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Abstract
Aims Nitrogen (N) addition could affect litter decompo-
sition through its direct effects on soil N availability and
indirect effects on initial litter chemistry. The aim of this
study was to evaluate the relative contribution of these
direct and indirect effects to the decomposition of fine
roots with different diameter classes.
Methods A two-year reciprocal replant–transplant field
experiment was conducted in a Mongolian pine (Pinus
sylvestris var. mongolica) plantation to examine the
relative effect of exogenous and endogenous N enrich-
ment induced by N addition (10 g N m−2 yr.−1) on the
decomposition of fine roots with different diameter clas-
ses: < 0.5 mm (small fine root, SFR) and 0.5–2 mm
(large fine root, LFR).

Results The LFR had significantly higher decomposi-
tion rates (k: 0.315–0.397 yr.−1) than the SFR (0.245–
0.274 yr.−1) after 2 years of incubation. Exogenous N
(i.e., increased soil N availability due to N addition) had
no significant effect on the decomposition rates of fine
roots, whereas endogenous N (i.e. increased N concen-
tration in litter due to N addition) inhibited and acceler-
ated the decomposition of SFR and LFR, respectively.
Endogenous N decreased the net release of N but both
endogenous and exogenous N increased the net release
of phosphorus (P) from SFR. By contrast, exogenous
and endogenous N decreased the net release of N and P
from LFR.
Conclusions Our results suggest that N addition affect-
ed fine root decomposition indirectly by changing the
chemical traits of fine roots rather than directly through
changing soil N availability. Elevated input and de-
creased net N release of fine roots might be a potential
mechanism explaining the increases of total organic
carbon and total N in the semi-arid forest soil under N
addition. Our study also suggests that SFR may be a
more important source of stable soil organic matter
relative to LFR.
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Introduction

Plant litter decomposition is an important pathway in
carbon (C) and nutrient cycling in terrestrial ecosystems
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(Attiwill and Adams 1993). Although the field of litter
decomposition has made great strides, many earlier
studies focus on leaf litter decomposition. As such, far
less attention has been paid to fine root decomposition
(Sun et al. 2016; Lin and Zeng 2017). A recent estima-
tion has shown that approximately 22% of the terrestrial
net primary production is allocated to fine roots (≤ 2mm
in diameter) (McCormack et al. 2015). Previous studies
found that the fluxes of C and nitrogen (N) from the
decomposition of fine roots may exceed those from
aboveground litter (Nadelhoffer and Raich 1992; Tu
et al. 2015). Soil nutrient cycling would be
underestimated by 20–80% if the production and de-
composition of fine roots were neglected (Ostonen et al.
2005). Therefore, studying fine root decomposition is
necessary to fully understand ecosystem C and nutrient
cycling (Lin and Zeng 2017).

Many biotic and abiotic factors have been suggested
to affect root litter decomposition (Silver and Miya
2001; Zhang et al. 2008). Among these factors, N avail-
ability effects have gained great attention in the context
of increased atmospheric N deposition at the global
scale (Galloway et al. 2004; Denman et al. 2007). Dur-
ing the past 100 years, N input into terrestrial ecosys-
tems has increased from 34 to 100 Tg N yr.−1, and it is
predicted to increase to 200 Tg yr.−1 by 2050 (Galloway
et al. 2008). Moreover, South and East Asia are likely to
experience the greatest increase in the rate of N deposi-
tion (Liu et al. 2013). Nitrogen deposition can increase
soil N availability, which could considerably affect de-
composer activities and then directly influence the de-
composition of fine roots (Fang et al. 2007). On the
other hand, the initial chemistry of fine roots could be
affected by N deposition (Kozovits et al. 2007), indi-
rectly affecting root litter decomposition. The rationale
behind this indirect effect may be that root chemistry is
one of the main factors controlling root decomposition
(Silver and Miya 2001; Zhang et al. 2008). However,
few studies have focused on the indirect effect of en-
dogenous N (i.e., effects of N addition on litter chemis-
try) on root litter decomposition under N deposition.
Furthermore, the relative effect of endogenous and ex-
ogenous N (i.e., effects of N addition on soil N avail-
ability) on fine root decomposition is still unclear
(Zheng et al. 2017b).

Apart from N availability, the diameter of fine roots
may also be an important factor influencing fine root
decomposition, considering that many traits related to
root decomposition exhibit large variations among root

diameter classes within the fine root branching hierarchy
(Lin and Zeng 2017). For example, fine roots with larger
diameters might have higher C and lignin concentra-
tions, which could inhibit root decomposition (Silver
and Miya 2001). In contrast, small-diameter fine roots
typically have a lower C:N ratio and lack secondary
development compared to large-diameter fine roots
(Pregitzer et al. 2002; Guo et al. 2008), and thus these
small-diameter fine roots are expected to have a higher
decomposition rate (Sun et al. 2016). However, mount-
ing evidence suggests that the fine root decomposition
rates increase with increasing root diameter (Fan and
Guo 2010; Xiong et al. 2013; Sun et al. 2013). One of
the mechanisms responsible for the lower decomposi-
tion rate of small-diameter fine roots may be their higher
concentrations of the acid-unhydrolyzable fraction than
large-diameter fine roots (Xiong et al. 2013; Sun et al.
2013). An alternative explanation for the higher decom-
position rate of large-diameter fine roots may be their
higher concentration of non-structural carbohydrates.
These easily degradable labile C substrates may provide
necessary energy for the decomposer community, pro-
moting the degradation of many complex C compounds
in large-diameter fine roots (Hättenschwiler et al. 2011;
Tamura and Tharayil 2014). In addition, previous stud-
ies found that N released in the first several years in the
fine root decomposition was limited (Goebel et al. 2011;
Xiong et al. 2013). Although the mechanisms underly-
ing the differences in decomposition rates among fine
roots of different diameter classes are well known, de-
composition of these fine roots responding to N depo-
sition is still poorly understood.

Arid and semi-arid land accounts for about one third
of the global land area (Huang et al. 2015). Low soil N
availability usually accompanies water limitation in arid
and semi-arid ecosystems. The availability of soil N and
other nutrients could be influenced by N deposition,
thereby affecting the productivity of arid and semi-arid
ecosystems (Brooks 2003). Studies on the effect of N
deposition on the growth of roots and the decomposition
of root litter have mainly been conducted in temperate
and tropical forest ecosystems (McCormack et al. 2015;
Lin and Zeng 2017). Mongolian pine (Pinus sylvestris
var. mongolica), an important tree species for afforesta-
tion in semi-arid regions with sandy soils, has been
planted since the mid-1950s to reduce wind erosion
and to enhance sand-fixation in Keerqin sandy lands of
northeast China (Mao et al. 2016). In those Mongolian
pine plantations, soil nutrients, especially N, are often
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deficient. Considering the important role of root litter
decomposition on the release of available nutrients into
the soil, it is necessary to evaluate the influence of N
deposition on the decomposition of and nutrient release
from fine root litter in semi-arid regions of northeast
China. In this study, we conducted a field decomposition
experiment in a N-limited Mongolian pine plantation in
semi-arid northeast China to test the following hypoth-
eses: (1) N addition will enhance fine root decomposi-
tion through increasing soil N availability and reducing
fine root C/N ratios; and (2) Small fine roots with
<0.5 mm in diameter will have a slower decomposition
rate than large fine roots with 0.5–2 mm in diameter.
Results from this study will inform the ecological con-
sequences of increased N deposition on belowground
litter decomposition and related nutrient cycling in semi-
arid regions.

Materials and methods

Site description

The study was conducted at Daqinggou Ecological Sta-
tion (42°54’N, 122°21′E; 260m. a.s.l.) of the Institute of
Applied Ecology, Chinese Academy of Sciences, in the
southeastern Keerqin sandy lands, northeast China. The
study site has a dry sub-humid temperate monsoon
climate. Mean annual precipitation is about 450 mm,
with 70% of which falling from June to September. The
mean annual temperature is 6.4 °C and the lowest and
highest monthly mean air temperatures are −12.5 °C in
January and 23.8 °C in July, respectively. The soil is a
nutrient-poor sandy soil, with 90.9% sand, 5.0% silt,
and 4.1% clay (Zeng et al. 2009).

Experimental design and sampling

InMay 2011, eight 20m × 30m plots (four +N plots and
four N0 plots) were randomly established in a 13-year
old Mongolian pine plantation in the Daqinggou Eco-
logical Station (Zheng et al. 2017a). There was a 5 m
buffer zone between neighboring plots. The experimen-
tal plots were randomly allocated to two treatments: N0
(no N added) and +N (addition of 10 g N m−2 yr.−1). For
the +N plots, urea was dissolved in water and spread
monthly during the growing season (May to September,
2011–2016). 2 g N m−2 was spread every time, with a

total of 10 g Nm−2 yr.−1. The N0 plots received the same
amount of water as the +N plots.

In April 2015, after 4 years of N addition, Mongolian
pine fine roots (≤ 2mm in diameter) were collected from
the upper 50 cm mineral soil layer in all plots. All roots
were washed with tap water and then air-dried at room
temperature for 10 days. Fine roots are usually defined
as ≤2 mm in diameter. A study reported that lateral roots
<0.5 mm in diameter could account for 75% of the fine
root biomass and root samples <0.5 mm in diameter
were often used to determine mycorrhizal colonization
(Pregitzer et al. 2002). Therefore, in this study, fine roots
were operationally classified into <0.5 mm (small fine
root, SFR) and 0.5–2 mm (large fine root, LFR) diam-
eter classes. According to a study conducted in northeast
China (Guo et al. 2008), fine roots <0.5 mm in diameter
for Mongolian pine consist of first- to third-order roots,
and fine roots of 0.5–2mm in diameter consist of fourth-
and fifth-order roots. Meanwhile, they found that first-
and second-order roots as well as a portion of third-order
roots lack secondary (wood) development, thus mainly
representing absorptive roots, while fourth- and fifth-
order roots have secondary xylem developed within the
stele without mycorrhizal colonization, thus primarily
serving functions such as transport, anchorage, and
storage.

Living fine roots were used in our decomposition
experiment because there is currently no perfect method
to collect sufficient dead roots that naturally died, de-
spite the fact that physiological and chemical character-
istics of living roots may differ from those that naturally
died (Eissenstat and Volder 2005; Resendes et al. 2008;
Sun et al. 2016). Fine roots of the small and large
diameter classes derived from the N0 and +N treatments
are referred to as N0-SFR, N0-LFR, +N-SFR and +N-
LFR, respectively. The air-dried fine roots from each
plot were divided into two sub-samples. One sub-
sample was used for analyzing water content (oven
dried at 65 °C for 48 h) and chemical properties (C, N,
P, and lignin concentrations). The other sub-sample was
cut into pieces (about 1 cm in length) and was used for
decomposition experiment.

After finishing the preparation of fine roots, we ini-
tiated the decomposition experiment of fine roots in a
reciprocal replant–transplant design. In total, there were
four types of fine roots (N0-SFR, N0-LFR, +N-SFR,
+N-LFR). Air-dried roots (5 g) of each type were placed
in litterbags (10 cm × 10 cm) made of a nylon meshwith
100-μm opening size. Litterbags were buried 15 cm
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beneath the soil surface in the eight plots in April of
2015. Thus, there were 48 litterbags (4 types of fine
roots × 4 replicate samples × 3 sampling times) in each
plot, with a total of 384 litterbags set up in this study.
The litterbags were harvested in late July and October of
2015, and in October of 2016. Retrieved root samples
were weighed after cleaning off soil and other debris and
dried at 65 °C for 48 h.

Although it is common to assess decomposition of
fine roots by removing roots from the soil, air drying,
and returning samples to the soil after being confined
in litterbags, this is not the case that roots decompose
in situ (Dornbush et al. 2002) and the litterbag meth-
od does not provide the actual rate of root decompo-
sition (Li et al. 2015). The decay rates in our study
were relative rates and were used to assess treatment
effects.

To better understand the effects of exogenous and
endogenous N on fine root decomposition, we divided
the decomposition experiment into three components:
(1) Litterbags with N0-root were incubated in the N0
and +N plots. This allows us to examine the direct effect
of N addition on fine root decomposition (i.e., exoge-
nous N effect due to altered soil properties by N addi-
tion). (2) Litterbags with N0-root and +N-root were
incubated in the N0 plots. This allows us to quantify
the indirect effect of N addition on fine root decompo-
sition (i.e., endogenous N effect due to altered litter
chemistry by N addition). (3) Litterbags with N0-root
were incubated in the N0 plots and those with +N-root
were incubated in the +N plots. This allows us to ascer-
tain the coupled direct and indirect effects of N addition
on fine root decomposition (i.e., overall effect of N
addition).

To characterize the soil environment of fine root
decomposition, 30 surface (0–10 cm) mineral soil sam-
ples were collected from each plot using a soil corer
(2.5 cm in diameter) in June 2015. The samples from
each plot were mixed to form a composite sample. Soil
samples were sieved with a 2-mm mesh and then air-
dried for the further determination of soil pH, soil total
C, total N, and total P. In October 2015, 5 years after the
initiation of N addition, Mongolian pine fine root den-
sity was determined by collecting soil samples using a
soil corer (6 cm in diameter) from the top 60 cm of the
soil in all eight plots. Eight cores were randomly col-
lected from each plot. Roots were washed with tap
water, dried at 65 °C for 48 h and then weighed
(Powers et al. 2005).

Chemical analysis of soil and fine roots

For chemical analyses, the oven-dried fine roots were
ground to a fine powder using a ball mill (GT200,
Beijing Grinder Instrument Co., Ltd., China). Ash con-
tent in each root sample was determined by combusting
a 0.5 g subsample in a muffle furnace at 550 °C for 4 h.
Total organic C (TOC) concentration in soil and fine
root samples was determined using the K2Cr2O7–
H2SO4 wet oxidation method (Nelson and Sommers
1996). After digesting with H2SO4, total N (TN) and P
concentrations in soil and fine root samples were deter-
mined with a continuous-flow auto-analyzer
(AutoAnalyzer III, Bran+Luebbe GmbH, Germany).
Soil pH was measured with a pH meter (PHS-3C,
Leici, China) in a 1:2 mixture (w:w) of soil and water.

Lignin concentration in fine root samples was ana-
lyzed using a modified acetyl bromide method
(Morrison 1972a, b). Briefly, litter sample (6 mg) was
placed into a 25 mL test tube with a solution of 25%
acetyl bromide (AcBr) in acetic acid (5 mL) and 0.2 mL
HClO4 (70%). The graduated tubes were incubated at
70 °C in a water bath for 30 min, and then 10 mL
2 mol L−1 NaOH was added. Finally, acetic acid was
added to the 25 mL mark on the graduated tube. The
acetic acid solution was then measured by UV spectro-
photometry at 280 nm to determine the concentration of
lignin, which was calculated as follows:

%lignin ¼ Abs� V= W sample � Astandard

� �� 100

where Abs is the sample solution lignin absorbance at
280 nm, V is the constant volume of sample solution
(25 mL), Wsample is the sample weight (6 mg), and
Astandard is the specific absorbance coefficient (SAC)
value employed for estimating lignin concentration
(20 L g−1 cm−1) (Iiyama and Wallis 1990).

Data analysis

The percent remaining (R) of mass, lignin and nutrient
elements (N and P) of root litter for each incubation
period (Xi) was determined and compared to the initial
values (X0) using the formula: %R = (Xi/X0) × 100. The
mass remaining, as a proportion of the initial mass, was
plotted against time, using a single-exponent decompo-
sition model, X = e–kt (Olson 1963), where X is the
fraction of mass remaining at time t (yr.), and k (yr.−1)
is the decomposition constant. The relationship between
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lignin remaining and mass remaining was analyzed
using linear regression. Fine root biomass (g m−2) was
calculated by: ρ =M/S × 10, where M (mg) is the total
mass of fine roots in the soil corer to a depth of 60 cm,
and S (cm2) is the area of the soil corer. Data on mass
remaining and decomposition rate of litter were present-
ed on ash-free mass basis.

Repeated measures ANOVA (N addition and root
type as main effects and time as a within subject factor)
was used to test the remaining of mass, lignin and
elements (N, P) among the different N addition treat-
ments and root diameters. WhenMauchly’s test of sphe-
ricity was not passed (the variances were not equal), the
data was adjusted by the Greenhouse-Geisser method
(Tu et al. 2015). To investigate N addition and root
diameter effects on fine root decomposition over 2 years,
k value, mass remaining, lignin remaining and elements
(N, P) remaining were compared among root diameter
classes and N addition treatments using a two-way
ANOVA. One-way ANOVAwas used to test the differ-
ences of the initial chemical parameters among different
root types. Correlation analysis was used to determine
the relationship between the initial fine root chemistry
and k value and mean value of N remaining during the
whole decomposition period. A Fisher’s LSD test was
used to test for significant differences among treatments
with respect to root biomass, soil pH, soil TOC, soil TN,
and soil C/N ratio. All statistical analyses were conduct-
ed using SPSS 18.0 (SPSS Inc. Chicago, USA). All
statistical analyses were set at α = 0.05.

Results

Effects of N addition on root chemistry

Initial chemical traits of fine root litter were affected by
N addition (Table 1). Nitrogen addition significantly
increased fine root N concentrations by 16.3% in SFR
and 14.7% in LFR, but reduced P concentrations by
25.5% in SFR and 44.0% in LFR. Nitrogen addition
decreased fine root C:N ratio by 14.5% in SFR and
19.1% in LFR. Nitrogen addition had no effect on C
and lignin concentrations in SFR but decreased them by
7.6% and 11.9% in LFR, respectively. Compared with
SFR, LFR had significantly lower N but higher C, lignin
concentration and C:N ratio (Table 1) under no N
addition.

Mass remaining and decomposition constant k value
of root litter

Fine roots lost 38.7–53.6% of their initial mass after
2 years of incubation. The SFR collected from the +N
plots had significantly lower k-values (0.245 yr.−1)
than that collected from the N0 plots (0.274 yr.−1)
(Table 2). After 2 years of incubation, exogenous N
had no impact on the mass remaining of SFR (Table 2,
Fig. 1a), but endogenous N reduced the decomposi-
tion of SFR (p < 0.05) (Table 2, Fig. 1c), with no
overall effect of N addition on the decomposition of
SFR (Table 2, Fig. 1e).

The LFR collected from the +N plots had signifi-
cantly higher k-values (0.320–0.397 yr.−1) than that
collected from the N0 plots (0.315 yr.−1) (Table 2).
Exogenous N had no influence on the decomposition
of LFR (Fig. 1b). Endogenous N inhibited the decom-
position of LFR in the first year, but accelerated it
after 2 years of incubation (Fig. 1d). Nitrogen addi-
tion showed a decreased overall effect on the decom-
position rate of LFR in the first year but had no effect
on it after 2 years of incubation (Table 2, Fig. 1f). The
LFR had significantly higher k-values (0.315–
0.397 yr.−1) than SFR (0.245–0.274 yr.−1) regardless
of N addition (p < 0.05, Table 2).

Dynamics of lignin and C remaining during root
decomposition

The dynamics of lignin remaining in the decomposing
root litter was similar to that of mass remaining. For
SFR, exogenous N increased lignin decomposition at
half a year and then inhibited it (Fig. 2a). Endogenous N
increased lignin decomposition in the first year and had
no effect on the lignin decomposition rate in SFR after
2 years (Fig. 2c and e; Fig. S1). Similarly, N addition
showed a stimulated overall effect on lignin decompo-
sition in SFR in the first year but no such effect after
2 years. For LFR, N addition decreased lignin decom-
position rate in the first year (Fig. 2b, d and f). After
2 years of incubation, endogenous N significantly in-
creased LFR lignin decomposition but exogenous N had
no influence on LFR lignin decomposition, with no
overall effect of N addition on LFR lignin decomposi-
tion (Fig. S1).

Residual C in all treatments decreased with time,
similar to the patterns of mass remaining (Fig. 3). For
SFR, N addition increased C decomposition rate in the
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first 6 months of incubation (Fig. 3a, c and e). After
2 years of incubation, N addition had no influence on C
decomposition of SFR (Fig. S1). For LFR, exogenous N
had no influence on C decomposition (Fig. 3b). Endog-
enous N inhibited C decomposition rate in LFR in the
first year of incubation and then had a similar decom-
position rate to LFR collected from the N0-plots after
2 years of incubation (Fig. 3d). An inhibited overall
effect of N addition on C decomposition in LFR was
found through the 2 years of incubation (Fig. 3f). The
LFR had a faster C decomposition rate (53%–58%) than
the SFR (46%–51%) after 2 years of incubation (Fig.
S1).

Dynamics of N and P remaining during root
decomposition

Total N and P remaining exhibited different temporal
patterns for different root diameter groups. Two distinct
patterns were observed. First, the N remaining had
similar temporal patterns in all treatments (Fig. 4). En-
dogenous and exogenous N inhibited N release (herein-
after representing a net process of uptake and release)
from litter throughout the two-year study. The N release
rate from LFRwas 2–3 times higher than that from SFR.
For SFR, exogenous N had no effect on N release (Fig.
4a). Endogenous N decreased the N release rate (14.5%)
in SFR as compared with the control (17.5%) (Fig. 4c).
Similarly, a decreased overall effect of N addition on N
release rate was observed (12.7%, Fig. 4e). For LFR, the
N release pattern was characterized by a rapid decrease
followed by a gradual decrease (Fig. 4b, d and f), with
more than 40% of the N released during the first
6 months of incubation. Subsequently, the N release rate
slowed down throughout the rest of the decomposition
period. Exogenous N decreased the N release rate
(42.6%) as compared to the control (49.4%) (Fig. 4b).

Similarly, a decreased overall effect of N addition on the
N release rate (44.0%) was observed (Fig. 4f). Endoge-
nous N had no influence on N release from LFR (Fig.
4d).

Second, P remaining in fine roots decreased rapidly
in the first year of incubation, and then decreased slowly
(Fig. 5). All the N addition treatments increased the P
release rate of SFR (by 23.0–33.7%) (Fig. 5a, c and e).
Exogenous N had no influence on P release of LFR
through the 2 years of incubation (Fig. 5b). Endogenous
N decreased the P release of LFR (by 23.5%) (Fig. 5d).
A decreased overall effect of N addition on the P release
of LFR (by 13.2%)was observed (Fig. 5f). The LFR had
a faster P release rate (60.0–73.5%) as compared to the
SFR (47.5–63.5%) (Fig. S1).

Root biomass and soil properties under N addition

Five years of N addition slightly increased fine root
biomass by 5.2% (Fig. S2A, p > 0.05) but significantly
decreased soil pH (Fig. S2B). Nitrogen addition signif-
icantly increased soil TOC and TN concentration (Fig.
S2C, D, p < 0.05), but had no effect on soil total P
concentrations and C:N ratio (Fig. S2E, F).

Discussion

Effects of N addition on decomposition of fine root
of different diameter classes

During the two-year decomposition study, increased
soil N availability (direct effect) and altered initial
chemistry induced by N addition (indirect effect)
inhibited SFR but increased LFR decomposition.
For SFR, N addition stimulated its decomposition
rate in the early stage, but ultimately lowered its

Table 1 Initial chemistry of fine roots with different diameter classes collected from aMongolian pine plantation after 4 years of N addition

Root type C (mg g−1) N (mg g−1) P (mg g−1) Lignin (mg g−1) C:N ratio

N0-SFR 420 ± 14Ab 9.2 ± 0.1Ba 1.063 ± 0.006Aa 272 ± 3Ab 45.6 ± 1.2Ab

N0-LFR 527 ± 5Aa 7.5 ± 0.0Bb 1.062 ± 0.002Aa 303 ± 6Aa 70.0 ± 0.8Aa

+N-SFR 417 ± 2Ab 10.7 ± 0.3Aa 0.792 ± 0.008Bb 271 ± 8Aa 39.0 ± 0.1Bb

+N-LFR 487 ± 3Ba 8.6 ± 0.2Ab 0.595 ± 0.004Bb 267 ± 9Ba 56.6 ± 0.3Ba

Values are expressed as means ± SE. Different uppercase letters in columns indicate significant differences between N addition treatments
within same root diameter classes, and different lowercase letters indicate significant differences between fine root diameter classes under
same N treatments. N0, no N added; +N, addition of 10 g N m-2 yr.-1 ; SFR, small fine root (<0.5 mm); LFR, large fine root (0.5-2 mm)
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decomposition rate. A similar pattern was observed
in fine root decomposition in subtropical and temper-
ate forests (Berg and Matzner 1997; Yang et al. 2004;
Sun et al. 2016). For LFR, N addition inhibited its
decomposition rate in the early stage, but ultimately
increased its decomposition rate at the end of the
experiment. In our study, two evident mass loss
stages were observed (Fig. 1). In the first 6 months
of decomposition, fine root mass loss ranged from
27% to 39%, while a very slow decomposition rate
was observed in the following period. A similar root
decomposition pattern was also observed in a sub-
tropical bamboo forest (Tu et al. 2015). After 1 year
of decomposition, the lignin remaining in fine roots
was approximately 41.0–55.9% in all treatments.
Furthermore, there was a significant positive linear
relationship between lignin remaining and mass re-
maining across root types and N treatments (r = 0.62,
p < 0.001; Fig. S3), which suggests that lignin may
have played an important role in affecting the fine
root mass loss. Many previous studies have found
that N addition could inhibit lignin decomposition
(Fog 1988; Berg and Matzner 1997; Magill and
Aber 1998), and finally decrease the litter decompo-
sition rate (Carreiro et al. 2000; Hobbie 2008). Com-
pared with LFR, SFR had lower lignin concentration
in N0 plots, suggesting that N addition-induced
changes in lignin concentrations are likely to be the
main reason responsible for increased SFR decom-
position and decreased LFR decomposition in the
first year (Knorr et al. 2005).

At the same time, N addition could reduce enzyme
activities and increase the initial lignin concentration
to inhibit litter decomposition (Sinsabaugh et al.
2005, 2008; Zak et al. 2008; Sinsabaugh 2010). The
following mechanisms may be involved in the inhib-
itory effect of exogenous N on lignin decay. First, N
addition decreased soil pH and then affected the
activities of lignin peroxidase, manganese peroxidase
and laccase, which are the three most important
lignin-decaying enzymes (Janusz et al. 2013).
White-rot (Basidiomycetes) and soft-rot microorgan-
isms (Ascomycetes) are the main fungi that are relat-
ed to lignin decay. The best pH range for the produc-
tion of Basidiomycetes and Ascomycetes are 4.0–5.0
and 6.0–7.5, respectively (Sinsabaugh 2010). After
4 years of N addition, the pH of surface soil de-
creased from 6.48 (N0 plots) to 5.51 (+N plots) in
this study. Therefore, Ascomycetes might be theT
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main lignin-decaying fungi in the semi-arid ecosys-
tem. Decreased soil pH induced by N addition may
affect ligninolytic enzyme activities and then inhibit

lignin degradation (Waldrop et al. 2004; Tu et al.
2014). Indeed, many studies have found that the
inhibitory effects of high N environments on

Fig. 1 Percent mass remaining of fine root over the decomposi-
tion period. Small fine root (SFR) (a) and large fine root (LFR) (b)
were collected from the N0 plots and incubated in the N0 and +N
plots. SFR (c) and LFR (d) were collected from the N0 and +N

plots but incubated in the N0 plots. e, f In situ decomposition of
fine roots under their respective fields. Error bars are means ± SE.
Significant differences between treatments are indicated by *
p < 0.05, ** p < 0.01, *** p < 0.001

Fig. 2 Percent lignin remaining in fine roots over the decompo-
sition period. Small fine root (SFR) (a) and large fine root (LFR)
(b) were collected from the N0 plots and incubated in the N0
and +N plots. SFR (c) and LFR (d) were collected from the N0

and +N plots but incubated in the N0 plots. e, f In situ decompo-
sition of fine roots under their respective fields. Error bars are
means ± SE. Significant differences between treatments are indi-
cated by * p < 0.05, ** p < 0.01, *** p < 0.001
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Fig. 3 Percent C remaining in fine roots over the decomposition
period. Small fine root (SFR) (a) and large fine root (LFR) (b)
were collected from the N0 plots and incubated in the N0 and +N
plots. SFR (c) and LFR (d) were collected from the N0 and +N

plots but incubated in the N0 plots. e, f In situ decomposition of
fine roots under their respective fields. Error bars are means ± SE.
Significant differences between treatments are indicated by *
p < 0.05, ** p < 0.01, *** p < 0.001

Fig. 4 Percent N remaining in fine roots over the decomposition
period. Small fine root (SFR) (a) and large fine root (LFR) (b)
were collected from the N0 plots and incubated in the N0 and +N
plots. SFR (c) and LFR (d) were collected from the N0 and +N

plots but incubated in the N0 plots. e, f In situ decomposition of
fine roots under their respective fields. Error bars are means ± SE.
Significant differences between treatments are indicated by *
p < 0.05, ** p < 0.01, *** p < 0.001
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ligninolytic enzyme production are widespread (Berg
and Matzner 1997; Carreiro et al. 2000; Waldrop
et al. 2004; Tu et al. 2014, 2015). Second, exogenous
N can react with the products from lignin degradation
to form other recalcitrant compounds which are dif-
ficult to be degraded by microorganisms (Berg 1986).
Our study found that SFR had a lower lignin decom-
position rate in the late decomposition stage (year 2).
Excessive exogenous and endogenous N in fine roots
reacted with products of lignin and polyphenols deg-
radation to form polymeric substances, which are
more difficult to decompose (Berg and Matzner
1997). Therefore, N addition inhibited the decompo-
sition of SFR in the 2 years of decomposition.

Long-term N deposition could increase the con-
centrations of N in the fine roots, which could affect
fine root decomposition rate (Xia et al. 2018). In our
study, N addition decreased initial lignin and C con-
centration of LFR. N concentrations in the fine roots
in +N plots were higher than those in N0 plots
(Table 1). A similar phenomenon was also found in
a long-term N deposition experiment in the Harvard
Forest in the United States (Micks et al. 2004). After
1 year of decomposition, N addition increased LFR
decomposition due to the lower initial lignin and C
concentrations in our study.

Effects of root diameter on fine root decomposition

In our study, the decomposition rate of SFR was lower
than that of LFR, supporting our second hypothesis and
was consistent with other studies (Xiong et al. 2013; Sun
et al. 2013). Some studies found that higher concentra-
tions of the acid-unhydrolyzable fraction (AUF) in SFR
may be the main reason for its lower decomposition rate
(Sun et al. 2016). Compared with the SFR, the LFR has
higher non-structural carbohydrate concentrations
(McCormack et al. 2015; Sun et al. 2016). In the early
decomposition stage, the root mass loss was mainly
derived from the leaching and fragmentation of root
tissues (Tu et al. 2014). These easily degradable labile
C substrates may provide necessary energy for the de-
composer community, promoting the degradation of
complex C compounds in LFR. Therefore, LFR with
higher concentrations of non-structural carbohydrates
has a faster decomposition rate compared to SFR with
higher concentrations of recalcitrant compounds during
the 2 years of decomposition. Furthermore, recent stud-
ies suggest that the labile components of root litter are
the main precursor of mineral-associated organic matter
(Cotrufo et al. 2013; Haddix et al. 2016). Nevertheless,
given that the lower order fine roots (first- and second-
order roots) are the dominant contributors to root

Fig. 5 Percent P remaining in fine roots over the decomposition
period. Small fine root (SFR) (a) and large fine root (LFR) (b)
were collected from the N0 plots and incubated in the N0 and +N
plots. SFR (c) and LFR (d) were collected from the N0 and +N

plots but incubated in the N0 plots. e, f In situ decomposition of
fine roots under their respective fields. Error bars are means ± SE.
Significant differences between treatments are indicated by *
p < 0.05, ** p < 0.01, *** p < 0.001
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mortality in various tree species due to their larger
biomass and faster turnover (Pregitzer et al. 2002; Fan
and Guo 2010), SFR is the main source of stable soil
organic matter (Fan and Guo 2010; Kramer et al. 2010;
Prescott 2010).

Nitrogen release patterns

Similar to the mass loss, N released more slowly from
SFR than from LFR. Nitrogen release occurred mainly
in LFR during the 2 years of decomposition, in contrast
with other studies (Goebel et al. 2011; Sun et al. 2013).
There was a significantly negative correlation between
N remaining and initial C concentration (Table 3). The
LFR with initial C:N ratios >50 generally released N
consistently (Fig. 3). For SFR, there are three phases of
N dynamics over the two-year period of decomposition
under N addition: initial leaching, immobilization and
release. One possible reason may be that exogenous N
reacted with intermediates (such as polyphenols) to
form anti-decomposing substances in fine roots, leading
to more N accumulation in SFR (Sun et al. 2013).
Another reason is that fine roots of different diameter
classes are decomposed by different microbial commu-
nities (Hobbie and Horton 2007). Additionally, our re-
sult showed that SFR has a lower rate of N release (13–
24%) during the 2 years of decomposition, which is in
agreement with some other studies (Xiong et al. 2013;
Sun et al. 2013). Parton et al. (2007) and Sun et al.
(2013) showed that the majority of root N was released
in the fourth year of decomposition. The major reason is
that a large part of N in fine roots may interact with

recalcitrant C component (i.e., AUF) and thus release of
recalcitrant N compound occurs only when these recal-
citrant C components are utilized by decomposer com-
munities (Xiong et al. 2013).

After 5 years of N addition, fine root biomass and soil
TOC in the Mongolian pine plantation increased, con-
sistent with observations in some other forest ecosys-
tems (King et al. 2002; Cleveland and Townsend 2006;
Tu et al. 2015). Fine root and aboveground litter decom-
position are main sources of soil organic carbon (Van
Groenigen et al. 2006; Xiong et al. 2013). Thus, all the
changes associated with fine root production and de-
composition rate may impact the C pool of forest soil.

Conclusions

Nitrogen addition affected the decomposition rate of
fine roots over 2 years of incubation, indirectly by
changing the chemical traits of fine roots rather than
directly through changing soil N availability. Our study
provided evidence that litter quality rather than environ-
mental factors (soil N availability), though both were
altered by N addition, is an important factor influencing
fine root decomposition rate. The lower decomposition
rate of SFR than LFR is likely linked to the higher
recalcitrant C fraction in the SFR than in the LFR. We
also conclude that increasing atmosphere N deposition
may increase soil TN and TOC. However, the effect of
N deposition on microbial composition and enzyme
activity and their linkage with fine root decomposition
in such a semi-arid area should be further studied.

Table 3 Pearson correlation coefficients (r) between initial fine
root chemistry and root decomposition constant (k-value), N re-
maining in three experiment components. Experiment component
1: Litterbags with N0-root were incubated in the N0 and +N plots.

Experiment component 2: Litterbags with N0-root and +N-root
were incubated in the N0 plots. Experiment component 3: Litter-
bags with +N-root were incubated in the +N plots and litterbags
with N0-root was incubated in the N0 plots

Fine root chemistry Experiment component 1 Experiment component 2 Experiment component 3

k-value N remaining k-value N remaining k-value N remaining

C (mg g−1) 0.95 −0.99* 0.65 −0.70* 0.90 −0.78
N (mg g−1) −0.87 0.85 −0.56 0.55 −0.81 0.57

P (mg g−1) −0.16 0.12 −0.55 0.59 −0.27 0.01

Lignin (mg g−1) 0.31 −0.47 −0.22 0.12 0.18 −0.81
C:N 0.91 −0.94 0.57 −0.60 0.85 −0.66
N:P 0.67 −0.50 0.90 −0.82 0.75 0.25

Lignin:N −0.63 0.48 −0.63 0.52 −0.65 −0.23

*p < 0.05
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