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depletion but not soil carbon after increasing litter inputs
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Abstract
Aims Net primary productivity is expected to in-
crease in many forests as Earth warms, which can
increase litter inputs to soils and affect carbon (C)
and nitrogen (N) dynamics. Understanding how
increasing litter inputs affect soil C and N cycling

in tropical and subtropical forests is important
because they represent some of the most produc-
tive ecosystems on Earth, suggesting that small
changes in these cycles can have large effects.
Methods To test the effects of increased litter inputs and
the interactive effect between microbes and roots on soil
C and N stocks and dynamics, we manipulated litter
inputs and used trenching to exclude roots in a 40-year-
old Cunninghamia lanceolata Lamb. (Chinese fir) plan-
tation. At the site, we measured soil C and N pools, soil
13C and 15N natural abundance, and potential activities
for C-, N-, and phosphorus-acquiring enzymes.
Results After four years of experimental treatment,
we found that increasing litter inputs reduced total
soil N content by 26% relative to background litter
inputs, but that increasing litter inputs did not affect
soil C content in the plots with roots. In the plots
without roots, both soil N and C did not change in
response to litter inputs. In the plots with roots, soil
δ15N increased with increasing litter inputs, but
there was no effect in the plots without roots. We
found a strong interactive effect between root and
litter treatment on soil N pools and δ15N. The de-
cline in soil N pools and increase in soil δ15N were
associated with elevated potential enzyme activity
for N-acquisition (N-acetyl glucosaminidase).
Conclusions Adding litter did not have a significant
effect on soil C pools, likely because potential soil C
losses were offset by increasing litter-derived C inputs.
In contrast to C, adding litter decreased N availability,
likely through multiple pathways including gaseous N
losses, NO3

− leaching, root N uptake, and interactions
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between saprotrophic microbes and roots during the
four-year litter addition experiment. Global changes that
increase litter production may lower N pools and imbal-
ance C and N cycling in subtropical coniferous forest
ecosystems.

Keywords Litter addition . N depletion . C and N stable
isotopes . Root-microbes interaction . Chinese fir .

Subtropics

Introduction

Net primary productivity (NPP) is expected to change
with changes in climate (Hickler et al. 2008; Cernusak
et al. 2013; Klein et al. 2016), which may alter the
quantity and quality of litter inputs to soils. Some studies
suggest that NPP will increase due to a CO2 fertilization
effect and higher temperatures (Raich et al. 2006;
Hickler et al. 2008), whereas other studies suggest that
NPP will decrease because of increased frequency of
droughts as the climate changes (Gatti et al. 2014;
Doughty et al. 2015). Regardless of the direction,
changes in NPP may affect the quantity and quality of
litter entering soils and soil carbon (C) and nitrogen (N)
stocks.

Historically, litter quantity instead of quality was
thought to determine whether C would persist in soils
(Grandy and Neff 2008; Gentile et al. 2011; Wiesmeier
et al. 2019). However, recent studies suggest that in-
creasing litter inputs can instead destabilize soil C, in-
creasing soil CO2 emissions (Sayer et al. 2011), while
potentially decreasing soil C stocks (Fang et al. 2015a).
Similarly, other studies have found that adding litter can
lower soil C stocks through positive priming—i.e., an
increase in microbial decomposition of SOM after
adding C (Bingeman et al. 1953)—in subtropical forests
but not in plantation forests (Liu et al. 2017; Chen and
Chen 2018; Lyu et al. 2018). These inconsistent results
are likely related to the quality of litterfall, which could
affect the rate of SOM stabilization by affecting micro-
bial substrate use efficiency. For instance, when micro-
bial substrate use efficiency is high (high-quality litter of
low C to N ratio), the microbial anabolism:catabolism
ratio is also high (Cotrufo et al. 2013; Castellano et al.
2015). As a consequence, more microbial residues and
less CO2 is produced per metabolized amount of plant
litter. In contrast, when microbial substrate use efficien-
cy is low (low-quality substrates of high C to N ratio)

this may lead to microbial N limitation, encouraging
microbes to invest resources into producing N-
acquiring enzymes to mineralize SOM and access N
(Jenkinson et al. 1985; Schimel and Bennett 2004),
thereby lowering soil N stocks (Castellano et al. 2015).
Thus, adding litter with high C/N may have a more
pronounced effect on soil N stocks and cycling than
on soil C.

While increasing litter inputs can decrease soil N
stocks through microbial processes, increasing litter in-
puts can also change soil physical factors like tempera-
ture and moisture (Xu et al. 2013), which may also
indirectly affect soil N availability (Sayer et al. 2012;
Marklein et al. 2016). Increasing litter inputs may also
indirectly affect soil N availability by increasing fine
root proliferation and growth and, therefore, N uptake as
demonstrated in subtropical and tropical forests (Liu
et al. 2017; Rodtassana and Tanner 2018). This raises
the question: does increasing litter inputs affect soil C
and N availability through effects on microbial process-
es, roots, or their interactions?

Roots and root-associated microbes are known to
influence soil C and N dynamics (Rasse et al. 2005;
Talbot et al. 2008; McCormack et al. 2014). Soil mi-
crobes and root-associated mycorrhiza fungi play an
important role in soil N cycling (Brzostek et al. 2015),
by altering soil microbial communities and influencing
N transformations (Coskun et al. 2017). For instance, N
mineralization and nitrification are key processes pro-
ducing ammonium (NH4

+) and nitrate (NO3
−) (Houlton

et al. 2006; Fang et al. 2015b), which are key for plant
nutrition. But these processes may also promote N loss
because NO3

− is a mobile anion and both NH4
+ and

NO3
− can favor N loss via gaseous pathways such as

nitric oxide (NO) and nitrous oxide (N2O) (Zhang et al.
2011, 2014; Shcherbak et al. 2014; Homyak et al. 2016),
with annual losses of 5.6–30.1 kg of N per hectare via
gaseous pathways (Fang et al. 2015b). Although plants
do not directly participate in nitrification, they take up
and assimilate both NO3

− and NH4
+, and therefore

influence the soil N status (Krapp 2015). Moreover, it
is becoming increasingly clear that roots can accelerate
decomposition by releasing root exudates that fuel mi-
crobial growth and enzyme synthesis (Drake et al. 2011;
Brzostek et al. 2013) and by providing easily
decomposed C to free-living microbies to activate
organic-matter-degrading enzymes in the soil (Read
and Perez-Moreno 2003; Brzostek et al. 2015; Coskun
et al. 2017). On the other hand, roots may also constrain
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decomposition by releasing C-rich exudates that cause
rhizosphere microbes to immobilize nutrients inhibiting
the growth and activity of enzyme-producing
saprotrophs (Gadgil and Gadgil 1971; Lindahl et al.
2010; Fernandez and Kennedy 2016). How increasing
litter inputs will affect root–microbe interactions and its
effect on soil C and N cycling in forest ecosystems
remains unclear.

To understand how roots influence C and N cycling,
some previous girdling studies demonstrate that reduc-
ing belowground C fluxes reduces microbial respiration
(Högberg et al. 2001; Giardina and Ryan 2002), and
microbial extracellular enzyme activities (Weintraub
et al. 2007). These studies have indicated that root-
associated microbes, particularly mycorrhizal fungi,
probably enhance decomposition rates (Brzostek et al.
2015). Ectomycorrhizal (ECM) fungi associated with
roots are known to produce a suite of extracellular
enzymes (Talbot et al. 2008) and often exude substantial
amounts of C to soil. In contrast, arbuscular mycorrhizal
(AM) tree roots generally lack the enzymatic capabili-
ties of ECM trees and can only exude smaller amounts
of C to soil than do ECM roots (Phillips and Fahey
2005; Yin et al. 2014). To date, however, most studies
have focused on ECM-dominated stands, with few stud-
ies focusing on AM fungi. Tropics and subtropics have
the largest area of plantation forests worldwide
(Brockerhoff et al. 2008; Huang et al. 2013). In
China, more than 32% of these plantation forests are
dominated by coniferous species such as Chinese fir
(Cunninghamia lanceolata) (see Fig. S1; FAO 2006)
which are associated with AM fungi (Gai et al. 2006).
Furthermore, Chinese fir is known to have higher ratios
of C to N and lignin to N (i.e., lower N availability) in
litter than broadleaved tree species (Lin et al. 2011; Wan
et al. 2015). Thus, increased litter and root-derived C
inputs from Chinese fir may have significant impact on
microbial decomposition. Understanding the effects of
the changing litter inputs on soil C and N retention is
crucial for the management of subtropical plantation
forests.

Here, we conducted a litter manipulation in combi-
nation with a root trenching experiment to understand
the effects of increased litter inputs and the interactive
effect between microbes and roots on soil C and N
stocks and dynamics in a 40-year-old Chinese fir plan-
tation. We used trenching to exclude roots and disentan-
gle the effects of adding litter on soil C and N stocks
since it is well documented that adding litter increases

fine root growth in these forests (Li et al. 2016; Liu et al.
2017). We hypothesized that: (H1) adding litter would
reduce soil N pools but have little effect on soil C pools,
because potential C losses from decomposition would
be offset by litter C inputs; and that (H2) adding litter
with a high C/N would increase N-degrading enzyme
activity as microbes invest resources into acquiring N by
mining SOM.

Materials and methods

Site descriptions

Our study area is located at the Forest Ecosystem and
Global Change Research Station (FEGCRS) (26°09′24′′
N, 117°28′03′′E, 300 m a.s.l.), Sanming, Fujian, China.
The area has a subtropical monsoonal climate with a
mean annual temperature of 20.1 °C and a mean annual
precipitation of 1670 mm, with precipitation mainly
occurring from April to August. The parent material of
the soil is classified as a sandy clay Ferric Acrisol
according to the FAO/UNESCO classification (Lü
et al. 2015; Lyu et al. 2017).

Experimental design

Plant litter inputs were manipulated using the Detritus
Input and Removal Treatment (DIRT; Nadelhoffer et al.
2004) in June 2012. Briefly, three 20 m × 20 m plots
were established in a 40-year-old Chinese fir plantation
forest. Within each plot, 18 subplots (1 m × 1 m) were
randomly divided into nine subplots and trenched to
exclude roots. The remaining nine subplots were left
unmanipulated. The root exclusion treatment was
established by trenching the perimeter of the subplot to
0.6–0.8 m depth, and then inserting nylon mesh screen
(0.149mm) around the trenched plot to avoid roots from
growing into the plots. Litter manipulation was conduct-
ed in both the plots with and without roots and included
litter removal (No litter, L0), in-situ background rates of
litterfall (Background litter, L1; 520 g m−2 yr.−1), and
doubling litterfall (Double litter, L2; 1040 g m−2 yr.−1)
treatments (Fig. S2). Above each litter removal plot, we
installed a horizontal 1-mm nylon mesh screen (1 m ×
1 m) 1 m above the ground to capture litterfall. The
captured litterfall was then evenly spread onto the L2
plots biweekly to double background litterfall inputs.
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Soil sampling and assays

In May 2016, after four years of adding litter and
trenching, five soil cores (0–10 cm depth) were collect-
ed from each subplot (1 × 1 m) with a 3.5 cm diameter
auger. All soil samples were kept in sealed plastic bags
and processed within 2 h. Gravel, roots, and large or-
ganic residues were manually removed from the soil
samples before passing through a 2 mm sieve. We
measured total soil C and N using a CN elemental
analyzer (Elementar Vario MAX, Hanau, Germany).
Dissolved organic C (DOC), dissolved organic N
(DON) and, inorganic N (NH4

+ and NO3
−) were extract-

ed from the soil using 2 M KCl and measured using a
continuous flow analyzer (Skalar san++, Netherlands)
(Liu et al. 2017; Zhang et al. 2017). Soil microbial
biomass C (MBC) and N (MBN) were determined by
the fumigation-extraction technique (Vance et al. 1987)
and extracted with 0.5 M K2SO4 and then used a TOC
analyzer (Shimadzu VCPH/TNM-1, Tokyo, Japan) to
determine C concentration of extraction and a continu-
ous flow analyzer (Skalar san++, Netherlands) to deter-
mine N concentration of extraction. Isotopic analyses
for C and N were conducted at the Stable Isotope Mass
Spectrometry Laboratory at Fujian Normal University
with an isotope ratio mass spectrometer (FinniganMAT-
253; Thermo Electron, San Jose, CA, USA) coupled to
an automatic, online elemental analyzer (Flash EA1112;
Thermofinnigan, San Jose, CA, USA).

We investigated soil enzymes known to play key
roles in the mineralization of C, N, and P in soils,
including β-glucosidase (βG), Cellobiohydrolase
(CBH), phenol oxidase (PHO), peroxidase (PER), N-
acetyl glucosaminidase (NAG) and Acid phosphatase
(AP) (see Table S1 for their functions). These soil en-
zymes are divided into two groups: hydrolytic enzymes
(βG, CBH, NAG, AP) and oxidative enzymes (PHO,
PER). Soil sub-samples from each plot were assayed for
potential activity of hydrolytic enzymes and oxidative
enzymes according to Saiya-Cork et al. (2002). Briefly,
suspensions of 1 g soil to 125 ml of acetate buffer at a
concentration of 50 mol L−1 were prepared for each
sample and agitated for 1 min using a Brinkmann
Polytron PT 3000 homogenizer. The sample suspen-
sions were continuously mixed in a magnetic stir plate
during which 200 ml of the suspensions was portioned
into 96-well microplates at 16 replicate wells per sample
per assay. Further details can be found in Liu et al.
(2017).

Statistical analyses

One-way ANOVA was used to test differences in soil
properties, soil δ13C and δ15N, and extracellular enzyme
activities among treatments. A paired t-test was used to
test differences in parameters between root retention and
root exclusion treatments. Where treatment effects were
significant (p < 0.05), post-hoc comparisons were made
using LSD test. The relationships between soil δ13C and
δ15N, and extracellular enzyme activity were modelled
with Pearson linear correlation coefficient. Linear mixed
models (LMM) were used to test differences in the soil
properties, soil δ13C and δ15N, and extracellular enzyme
activities across root treatments (factor with two levels)
and litter treatments (factor with three levels). In the
fitted LMM, root treatments, and litter treatment and
their interaction terms were modelled as fixed effects,
block was modelled as a random effect, and a Type II
Wald Chisquare test was used to evaluate the signifi-
cance of tested effects. The LMM analysis was carried
out by using the lmer function in the lme4 package and
the ANOVA function in the car package in the statistical
platform R 3.0.2. We also performed redundancy anal-
ysis (RDA) to determine which environmental factors
were related to soil enzymes activity using the statistical
platform R 3.0.2.

Results

Soil carbon and nitrogen pools

SOC and DOC concentrations did not vary with increas-
ing litter inputs in the plots with roots (p > 0.05), but in
the plots without roots, double litter inputs (L2) in-
creased DOC up to 58% compared with no litter (L0),
and up to 125% compared with background litter inputs
(L1) (p < 0.05, Table 1).

In contrast to soil C, total soil N decreased with
increasing litter inputs in the plots with roots; N de-
creased by up to 12% in L1 plots and up to 22% in L2
plots relative to L0 plots (p < 0.05; Table 1). Total soil N
content remained constant in the plots without roots.
Although neither litter nor root treatment alone affected
total soil N, there was a root × litter treatment interaction
on total soil N (F = 4.2, p = 0.048; Table S2). In the plots
with roots, the concentration of NH4

+ decreased with
increasing litter inputs while the NO3

− in L1 treatment
was higher than that in L0 and L2 treatments. In the
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plots without roots, the concentrations of NO3
− and

NH4
+ did not change with increasing litter inputs

(Table 1). There was a root × litter interaction on NH4
+

(F = 8.0, p = 0.008) but not for NO3
− (F = 0.9, p = 0.45;

Table S2). The concentration of DON decreased with
increasing litter inputs in the plots with roots whereas it
remained constant in the plots without roots (Table 1).
There were no effects of root exclusion, litter addition,
or their interaction on DON (Table S2).

Soil δ13C and δ15N

In the plots with roots, soil δ15N increased with increas-
ing litter inputs (p < 0.001); soil δ15N was 16% higher in
L1 and 60% higher in L2 relative to L1 (Fig. 1). Soil
δ13C was significantly higher in L2 than that in L0 but
there were no differences between L1 and L0 in the plots
with roots. In the plots without roots, manipulating litter
inputs had no effect both on soil δ13C and δ15N (Fig. 1).
Overall, the results of LMM showed that manipulating
litter had a significant and positive effect on soil δ15N in
the presence of roots (F = 24.4, p < 0.003) but removing
roots did not (F = 2.8, p = 0.126). We found a significant
interaction between root × litter treatment on soil δ15N
(F = 31.9, p < 0.001; Table S2).

Soil microbial biomass

Soil MBC was significantly lower in L1 and L2 than
that in L0 both in plots with and without roots. In the

plots with roots, soil MBN was up to 39% higher in L1
and 33% higher in L2 than that in L0 plots but there
were no differences between L1 and L2 (Table 1). In the

Table 1 Soil properties in the top 10 cm of soil in response to litter manipulation and root exclusion treatments. The values are means with
standard deviation in parenthesis (n = 3)

Plots with roots Plots without roots

No litter Background litter Double litter No litter Background litter Double litter

SOC content (g kg−1) 17.4 (1.9) 17.2 (0.5) 14.9 (2.4) 17.7 (3.5) 15.8 (1.9) 16.8 (1.5)

STN content (g·kg−1) 1.26 (0.07) a 1.13 (0.05) ab 0.99 (0.16) b 1.30 (0.27) 1.11 (0.04) 1.21 (0.06)

Soil C/N 15.6 (0.77) 13.8 (0.75) 15.9 (3.2) 13.7 (2.0) 15.5 (0.1) 13.8 (0.6)

DOC (mg kg−1) 50.0 (7.8) 43.9 (2.3) 45.4 (8.9) 49.9 (7.4) b 35.0 (8.4) b 78.9 (8.1) a

DON (mg kg−1) 2.56 (0.39) a 2.03 (0.22) ab 1.70 (0.54) b 3.83 (1.96) 3.16 (0.83) 3.72 (1.68)

NH4
+–N (mg kg−1) 9.55 (0.84) a 7.32 (0.69) b 5.53 (0.83) c 7.59 (0.45) 8.38 (0.25) 9.08 (1.51)

NO3
−–N (mg kg−1) 0.12 (0.04) b 0.28 (0.03) a 0.06 (0.00) b 0.42 (0.07) 0.59 (0.10) 0.53 (0.07)

MBC (mg kg−1) 132 (6.8) a 95.2 (2.2) b 99.6 (3.7) b 115 (10.0) a 73.0 (1.6) c 92.0 (7.3) b

MBN (mg kg−1) 9.7 (2.2) b 23.3 (0.7) a 23.0 (1.0) a 34.9 (6.8) a 10.9 (1.3) b 9.6 (1.7) b

SOC soil organic carbon, STN soil total nitrogen,DOC dissolved organic carbon,DON dissolved organic nitrogen,MBCmicrobial biomass
carbon, MBN microbial biomass nitrogen. Different lowercase letters indicate significant differences between litter treatments in the same
root treatment at α = 0.05

Fig. 1 Soil δ13C and δ15N in response to manipulating litterfall
within plots with and without roots. L0: no litter; L1: background
litter; L2: double litter. Different lowercase letters indicate signif-
icant differences between litter manipulation treatments within
treatments without roots; different capital letters indicate signifi-
cant differences between plots with and without roots within each
litter manipulation treatment at α = 0.05. Error bars indicate stan-
dard deviation (n = 3)
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plots without roots, soil MBNwas significantly lower in
L1 and L2 than that in L0 inputs but there was no
difference between L1 and L2.

Soil enzyme activity

In the plots with roots, the specific enzyme activities of
PER and NAG were significantly higher in L2 than that
in L1 and L0 while the βG and AP in L2 was signifi-
cantly lower than in L1 but higher than L0 (Fig. 2). In
the plots without roots, the PHO, PER and AP in L2 was
significantly higher than that in L1 but there were no
differences in βG, CBH and NAG. The results of LMM
showed that litter treatment had a significant effect on
βG (p = 0.004), CBH (p = 0.017), PHO (p = 0.013),
PER (p = 0.004) and AP (p < 0.001), and the root treat-
ment had significant effect on βG (p = 0.029) and AP
(p = 0.037). Although both root and litter treatments did
not affect NAG, there was a root × litter treatment
interaction on NAG (F = 8.1; p = 0.008; Fig. 2). In the
plots with roots, soil δ15N was significantly and posi-
tively correlated to the specific activity of PHO, PER
and NAG, while no relationship was found between soil
δ13C and specific enzyme activity (Table S3). In the
plots without roots, there was no relationship between
soil δ13C and δ15N and specific enzyme activities
(Table S3).

Redundancy analysis showed that there were signif-
icant differences in all six enzyme activities between the
plots with and without roots (Fig. 3). Soil enzyme
activity was significantly and positively related to the
concentrations of NO3

− and soil total N, with NO3
−

explaining 21% and total N explaining 14% of the
variance in enzyme activity (Table S4). Furthermore,
NO3

− was negatively related to the enzyme activities
in the plots with roots (Fig. 3).

Discussion

Litter manipulation effect on soil carbon dynamics

Changes in litter production, in response to a changing
climate, may lead to either increasing or decreasing soil
C stocks depending on the balance between inputs from
above- and belowground litter and outputs from decom-
position (Sayer et al. 2011; Sokol and Bradford 2019).
After a four-year litter manipulation, we show that
adding litter did not change soil C stocks in either the

plots with roots or without roots consistent with our first
hypothesis (Table 1). This finding contrasts previous
studies where adding litter increased surface soil C
stocks in temperate and tropical forests (Sayer et al.
2007; Leff et al. 2012; Fekete et al. 2014), and other
studies where adding litter decreased mineral soil C
stocks in a temperate old-growth coniferous forest and
a subtropical natural broadleaved forest (Crow et al.
2009; Liu et al. 2017).

It is possible that we did not detect changes in soil C
stocks because adding litter did not induce a priming
effect—the increase in soil respiration after adding litter
(81 ± 10 g C ha−1 yr.−1) was similar to the rate of litter
respiration (92 ± 11 g C ha−1 yr.−1), suggesting no addi-
tional contribution of soil to respiration (Li et al. 2016).
But it is also possible that even though adding litter
could have stimulated soil C decomposition via a small-
er priming effect (Lyu et al. 2019), soil C stocks were
compensated by C inputs from the added litter (Liang
et al. 2018). In our study, soil DOC did not change after
adding litter in the plots with roots, but it increased
significantly after doubling litter inputs in plots without
roots (Table 1), suggesting C litter inputs to the soil were
important. This suggests we may have not detected
changes in DOC in plots with roots because DOC inputs
stimulated microbial activity (Leff et al. 2012; Fang
et al. 2015a). Indeed, we found that the potential activity
of C- and N-degrading enzymes increased in the plots
with roots (Fig. 2), suggesting there was a microbial
response to increased DOC supply. While adding litter
actually decreased soil MBC relative to plots without
litter, a lower microbial biomass does not imply mi-
crobes are unable to assimilate DOC. Thus, undetectable
changes in soil C pools in response to adding litter to
plots with roots could have been the result of a balance
between C inputs and respiration, suggesting that in-
creasing litter inputs do not affect soil C stocks in a
Chinese fir forest.

Our results also suggest that manipulating litter af-
fects soil processes and soil δ13C (Arai and Tokuchi
2010). Most biochemical processes, such as decompo-
sition of SOC, favor the use of the lighter isotope (i.e.,
12C), enriching the remaining substrate with 13C
(Hobbie 2005). In our study, both litter addition and
litter removal did not significantly affect soil δ13C
(Fig. 1), indicating that there was no detectable decom-
position of SOC in the absence of roots. However, when
roots were present, soil δ13C increased with increasing
litter mass, suggesting that an interaction between roots
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and microbes with increasing litterfall may stimulate
decomposition of SOC. This further supports our earlier
interpretation that increasing litter inputs may stimulate
SOC decomposition while the decomposed soil C was
compensated by C inputs from litter (Liang et al. 2018),
since changes in C inputs and SOC decomposition
would have strong effect on isotope fractionation (Arai
and Tokuchi 2010). Overall, our results are consistent
with our first hypothesis suggesting that adding litter has
little effect on soil C pools in Chinse fir forests, because

potential C losses from decomposition would be offset
by litter C inputs.

Litter manipulation effect on soil N dynamics

In contrast to the effects of manipulating litter on soil C
pools, litter manipulation significantly changed soil N
pools and 15N natural abundance in the plots with roots
(Table 1; Fig. 1). The δ15N value of an ecosystem N
pool is controlled by both inputs and outputs (Brenner

Fig. 2 Specific potential activity of six hydrolytic and oxidative
enzymes involved in C, N, and P acquisition. L0: no litter; L1:
background litter; L2: double litter. Error bars indicate standard
deviation (n = 3). ns, no significant; *, p < 0.05; **, p < 0.01; ***,
p < 0.001. Cmic: microbial biomass C; βG: β-1, 4-glucosidase,
CBH: Cellobiohydrolase; PHO: Phenol Oxidase; PER:

Peroxidase; NAG: β-1, 4-N-acetylglucosaminidase; AP: Acid
phosphatase. Different lowercase letters indicate significant differ-
ences between litter manipulation treatments within plots with and
without roots; different capital letters indicate significant differ-
ences between plots with and without roots within each litter
manipulation treatment at α = 0.05
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et al. 2001; Amundson et al. 2003). N inputs such as
atmospheric N deposition and biological N fixation are

generally 15N-depleted (Amundson et al. 2003). There-
fore, increasing N inputs is consistent with decreasing
soil δ15N so as long as N outputs remain constant. In
contrast, N outputs such as plant net N uptake, denitri-
fication, and leaching all discriminate against 15N
(Houlton et al. 2006; Bai and Houlton 2009; Fang
et al. 2015b), implying that increasing N outputs would
increase δ15N in soils (Houlton et al. 2006).

In the plots with roots, the increase in soil δ15N with
increasing litter inputs is consistent with a relatively
open N cycle (i.e., greater N loss over N recycled)
(Handley and Raven 1992; Högberg 1997). For exam-
ple, microbial processes governing N trace gas emis-
sions can discriminate against the heavy isotope increas-
ing soil δ15N (Houlton et al. 2006; Zhang et al. 2014;
Fang et al. 2015b; Homyak et al. 2016). Our results
indicate that increases in litter addition might either
increase microbial N immobilization (Homyak et al.
2008), or increase N losses through gaseous N emission,
via NO or N2O (Zhang et al. 2014), and/or N leaching
via hydrologic losses of NO3

− (Dise et al. 2009). Be-
cause we did not observe differences in soil MBN
between background litter and double litter addition
treatments (Table 1), the decline in soil N availability
is likely the result of ecosystem N losses instead of N
uptake by microbes after adding litter.

To further understand the mechanisms controlling N
loss, we show that adding litter did not change neither

Fig. 3 Redundancy analysis ordination biplot of enzymes indi-
cating the relationships between the variation of enzyme activities
and environmental parameters. The result of conditional term
effects are shown in Table S4. △ represents plots with roots (green
dashed area); ◯ represent plots without roots (red dashed area).
Symbols filled in red represent no litter inputs; symbols filled in
green represent background litter inputs; symbols filled in blue
represent double litter inputs

Fig. 4 Conceptual framework
illustrating the accelerated N
cycle caused by plant and
microbial interactions with
increasing litter inputs in an
arbuscular mycorrhizal (AM) tree
plantation. Increasing litter inputs
increase labile C supply to rhizo-
sphere microbes, stimulating the
mineralization of soil organic
matter (SOM) for root N demands
and leading to an open N cycle
system, ultimately resulting de-
cline in soil N stocks. The blue
lines represent N inputs; the red
lines represent microbial decom-
position or mineralization of
SOM as well as N outputs; and
the green lines represents plant
uptake; 0, non-significant effect;
+, increased
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soil N pools nor δ15N in the plots without roots (Table 1;
Fig. 1). This suggests that the effect of adding litter on
soil N pools occurred through interactions between mi-
crobes, litter, and roots. Because adding litter increases
root growth and biomass in these stands (Li et al. 2016;
Liu et al. 2017), it is also possible that N pools decreased
due to higher root uptake rates as observed in other
studies (Gleeson and Good 2003; Zhang et al. 2017).

Chinese fir is an AM-associated plant, which gener-
ally cannot take up nutrients directly from litter or SOM,
and depends on scavenging nutrients released by
saprotrophic microbes (Phillips and Fahey 2005; Yin
et al. 2014). By adding litter and reducing soil N avail-
ability, it is possible these AM trees eventually obtained
N by mining SOM (Cheng et al. 2012). AM trees can
acquire SOM-derived N by providing labile C (e.g.
exudates, root litter debris) through mycorrhizal hyphae
to saprotrophic microbes (Fig. 4; Phillips et al. 2013).
As discussed earlier, in the presence of roots, the in-
creased supply of DOC derived from adding litter may
had been used by saprotrophic microbes to breakdown
SOM and meet the N demand of AM fungi and roots.
Consistent with this understanding, we found that soil
δ15N was positively and linearly correlated to NAG,
PHO and PER in plots with roots but not in the plots
without roots (Table S3)—depolymerization of SOM by
microbial extracellular enzymes facilitates root N uptake
(Schimel and Bennett 2004). Similarly, changes in total
N and NO3

− also led to significant positive effects on
soil enzyme activities, especially for PHO and PER
(Fig. 3). Consistent with our hypothesis, these results
suggest that litter-induced changes in N cycling in plots
with roots may also result from depleting SOM-derived
N stocks.

Conclusions

Using a four-year field litter manipulation experiment
combined with a root exclusion treatment, we found that
increasing litter inputs did not significantly change soil
C pools but significantly decreased soil N pools. It is
possible that C pools did not change because adding
litter did not cause a priming effect, though our findings
suggest potential C losses from decomposition were
offset by C inputs from litter (Lyu et al. 2018; Liang
et al. 2018). In contrast, the increase in soil δ15N was
only observed in the plots with roots but not in plots
without roots, suggesting that an accelerating N cycle in

these ecosystems requires interactions between roots,
microbes, and litter. Smaller soil N pools and increasing
soil δ15N, are likely the result of a combination of
factors including gaseous N losses, NO3

− leaching, root
N uptake, and an interaction between saprotrophic mi-
crobes and AM-associated roots during a four-year litter
addition experiment. While subtropical forests are char-
acterized by having high N availability (Mo et al. 2006),
N still limits the growth of Chinese fir (Zhang et al.
2017). Global changes favoring increased litter produc-
tion may lead to a net loss of soil N in Chinese fir
plantations, constraining plant available soil N.
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