter lignin and cellulose content, the P
concentration should be taken into consideration for future soil Cmodeling,
since productivity in tropical forests is usually P limited. Our study suggests
that experiments that only test how N and P availability influence soil C re-
lease may not reflect the actual response of certain process of organic C de-
composition, since litter and SOC decomposition were differently altered
by soil N and P availability. The current findings indicate that microbes
may not be limited by P in P-deficient soils, because “Pmining”was also ob-
served in this study. The imbalanced N and P availability in tropical forests
may lead to the selective decomposition of litter or soil C, especially when
suffering from increasing atmospheric N deposition. Our study further im-
plies that the increased or decreased soil C releasemay resulted from differ-
ent mechanisms and the seemingly unchanged soil C storage may undergo
shifts between litter and soil C decomposition, which may alter the soil C
stability under future climate change.
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