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Nitrogen addition accelerates the nitrogen cycle in a young
subtropical Cunninghamia lanceolata (Lamb.) plantation
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Abstract
& Key message The nitrogen (N) cycle is likely to accelerate under future climate change. Leaf δ15N enrichment factor is
an indicator of N status in young Cunninghamia lanceolata (Lamb.) plantation ecosystems. Given that N dynamics across
the plant-soil continuum respond more strongly to N addition during the dry season when N leaching is minimal,
fertilization during this period represents an optimal strategy for improving soil fertility.
& Context The effects of N deposition on N dynamics across the plant–soil continuum in subtropical regions are poorly
understood.
& Aims We investigated the effects of N addition on the N dynamics across the plant–soil continuum in young C. lanceolata
plantations in different seasons as well as the effects of N addition on the soil microbial community.
& Methods During the dry and wet seasons, we measured the concentrations of soil inorganic N, dissolved organic N in soil
solution, leaf and root N concentrations, and stable isotope abundances, and soil microbial community characteristics.
& Results Short-term N addition decreased the levels of inorganic N, dissolved organic N, and leaf N concentration in the dry
season; root N concentration was significantly higher in the high N and low N addition plots. Irrespective of treatment, the NH4

+/
NO3

− ratio was higher in the wet season than in the dry season. The δ15N enrichment factors of the leaf and root in our
experiments were closer to zero for all N addition treatments. Redundancy analysis revealed that the variation in the soil microbial
community had low correlation with pH.
& Conclusion Nitrogen dynamics across the plant–soil continuum respond more strongly to N addition in the dry season. High N
deposition in N-saturated subtropical forest soil may rapidly increase leaching, particularly during the wet season. Nutrients in
roots are more sensitive to changes in soil nutrient availability than those in leaves. The microbial community is primarily
regulated by nutrient availability in the soil rather than by pH.
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1 Introduction

Nitrogen (N) is considered the most important nutrient for
growth in terrestrial ecosystems globally (Liu et al. 2017a, b,
c; Wang et al. 2018a, b). Since the 1990s, human activity has
greatly increased the input of biologically reactive N on the
Earth’s land surface (Galloway et al. 2008). Drastic increases
in atmospheric N levels and subsequent deposition of N into
plant and soil often have dramatic impacts on the structure,
function, and composition of the ecosystem (Chen et al.
2015a, b; Wang et al. 2018a, b).

Most studies of N addition have focused on high-latitude
locations, where atmospheric N and biological N fixation are
relatively low (Dawes et al. 2017; Zhou et al. 2017). Less
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attention has been paid to tropical and subtropical regions,
where the availability of soil N is considered to be high
(Chen et al. 2012). Anthropogenic activities have caused no-
ticeable increases in atmospheric N deposition, which is as
high as 30–73 kg N ha−1 in precipitation annually in some
subtropical forests (Liu et al. 2013; Shi et al. 2015); this is
now a serious environmental concern. The effects of N addi-
tion on N mineralization globally have been demonstrated in
several previous studies (Mayor et al. 2014; Kou et al. 2018).
However, it is not clear how increased N addition in N-rich
regions affects the N dynamics of the plant–soil continuum
(Chen et al. 2015a, b); this limits our ability to predict the
response of global forests, especially with respect to forest
productivity, to increased N.

Seasonally, dry climates exist in many regions worldwide
(Kou et al. 2018). Specifically, subtropical monsoon climate is
characterized by significant seasonal changes in precipitation
(Xiong et al. 2018). A decrease in soil water content influ-
ences the release and mobility of N. Monsoonal rainfall may
result in severe N loss through drainage. It may therefore be
expected that N addition in different seasons affect N dynam-
ics of the plant–soil continuum in varying ways. For instance,
evidence has shown that N has a more pronounced effect on
leaf nutrients in the dry season than in the wet season (Kou
et al. 2018). Given the important role and potential differential
influences of dry season, the exploration of N dynamics of the
plant–soil continuum in both wet and dry seasons should en-
hance our understanding of the effects of N addition on the
ecosystem under future climate change scenarios.

In principle, increased N availability contributes to
plant N uptake and increases growth, resulting in en-
hanced productivity (e.g., 29% increase in above
ground; LeBauer and Treseder 2008; 35.5% increase in
below ground; Xia and Wan 2008); in addition, in-
creased N availability alters competition for N resources
between plants and microorganisms (Zhou et al. 2017;
Sbrana et al. 2018). Kuzyakov and Xu (2013) demon-
strated that competition for N between the soil microbial
community and plant roots in N-rich soils is lower than
in N-limited soils. Excessive N addition contributes to
soil acidification (Tian and Niu 2015), which may have
a suite of negative effects such as shifts from N to P
limitation (Huang et al. 2016), nitrous oxide emissions
(Zhu et al. 2013; Yu et al. 2017), and considerable
NO3

− leaching from soils (Lovett and Goodale 2011;
Huang et al. 2016). Tian et al. (2017) showed that the
plot-averaged absolute and relative growth rates of basal
area and aboveground biomass were not affected by N
addition in a Castanopsis eyrei subtropical forest.
Janssens et al. (2010) demonstrated that N addition re-
duces the distribution of plant photosynthetic products
to roots and reduces their activity (Mo et al. 2007,
2008; Li et al. 2015). Such changes in productivity

are important as they reflect the quantity and quality
of litter and soil organic matter, all of which eventually
feed back to the rate and pathways of the N cycle
(Dawes et al. 2017).

Soil microbes are sensitive to environmental conditions,
including temperature, N deposition, moisture, and vegetation
(de Vries et al. 2012; Sugihara et al. 2015; Xu et al. 2015;
Yang et al. 2015; Ma et al. 2018). Nitrogen addition is con-
sidered to enhance microbial biomass by increasing C and N
resources availability in most terrestrial ecosystems limited by
N (Zhou et al. 2017). However, it has also been reported that N
addition to potential N saturation sites may constrain the ac-
tivity of β-glucosidase, causing a decrease in microbial bio-
mass (De Forest et al. 2004; Geisseler et al. 2016; Zhou et al.
2017; Wang et al. 2018a, b). Therefore, the general trends in
the responses of the plant–soil continuum to N addition re-
main controversial.

Additional N may be allocated to the growth and develop-
ment of new tissues, resulting in no change or a reduction in N
concentration; however, increased plant N uptake may not
necessarily be reflected in higher leaf N concentration
(Chapin et al. 1995). Changes in the stable isotope abundance
of N (δ15N) may be indicative of changes in soil N availability
and the N absorption pathways of plants without requiring
measurement of the changes in N concentration (Vallano and
Sparks 2013). An increase in plant δ15N enrichment factor
(EF) (plant δ15N minus soil δ15N) is generally associated with
a relatively fast N cycle (Chen et al. 2010), defined as in-
creases in the net N inputs and losses relative to the internal
N cycle owing to weaker microbial N fixation. In the case of
soil N deficiency, plants rely more on mycorrhizal absorption
of 15N-depleted organic matter. With the acceleration of soil N
cycle and the improvement of soil N availability, the plant
absorbs higher amounts of 15N-rich inorganic N, thus increas-
ing plant δ15N (Takebayashi et al. 2010; Hobbie and Högberg
2012). Leaf and soil δ15N values show strong latitudinal gra-
dients, which are enhanced by the increased loss of the isoto-
pically light form of N and more rapid microbial processing at
lower latitudes (Mayor et al. 2014). A study by Vallano and
Sparks (2013) suggested that, in temperate forest ecosystems,
the leaf δ15N of several dominant species is affected by leaf N
uptake, soil N, and mycorrhizae along an N deposition gradi-
ent. However, evidence in support of the use of plant, soil, or
ecosystem δ15N values as indicators of a changing N cycle in
subtropical forests remains scarce.

Leaf stable isotope abundance of C (δ13C) is associated
with the ratio of photosynthetic rate to stomatal conductance
for water vapor (Farquhar et al. 1982; Bose et al. 2018), which
can reveal the environment in which biomass was produced
and be used to infer the intrinsic water utilization efficiency
(iWUE). Generally, with rising atmospheric CO2 concentra-
tion, plants experience a similar diffusion of CO2 into the leaf
with relatively small stomatal (Huang et al. 2016). This
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phenomenon occurs regardless of nutrient limitation, as long
as such limitation does not completely inhibit photosynthesis
(De Kauwe et al. 2013). Increased N deposition has been
reported to have a positive effect on iWUE by increasing the
leaf N concentration and photosynthetic capacity in N-poor
ecosystems (Guerrieri et al. 2011). However, several studies
report that excessive N exerts adverse effects on plant growth
and leaf C gain (Magill et al. 2000; Janssens et al. 2010),
which suggests that iWUE has rarely been applied to experi-
mental N addition studies in N-rich ecosystems.

Cunninghamia lanceolata (Lamb.) is widely planted in the
subtropical region of southern China, and covers 9.11 million
ha, accounting for approximately 18 and 5% of the total area
of all forest plantations in China and globally, respectively
(Huang et al. 2013; Lu et al. 2014; Lin et al. 2017).
C. lanceolata serves as a good experimental subject for the
purposes of this study and is additionally a tree of economic
importance. We investigated the effects of N addition on N
dynamics across the plant–soil continuum in this N-rich eco-
system. Specifically, we measured the concentrations of soil
inorganic N, dissolved organic N (DON) in soil solution, and
N concentrations in leaf and root, and stable isotope abun-
dance, as well as the soil microbial community characteristics
during the dry and wet seasons. We hypothesized that (i) the
effect of N addition on N dynamics in the plant–soil continu-
um is stronger in the dry season than in the wet season owing
to large N loss under heavy rain condition; (ii) N addition
enriches the plant δ15N value, and this signal is evident in
the plant EF.

2 Materials and methods

2.1 Site description and experimental design

The study was conducted at the Fujian Normal
University’s Forest Ecosystem and Global Change
Research Station (26° 19′ N, 117° 36′ E; 300 m above
sea level) in Chenda Town, Sanming City, in the Fujian
Province of China. The study site was located in a
subtropical zone with a subtropical monsoon climate
and an annual mean temperature of 19.1 °C and precip-
itation of 1749 mm. Nearly 80% of yearly precipitation
falls in the hot-humid wet/rainy season (April–
September), and 20% falls in dry season (October–
March) (Deng et al. 2010). The soil is classified as
red soil under the Chinese soil classification system,
which is equivalent to Oxisol in the United States
Department of Agriculture Soil Taxonomy (State Soil
Survey Service of China 1998; Soil Survey Staff
2014). Table 1 presents the soil characteristics.

In 2013, fifteen 2 m × 2 m plots were established in the
same flat area that was not significantly affected by the

hydrological condition in neighboring forests. The plots were
separated with PVC boards inserting into the soil at a depth of
70 cm. Four seedlings were randomly transplanted into each
plot. In total, 60 healthy, uniformC. lanceolata seedlings were
selected based on plant basal diameter, height, and fresh
weight in November 2013. Average N deposition from pre-
cipitation in the Sanming region was 36.3 kg N ha−1 year−1

(Zhang et al. 2013). A completely random block design was
used, with three treatments, each with five replications: (1)
control (CT, 0 kg N ha−1 year−1); (2) low N addition (LN,
40 kg N ha−1 year−1); and (3) high N addition (HN, 80 kg
N ha−1 year−1). We added N as ammonium nitrate (NH4NO3),
with N addition being initiated in March 2014. Annually,
NH4NO3 was divided into 12 doses and applied to the
C. lanceolata plantation in each month at regular intervals.
The CT plots were also treated with the same volume of de-
ionized water without NH4NO3 (Liu et al. 2017a, b, c; Zhang
et al. 2017).

2.2 Soil inorganic N and DON

In October 2015 (dry season) and April 2016 (wet sea-
son), five soil cores (10-cm deep, 5-cm diameter) were
randomly collected from each plot. All visible roots and
debris were removed before homogenizing the soil frac-
tion of each sample. Half of the samples were stored at
4 °C until analysis for physicochemical properties. The
remaining samples were stored at − 20 °C prior to mi-
crobial analysis.

Soil samples were dried for 24 h at 105 °C to determine
gravimetric moisture. Soil pH was determined with a pH glass
electrode (soil:water = 1:2.5). Soil NH4

+ and NO3
− were ex-

tracted from 5 g fresh soil with 2 M KCl (soil:extract = 1:4)
(Allen 1989) and analyzed using a flow-injection autoanalyzer
(Skalar San++, Breda, Netherlands). The soil solution was
collected using the negative pressure method (Xu et al.
2010). Total dissolved N (TDN) and inorganic N in soil solu-
tion were analyzed using a flow-injection autoanalyzer.
Dissolved organic N (DON) in the soil solution was equal to
the difference between DTN and inorganic N.

Table 1 Chemical properties of the soil sampled in October 2015

Index HN LN CT

Soil total C (g kg−1) 12.04 ± 0.31a 11.64 ± 0.25a 12.58 ± 0.41a

Soil total N (g kg−1) 1.35 ± 0.04a 1.30 ± 0.02a 1.38 ± 0.09a

Soil total P (g kg−1) 0.25 ± 0.01a 0.24 ± 0.01a 0.21 ± 0.01b

Soil C/N 8.94 ± 0.30a 8.96 ± 0.22a 9.23 ± 0.47a

Soil C/P 48.05 ± 1.61b 49.02 ± 1.97b 59.82 ± 1.91a

Soil N/P 5.40 ± 0.24b 5.47 ± 0.19ab 6.56 ± 0.42a

Value is the means of five replicates ± standard error. Different lowercase
letters in the same row indicate a significant difference (p < 0.05)
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2.3 Soil microbes

Soil microbial biomass carbon (MBC) and N (MBN) were
extracted with 0.5 M potassium sulfate, with and without
chloroform fumigation. The amounts of MBC were deter-
mined using a TOC-VCPH/CPN analyzer (Elementar
Analysensysteme GmbH, Germany). MBN extract solutions
were analyzed using a flow-injection autoanalyzer (Skalar
San++, Breda, Netherlands). MBC and MBN were calculated
as the difference in extractable C and N, with and without
chloroform fumigation, using kC and kN factors of 0.45 and
0.54, respectively (Vance et al. 1987).

We used a phospholipid fatty acid (PLFA) analysis to
characterize the soil microbial community, as previously
described (Li et al. 2018). In short, 10 g freeze-dried
soil was shaken with a solvent consisting of a 1:2:0.8
mixture of chloroform, methanol, and phosphate buffer
(pH 7.4) for 2 h. Then, the supernatant was obtained
following centrifugation at 3500×g for 10 min. The re-
maining soil was subjected to extraction again using the
same method; these two supernatants were combined
and then evaporated under N2 to 1 mL. Then, neutral
glycolipids, glycolipids, and polar lipids were separated
from the silicon hydroxide column by elution with chlo-
roform, acetone, and methanol, respectively. Polar lipids
were methylated using 0.2 M methanolic KOH to form
fatty acid methyl esters. The results for PLFA analysis
were determined using a gas chromatography system
(Hewlett Packard 5890 GC, Agilent, USA) fitted with
the MIDI Sherlock Microbial Identification System
(MIDI Inc., Newark, DE). More than 70 PLFAs were
identified, ranging from C10 to C24; however, only 23
PLFAs were common to all samples. Of these, the
PLFAs 18:1ω9 and 18:2ω6, nine were considered fun-
gal markers (Swallow et al. 2009). PLFAs identified as
being derived from gram-positive bacteria (GP) included
i14:0, i15:0, a15:0, i16:0, i17:0, and a17:0, whereas
those identified as being derived from gram-negative
bacteria (GN) included 16:1ω7, 16:1ω9, 18:1ω5,
18:1ω7, cy17:0, and cy19:0. The sum of PLFAs from
GP and GN bacteria was used to represent total bacte-
ria, and those of 10Me16:0, 10Me17:0, and 10Me18:0
were used to represent actinomycetes (ACT) (Frostegård
et al. 2011).

2.4 Soil N mineralization experiment

We conducted a net-N mineralization experiment using
the in situ closed-top core incubation method (Binkley
and Hart 1989). On 1 October 2015, near the center of
each plot, we randomly inserted two closed-top PVC
tubes of length 15 cm and diameter 4 cm, into the soils.
On the same day, we removed one tube carefully and

transferred it to the laboratory to analyze soil inorganic
N (NH4

+ + NO3
−). On 27 October 2015, we removed

the remaining tube and transferred it to the laboratory to
analyze soil available N. The N mineralization rate was
calculated as follows:

N mineralization rate

¼ Mineral Nlate−Mineral Nearly

� �
=day ð1Þ

where Mineral Nlate is the inorganic N concentration
analyzed on 27 October and Mineral Nearly is the inor-
ganic N concentration analyzed on 1 October.

2.5 Plant N concentration and stable isotope
abundance

In both seasons, we collected current-year leaves that
were fully expanded and located at the top of the
branches. For fine root (< 2 mm) sampling, five soil
cores were randomly collected from each plot using a
5-cm soil core in each plot. Large roots (> 2 mm) were
carefully removed from the soil samples using forceps
and Vernier calipers; then, the soil was wet sieved
through a 0.149-mm-mesh sieve. The sieved soil sam-
ples were suspended in deionized water and stirred con-
tinuously to float the fine roots to the water surface for
collection (Xiong et al. 2018). The leaves and roots
were oven dried at 65 °C and then weighed to the
nearest 0.01 g using a digital balance. Dried leaves
and roots were powdered using a mortar and pestle
and passed through a 0.149-mm sieve before measuring
the N concentration and δ15N value. The total N con-
centration of the leaves and roots were measured in a
single analysis using a CN autoanalyzer (Vario Max
CN, Germany). Stable isotope abundance analyses for
C and N were performed at the Stable Isotope Mass
Spectrometry Laboratory at Fujian Normal University
using an isotope ratio mass spectrometer (IR-MS)
(MAT253, Thermo Scientific, Mdash, USA).

δ13C ‰ð Þ ¼ Rsample−Rstandard

� �
=Rstandard � 1000 ð2Þ

where R is the ratio of 13C/12C, Rsample is the value of
sample, and Rstandard is the value of standard material.
The changes in C isotopic discrimination (△) were de-
termined based on plant δ13C data, using the following
formula:

△ ¼ δ13Cair−δ13Cplant

� �
= 1þ δ13Cplant=1000
� � ð3Þ

where δ13Cair and δ13Cplant are the isotopic values of the
air and plant CO2, respectively. Antarctic ice core data
was used to obtain data for annual δ13Cair (McCarroll
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and Loader 2004). Both intercellular CO2 concentration
(Ci) and ambient CO2 concentration (Ca) are associated
with △; this relationship has been described by Farquhar
et al. (1982) as follows:

△ ¼ aþ b−að Þ Ci=Cað Þ ð4Þ
where a is the fractionation from diffusion through sto-
mata (= 4.4‰), and b is the fractionation from carbox-
ylation by ribulose-1,5-bisphosphate carboxylase/
oxygenase (= 27‰). We used the Ci/Ca data to calculate
changes in plant iWUE:

iWUE ¼ A=g ¼ Ca−Cið Þ=1:6 ð5Þ
where 1.6 is the ratio of gaseous diffusivity of CO2 to
water vapor (Ehleringer and Cerling 1995). The Ca val-
ue was obtained from Mauna Loa, Hawaii (http://www.
esrl.noaa.gov/gmd/ccgg/trends/).

δ15N ‰ð Þ ¼ Rsample−Rstandard

� �
=Rstandard � 1000 ð6Þ

where R is the ratio of 15N/14N, Rsample is the value of
sample, and Rstandard is the value of standard material.

The plant (leaf or root) δ15N enrichment factor (EF) was
calculated as follows:

EF ¼ δ15Nplant−δ15Nsoil ð7Þ

where δ15Nplant is the δ
15N of the leaf or root, and δ15Nsoil is

the δ15N of the soil (Garten and Miegroet 1994; Takebayashi
et al. 2010).

2.6 Statistical analysis

All statistical analyses were performed using Origin 9.0,
SPSS 20.0, and Canoco 5.0 software. For the N miner-
alization rate, which was measured only once, differ-
ences were examined using one-way analyses of vari-
ance (ANOVA). For plant and soil variables, which
were measured repeatedly (plant N concentration, plant
iWUE, plant EF, soil NH4

+, NO3
−, DON in soil solu-

tion, pH, MBC, MBN, fungi, bacteria, ACT, GP, and
GN), we used linear mixed-effects models fitted with
restricted maximum likelihood (REML) to assess the
effects of N addition treatment, season, and their inter-
action on plant and soil variables. Fixed-effects signifi-
cance was set at p < 0.05. Plot was treated as a random
factor. Treatment and all two- and three-way interactions
with season were considered additional fixed effects.
Significant differences between treatments during the
same season for plant and soil variables (plant N con-
centration, plant iWUE, plant EF, soil NH4

+, NO3
−,

DON in soil solution, pH, MBC, MBN, fungi, bacteria,
ACT, GP, and GN) were tested using the multiple

comparison post hoc method. For all statistical analyses,
to satisfy the assumptions of normality and homogeneity
of residual error, logarithmic transformation response
variables were used when necessary. Redundancy anal-
ysis (RDA), which was performed using Canoco 5.0,
was used to test the effects of treatment on the soil
microbial community (MBC, MBN, fungi, bacteria,
ACT, GP, and GN) and environmental variables (soil
NH4

+, NO3
−, inorganic N, DON in soil solution, and

pH).

3 Results

3.1 Inorganic N in soil extracts

For all treatments, season had a significant effect on soil inor-
ganic N concentration (p = 0.02), with slightly higher value in
the wet season than in the dry season. Soil inorganic N was the
highest in CT treatment and the lowest in LN treatment re-
gardless of season (treatment × season interaction, p = 0.66)
(Fig. 1a, b; Table 2). During the dry season, the soil in N
addition plots had a marginally significantly greater concen-
tration of NH4

+ than that in CT plots (+ 55.1 and 57.1% in the
LN and HN, respectively) (p < 0.05) (Fig. 1a). Soil NO3

− con-
centration was significantly lower, by 51.5 and 41.7%, in LN
and HN treatments, respectively, than in CT treatment
(p < 0.05) (Fig. 1a). Therefore, the NH4

+/NO3
− ratio was sig-

nificantly higher under the LN and HN treatments (+ 215.5
and 163.3%, respectively) (p < 0.05) (Fig. 1c). During the wet
season, soil NH4

+ concentrations did not differ among N ad-
dition treatments (p > 0.05) (Fig. 1b). Moreover, the treatment
× season interactive effect on soil NH4

+ concentration was not
significant (p = 0.07) (Table 2). The NH4

+/NO3
− ratio was

significantly higher, by 97.0%, under the HN treatment
(p < 0.05) and lower, by 2.2%, under the LN treatment
(p > 0.05) than under the CT treatment (Fig. 1d). Consistent
with the previous data, irrespective of treatment, the ratio of
NH4

+/NO3
−was significantly higher in the wet season (4.42 ±

0.53, mean ± standard error) than in the dry season (1.12 ±
0.13, mean ± standard error; p = 0.01) (Fig. 1c, d; Table 2).

The N mineralization rate was significantly higher, by
266 and 336%, with increased N addition under LN and
HN treatments, respectively, than that under CT treatment
(p < 0.05). However, there was no difference in the N min-
eralization rates between the LN and HN treatments
(p > 0.05) (Fig. 2).

3.2 DON in solutions

Season had a significant effect on the DON of the soil solution
(p < 0.01) (Table 2). DON concentration was higher in the dry
season than in the wet season, irrespective of treatment.
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During the dry season, plots with LN (p < 0.05) and HN
(p > 0.05) addition had lower DON concentration than

plots with CT. In contrast, during the wet season, LN
treatment (p < 0.05), but no HN treatment (p > 0.05),
significantly increased DON concentration compared
with that under CT treatment. In general, DON concen-
tration varied significantly with the treatment × season
interaction (p = 0.01) (Fig. 3; Table 2).

a c

db

Fig. 1 KCl-extractable soil inorganic N (hollow bars, NH4
+; solid bars,

NO3
−) concentration and the NH4

+/NO3
− ratio of Cunninghamia

lanceolata, measured in the dry and wet seasons (a soil inorganic N in
the dry season; b soil inorganic N in the wet season; cNH4

+/NO3
− ratio in

the dry season; d NH4
+/NO3

− ratio in the wet season). Values are the
means of five replicates ± standard error. Bars with different letters are
significantly different from each other in the same season (p < 0.05)

Table 2 Summary of results of linear mixed-effects models fitted with
restricted maximum likelihood (REML) to assess the effects of N addition
and seasonal variations for each value (n = 5 for averages)

Index N addition Season N addition × season

F p F p F p

Leaf N 2.56 0.12 113.98 < 0.01** 7.44 < 0.01**

Root N 1.36 0.29 7.14 0.02* 3.78 0.05

Leaf EF 13.81 < 0.01** 38.83 < 0.01** 0.53 0.60

Root EF 6.74 0.01* 3.47 0.09 0.67 0.53

Leaf iWUE 0.31 0.74 9.30 0.01* 0.46 0.64

Root iWUE 3.02 0.08 11.25 < 0.01** 1.68 0.22

Soil NH4
+ 2.20 0.15 56.18 < 0.01** 4.18 0.04

Soil NO3
− 61.57 < 0.01** 267.93 < 0.01** 35.00 < 0.01**

DON 3.42 0.06 38.43 < 0.01** 7.37 < 0.01**

pH 0.41 0.67 97.54 < 0.01** 3.19 0.08

MBC 4.80 0.03* 17.15 < 0.01** 12.23 < 0.01**

MBN 33.75 < 0.01** 161.13 < 0.01** 63.17 < 0.01**

Fungi 15.58 < 0.01** 16.37 < 0.01** 18.93 < 0.01**

Bacteria 17.98 < 0.01** 197.52 < 0.01** 18.14 < 0.01**

GP 39.25 < 0.01** 196.12 < 0.01** 24.44 < 0.01**

GN 12.59 < 0.01** 126.34 < 0.01** 13.52 < 0.01**

ACT 32.46 < 0.01** 316.04 < 0.01** 22.01 < 0.01**

*p < 0.05; **p < 0.01

Fig. 2 Effects of N addition on the soil N mineralization rate. Values are
the means of five replicates ± standard error. Bars with different letters are
significantly different from each other (p < 0.05)
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3.3 Plant N concentration and stable isotope
abundance

Nitrogen concentration ranged from 7.36 to 13.13 g kg−1 for
leaf and from 4.36 to 6.85 g kg−1 for root (Fig. 4) and varied
significantly between seasons, with a higher value observed in
the dry season than in the wet season (leaf, p < 0.01; root, p =
0.02) (Table 2). A significant treatment effect was noted on
leaf and root N concentrations of C. lanceolata only in the dry
season (Fig. 4). Leaf N concentration was lower for the LN

and HN treatments than for the CT treatment; this difference
was present largely in LN plots (p < 0.05) (Fig. 4a). In con-
trast, root N concentration was significantly higher under LN
and HN treatments than under CT treatment (p < 0.05) (Fig.
4c). The interaction of treatment and season significantly af-
fected leaf N concentration (p = 0.01), whereas the interactive
effect of treatment × season on root N concentration was not
significant (p = 0.05) (Table 2).

A significant effect of season was noted for EF in
C. lanceolata leaf (p < 0.01); however, there was no

a c

db

Fig. 4 Effects of N addition on leaf N and root N concentrations of
Cunninghamia lanceolata during the dry and wet seasons (a leaf N
concentration in the dry season; b leaf N concentration in the wet
season; c root N concentration in the dry season; d root N concentration

in the wet season). Values are themeans of five replicates ± standard error.
Bars with different lowercase letters are significantly different from each
other in the same season (p < 0.05)

a b

Fig. 3 Effects of N addition on the dissolved organic N (DON) of soil solution during the dry and wet seasons (a DON in dry season; b DON in dry
season). Values are the means of five replicates ± standard error. Bars with different letters are significantly different from each other (p < 0.05)
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difference between root EF values in the dry and wet
seasons (p = 0.09) (Table 2). C. lanceolata leaf and root
EF values were significantly higher in HN plots than in
CT plots (p < 0.05) (Fig. 5). However, interactive effects
of N addition treatment and season were not observed
for C. lanceolata leaf and root EF values (leaf, p = 0.60;
root, p = 0.53) (Table 2). For leaf and root iWUE, only
season had a significant effect, with higher values in the
dry season than in the wet season, by 10.6 and 10.2%,
respectively (leaf, p = 0.10; root, p < 0.01) (Fig. 6;
Table 2).

3.4 Soil microbes

For all treatments, microbial biomass C (MBC) and N
(MBN) were lower in the dry season than in the wet
season (Table 3). In contrast, soil GP, GN, ACT, bacte-
rial and fungal abundance showed increases in the dry
season compared with their values in the wet season
(GP, p < 0.01; GN, p < 0.01; ACT, p < 0.01; bacterial
abundance, p < 0.01; fungal abundance, p < 0.01)
(Tables 2 and 3). Irrespective of season, significant
treatment effects on MBC, MBN, GP, GN, ACT, and
bacterial and fungal abundance were found (MBC,
p < 0.01; MBN, p < 0.01; GP, p < 0.01; GN, p < 0.01;
ACT, p < 0.01; bacterial abundance, p < 0.01; fungal
abundance, p < 0.01) (Table 2). In particular, during the
dry season, higher values of GP, GN, ACT, and bacte-
rial and fungal abundance were observed in N-addition
plots than in CT plots. Compared with CT treatment,
interestingly, HN significantly decreased MBN (dry

season, − 23.0%; wet season, − 56.0%) (p < 0.05)
(Table 3). There were no significant differences in
MBC, GN, ACT, and fungal abundance between the
HN and LN treatments i r respect ive of season
(p > 0.01). Treatment × season interactive effects were
significant for all microbes (Table 2).

3.5 Correlation between soil microbial community
and physicochemical variables

RDA indicated a significant difference in microbial
community between different treatments, especially in
the dry season (Fig. 7). Forward selection of the seven
factors in the RDA showed that the microbial commu-
nity was primarily affected by NO3

− (dry season, p =
0.002; wet season, p = 0.012) and NH4

+/NO3
− (dry sea-

son, p = 0.004; wet season, p = 0.008) (Table 4). During
the dry season, the two factors explained 63.1% (NO3

−)
and 53.2% (NH4

+/NO3
−) of the variation in soil micro-

bial community, respectively (Table 4). The concentra-
tion of NO3

− showed a positive association significantly
with MBC, and negative associations with the ratio of
fungal to bacterial abundance (F/B), and fungal abun-
dance and ACT (Fig. 7a). However, in the wet season,
the two factors explained 35.7% (NH4

+/NO3
−) and

40.0% (NO3
−) of the variation in the soil microbial

community, respectively (Table 4). The concentration
of NO3

− showed a positive association significantly with
MBN and negative associations with the ratio of MBC
to MBN (MBC/MBN) (Fig. 7b) (Table 4).

a c

db

Fig. 5 Effects of N addition on the δ15N enrichment factor (EF) of
Cunninghamia lanceolata leaf and root during the dry and wet seasons
(a leaf EF in the dry season; b leaf EF in the wet season; c EF in the dry

season; d EF in the wet season). Values are the means of five replicates ±
standard error. Bars with different lowercase letters are significantly dif-
ferent from each other in the same season (p < 0.05)
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4 Discussion

4.1 Effect of N addition in different seasons on N
dynamics

The N cycle is very important for forest ecosystems, and the
soil N mineralization rate is often used as an index of soil N

availability and loss (Tian et al. 2017; Liu et al. 2017a, b, c).
Consistent with the results of most previously published stud-
ies (Sardans and Peñuelas 2012), in the present study, N min-
eralization rate was significantly affected by N addition prac-
tices (Fig. 2). However, short-term N addition decreased inor-
ganic N, DON, and leaf N concentrations in the dry season
(Figs. 1, 3, and 4). Those negative effects may be attributed to

Table 3 Average value of microbial parameters and pH under three experimental N addition treatments during the dry and wet seasons

Index Dry season Wet season

HN LN CT Mean HN LN CT Mean

MBC
(mg kg−1)

151.7 ± 3.99b 141.4 ± 21.99b 295.2 ± 26.83a 196.1 ± 21.64 310.6 ± 36.19a 231.1 ± 24.11a 254.5 ± 24.64a 265.4 ± 17.82

MBN
(mg kg−1)

20.5 ± 0.76b 16.5 ± 1.15b 26.7 ± 1.60a 21.2 ± 1.30 19.5 ± 2.26c 56.4 ± 3.80a 44.4 ± 1.01b 40.1 ± 4.33

GP (nmol g−1) 15.5 ± 0.68a 10.0 ± 0.12b 9.8 ± 0.23b 11.8 ± 0.74 8.4 ± 0.32a 7.7 ± 0.34ab 7.0 ± 0.38b 7.7 ± 0.25

GN
(nmol g−1)

12.6 ± 0.50a 12.5 ± 0.13a 8.4 ± 0.54b 11.2 ± 0.59 6.6 ± 0.54a 7.6 ± 0.78a 6.7 ± 0.43a 6.9 ± 0.34

ACT
(nmol g−1)

7.5 ± 0.48a 7.4 ± 0.20a 4.3 ± 0.13b 6.4 ± 0.43 2.8 ± 0.13a 2.7 ± 0.19a 2.4 ± 0.17a 2.6 ± 0.10

Bacteria
(nmol g−1)

28.1 ± 1.17a 22.5 ± 0.18b 18.2 ± 0.62c 22.9 ± 1.16 15.1 ± 0.86a 15.2 ± 1.06a 13.6 ± 0.76a 14.6 ± 0.52

Fungi
(nmol g−1)

7.1 ± 0.27a 6.7 ± 0.01a 2.9 ± 0.53b 5.6 ± 0.54 4.4 ± 0.50a 4.2 ± 0.49a 4.3 ± 0.38a 4.3 ± 0.25

MBC/MBN 7.4 ± 0.30b 8.7 ± 1.40ab 11.1 ± 0.88a 9.1 ± 0.66 16.5 ± 2.45a 4.2 ± 0.48b 5.8 ± 0.66b 8.8 ± 1.67

GP/GN 1.2 ± 0.01a 0.8 ± 0.01b 1.2 ± 0.03a 1.07 ± 0.06 1.3 ± 0.06a 1.1 ± 0.09a 1.1 ± 0.05a 1.1 ± 0.05

F/B 0.3 ± 0.01a 0.3 ± 0.01a 0.2 ± 0.03b 0.2 ± 0.02 0.3 ± 0.02a 0.3 ± 0.01a 0.3 ± 0.04a 0.3 ± 0.02

pH 4.6 ± 0.07a 4.7 ± 0.04a 4.5 ± 0.04a 4.6 ± 0.03 4.30 ± 0.03a 4.3 ± 0.06a 4.3 ± 0.07a 4.3 ± 0.03

Values are the means of five replicates ± standard error. Different lowercase letters indicate significant differences from each other (p < 0.05) in the same
season. Different capital letters are significant at p = 0.05 between fall and spring

a
c

db

Fig. 6 Effects of N addition on the intrinsic water utilization efficiency
(iWUE) ofCunninghamia lanceolata leaf and root during the dry and wet
seasons (a leaf iWUE in the dry season; b leaf iWUE in the wet season; c
root iWUE in the dry season; d root iWUE in the wet season). Values are

themeans of five replicates ± standard error. Bars with different lowercase
letters are significantly different from each other in the same season
(p < 0.05)
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(1) the decreased N uptake capacity of plants at sites with N
saturation (Sardans and Peñuelas 2012), for example, Lipson
et al. (1996) found that, as N reaches a certain level, Bistorta
bistortoides stores N in amino acids and reduces N uptake via
the roots; (2) improved uptake of N by microbes and roots
which increases the competition for N between plants and
microbes (Sardans and Peñuelas 2012; Liu et al. 2017a, b,
c); (3) the dilution of added N as a result of the stimulation
of growth, which potentially results in a decrease in leaf N
concentration (Yuan and Chen 2015); and (4) the sensing of
changes in soil resources by roots, which serve as the Bstarting
point^ for the entry of nutrients and water into the plant; in
contrast, the response of leaves, which represent the Bterminal
point^ for the transport of nutrients and water, may be weak or
have a time lag (Schachtman and Goodger 2008; Kou et al.
2018). The last two interpretations best support the results of
the present study. On the one hand, root N concentration was
significantly higher in HN and LN plots during the dry season
(Fig. 4). This result also shows that N in roots is more sensitive
to changes in soil N availability than N in leaves, especially in
the dry season. On the other hand, C. lanceolata showed a
higher biomass response to both HN and LN treatments, as
recently reported in the same study region by Xiong et al.
(2018).

The soil inorganic N concentration for all treatments was
slightly higher during the wet season than during the dry sea-
son (Fig. 1). This was related to the incorporation of a

considerable fraction of precipitation input into the soil
(Xiong et al. 2018), which likely eventually lead to a signifi-
cant lowering of pH (Table 3). This finding was consistent
with that reported by Cheng et al. (2014). Likewise, the shift
in C. lanceolata leaf and root iWUE values indicated that part
of the C. lanceolata had a lower ratio of productivity to water
loss in the wet season (Fig. 6). By contrast, the concentrations
of leaf and root N were lower in the wet season than in the dry
season, irrespective of treatment. In ecosystems, there may be
a number of processes that lead to a decline in plant N con-
centration in the wet season. Firstly, C. lanceolata grows
faster during this period, with rapid plant cell elongation (Yu
1997); therefore, additional N may be allocated to the growth
and development of new tissues (Chapin et al. 1995).
Secondly, a small DON (low-molecular-weight) is bioavail-
able (Dawes et al. 2017). Inagaki and Kohzu (2005) suggested
that Chamaecyparis obtusa exploits the abundant N found in
soil solution owing to severe competition for NH4

+ against
soil microbes. It is possible that the lower DON at the present
site in the wet season (Fig. 3) contributed directly to lower N
uptake by C. lanceolata, which probably lead to the decrease
in leaf and root N concentration. Thirdly, the reduction in root
absorption activity resulted from soil water-logging in the wet
season.

4.2 Effect of N addition in different seasons on EF
and iWUE

The EF value generally increases with acceleration of the N
cycle (e.g., the ratio of N production and demand to loss in-
creases) (Takebayashi et al. 2010). Leaf and root EF were
highest under the HN treatment and were notably different
from those under the LN treatment in both dry and wet sea-
sons (Fig. 5). Thus, the result validated our second hypothesis
that higher N addition enriches the plant δ15N. The findings
suggest that the N cycle was accelerated in response to greater
N addition. The reason for this phenomenon is that the immo-
bilization ability of microorganism is relatively weak under
high N concentration, and the number of pools of N available
to the plant is large (Hobbie and Högberg 2012; Huang et al.
2013; Dawes et al. 2017). Shifts in this direction are expected
to occur with N addition, which likely contributes to growth in
C. lanceolata (Zhang et al. 2018). An EF close to zero indi-
cates N saturation, mycorrhizal infection, and relatively high
available N concentration (Garten andMiegroet 1994; Hobbie
and Hobbie 2006; Chen et al. 2010). Therefore, leaf EF would
be suitable as an indicator of N status in this forest ecosystem
as the N concentration in the leaves of C. lanceolata did not
increase monotonically with the soil net N mineralization rate.

Some researchers have suggested that the changes in plant
EF are attributable to the loss of isotopically light N through
nitrification and subsequent NO3

− leaching or denitrification
(Högberg and Johannisson 1993; Schleppi et al. 2012). Via

Table 4 Correlations between environmental factors and RDA
ordination of microbial parameters in different treatments during the dry
and wet seasons

Season Environment parameters Explains % Pseudo-
F

p value

Dry season NO3
− 63.1 22.3 0.002**

NH4
+/NO3

− 53.2 14.8 0.004**

NH4
+ 34.3 6.8 0.010*

Inorganic N 33.9 6.7 0.012*

DON 29.1 5.3 0.016*

pH 13.7 2.1 0.144

TN 6.6 0.9 0.396

Wet season NO3
− 40.0 8.7 0.008**

NH4
+/NO3

− 35.7 7.2 0.012*

NH4
+ 19.9 3.2 0.052

Inorganic N 16.3 2.5 0.102

DON 10.7 1.6 0.22

pH 6.4 0.9 0.378

TN 2.7 0.4 0.716

*p < 0.05; **p < 0.01

Fig. 7 Redundancy analysis ordination biplot indicating the relationships
between variation in the soil microbial community (red lines) and
environmental factors (black lines) (a dry season; b wet season)

R
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tracer studies with 15N, Yu et al. (2017) determined that the
deposited NO3

− is directly leached without further processing,
particularly under conditions of extreme N saturation (Lovett
and Goodale 2011). Increases in NH4

+/NO3
− ratio under N

addition, as demonstrated in the present study, were observed
by Sparrius et al. (2012). They found that atmospheric N de-
position is mainly derived from the breeding of domestic an-
imals, and that high-deposition sites have elevated NH4

+

levels, whereas equal deposition of NO3
− is observed at high

and low-deposition sites (Sparrius et al. 2012). This difference
in atmospheric deposition is reflected by a higher NH4

+/NO3
−

ratio in the soil. Therefore, high N deposition in N-saturated
subtropical forest soil rapidly increases NO3

− leaching, partic-
ularly during the wet season, which explains the significantly
higher NH4

+/NO3
− ratio under N addition (Fig. 1). The present

results for leaf and root EF under the N addition treatment also
support the interpretation of a shift in soil NH4

+/NO3
−. For all

treatments, the NH4
+/NO3

− ratios were lower in the dry sea-
son, which indicated that NH4

+ may also stimulate nitrifica-
tion by increasing the amount of substrate for nitrifying bac-
teria (Sparrius et al. 2012). Therefore, we suggest that fertili-
zation during the dry season, when leaching is minimal, rep-
resents an optimal strategy for improving soil fertility.

In our study, iWUE showed no change under any N-
addition treatments (Fig. 6; Table 2). This is in contrast with
the findings of several other studies investigating similar indi-
cators in N-poor forests (Brooks and Coulombe 2009;
Jennings 2010). Leaf δ13C signature and unchanged iWUE
with varying nutrient availability in the present study implied
that, in these N-rich forests, C. lanceolata leaf Ci/Ca remained
constant as N addition increased. It is reasonable that
C. lanceolata seedlings require large amounts of nutrients
(Zhang et al. 2017) to minimize their rate of transpiration
and maximize C assimilation (Cowan 1982; Huang et al.
2016). Although the responses of forests to N addition are
complex, our work demonstrates that the cumulative effects
of recent high N deposition may promote the capacity of
C. lanceolata seedlings to accumulate biomass (Zhang et al.
2018).

4.3 Relationship between the soil microbial
community and physicochemical variables

Increased N minera l iza t ion ra te wi th enhanced
C. lanceolata growth and acceleration of the N cycle may
additionally stimulate microbial activity. Once base cations
have been exhausted, aluminum is mobilized from soils,
with soil pH buffered by aluminum compounds at low
pH (< 4.2) (Lu et al. 2014). Tian and Niu (2015) found
that N addition decreased microbial biomass and pH due
to aluminum toxicity. In this case, MBC and MBN were
also significantly inhibited under N addition in the dry
season; however, the pH did not vary between different N

addition treatments (4.5 ± 0.03, mean ± standard error).
Wang et al. (2018a, b) recently conducted a meta-analysis
and found that decreased soil microbial biomass is associ-
ated with reduced microbial diversity under N addition, but
not with changes in pH. RDA consistently showed that the
variation in the soil microbial community was independent
of pH value (Fig. 7). In general, an increase in fungal
abundance is associated with lower amounts of recalcitrant
C compounds, whereas an increase in bacterial abundance
is related to a decrease in labile C content (Cusack et al.
2011). Our results revealed that N addition significantly
increased the ratio of F/B in the dry season, implying a
possible shift from bacterial- to fungal-dominated microbi-
al communities. Microbial species alterations may exacer-
bate or mitigate the effects of changes in microbial biomass
(Zhou et al. 2017). The RDA results demonstrated that the
concentration of NO3

− was predominantly negatively asso-
ciated predominantly with the ratio of F/B (Fig. 7a).
Therefore, the shifts in the microbial community mainly
resulted from a reduction in NO3

− rather than soil acidifi-
cation. Furthermore, a potential shift in the soil microbial
community is primarily regulated by nutrient availability
in the soil.

5 Conclusions

Nitrogen mineralization rates are significantly affected by
N addition practices. Based on analyses of the responses of
N dynamics to N addition across the plant-soil continuum
in N-rich regions during the dry and wet seasons, we dem-
onstrate that the seasonal N addition is of significance for
forest management. We suggest that fertilization during the
dry season might be optimal as, during this season, N dy-
namics across the plant-soil continuum respond more
strongly to N addition. The leaf and root EF in our exper-
iments were closer to zero in all N addition treatments,
compared with that in the control, on average. Therefore,
the N cycle is likely to accelerate under future climate
change. In particular, leaf EF is a potential indicator of N
status in a C. lanceolata forest ecosystem. Nutrients in
roots are more sensitive to changes in soil nutrient avail-
ability than those in leaves, especially in the dry season. A
significant finding, which differs from those of previous
studies, is that the variations in the soil microbial commu-
nity are dependent on nutrient availability rather than on
pH. To summarize, our results emphasize the important
roles of both seasonal changes and N addition in the N
dynamics across the plant-soil continuum in N-rich re-
gions. Our result provide a novel perspective for future
research focusing on the effects of climate change on the
forest ecosystem and should enable the development of
optimal strategies aimed at improving forest management.
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