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Abstract
Background and aims Nutrient availability is a key
regulator of soil respiration. Anthropogenic activities
have dramatically accelerated the inputs of reactive ni-
trogen (N) and phosphorous (P) and increased the avail-
ability of N and P in soils. However, many previous
studies of soil respiration have focused more on the
effects of N, and less on the effects of P and its interac-
tion with N. Therefore, the objective here was to exam-
ine the roles of N availability, P availability and their
interaction in determining soil respiration.
M e t h o d s A m a n i p u l a t i v e N a d d i t i o n
(100 kg N ha−1 year−1), P addition (50 kg P ha−1 year−1)
and NP co-addition (100 kg N ha−1 year−1 + 50 kg P
ha−1 year−1) experiment was conducted in a subtropical
forest in Southwest China. N and P inputs were added
monthly beginning in October 2017. The soil respiration
rate was measured monthly fromMarch 2018 to February
2019, and soil properties, microbial biomass carbon
(MBC), and fine root biomass weremeasured in July 2018
and January 2019.

Results The soil respiration rate in the control (without
fertilizer added) treatment was 13.5% higher than that in
the N treatment but 1.6% and 34.7% lower than those in
the P treatment and NP treatment, respectively. Soil
respiration was closely associated with soil temperature
and soil moisture, and soil temperature played a more
important role in regulating soil respiration than did soil
moisture. The temperature sensitivity of respiration
(Q10 values) in the CT, N, P and NP treatments did
not differ significantly. Path analysis showed that nutri-
ent additions changed soil respiration by regulating the
MBC and fine root biomass.
Conclusions Our results highlight the divergent effects
of N addition and NP co-addition on soil respiration.
Ongoing N and P inputs may increase soil respiration by
stimulating soil microbial and plant root activities in the
subtropical evergreen broad-leaved forests of Southwest
China.
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values . The relative excess risk due to interaction . The
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Introduction

Soil respiration is the second-largest carbon (C) flux
behind plant photosynthesis between the atmosphere
and terrestrial ecosystems and plays an important role
in regulating atmospheric CO2 concentration (Chang
et al. 2016; Yao et al. 2019). Anthropogenic activities
such as fossil fuel combustion and fertilizer have
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dramatically accelerated the inputs of reactive N and P
into the biosphere. N inputs have doubled and P inputs
have quadrupled relative to preindustrial levels
(Falkowski 2000; Bracken et al. 2015). The rapid in-
crease in N and P availability may substantially mediate
many ecosystem processes and fluxes. Therefore, it is
extremely important to understand the role of N and P
availability in determining C fluxes, especially soil res-
piration, under increased N and P inputs.

The effects of N addition on forest soil respiration
have been well documented. However, the effects of N
addition on soil respiration have been inconsistent in
different studies, giving both positive (Chen et al. 2019;
Wang et al. 2019a), neutral (Liu et al. 2017) and nega-
tive (Mo et al. 2008; Zhou et al. 2018) responses. In a
meta-analysis, Janssens et al. (2010) found that N depo-
sition significantly decreased forest soil respiration. Tian
et al. (2018) conducted a meta-analysis of soil respira-
tion in China’s forest ecosystems in response to exper-
imental N addition, and the results suggested that soil
respiration in temperate forests has a nonlinear response
to the N addition gradient, with an increase at low levels
of N addition and a decrease at high levels. However,
soil respiration consistently decreased with an increase
in N addition levels in subtropical and tropical forests,
indicating that these variable responses can be attributed
to ecosystem types; the form, rate and duration of N
addition; and inherent site fertility.

Comparedwith the effects of N addition on forest soil
respiration, only a few studies have focused on the
effects of P addition and its interaction with N on forest
soil respiration (Zeng andWang 2015; Zeng et al. 2018),
and there has been no consensus on the effects of P
addition, alone or in combination with N, on soil respi-
ration in forests. In addition, the majority of those stud-
ies were conducted in tropical forests (Cleveland and
Townsend 2006; Liu et al. 2012) and temperature forests
(Zeng et al. 2018; Kang et al. 2016). However, the
response of forest soil respiration to P addition and NP
co-addition in subtropical forests has been poorly
studied.

Therefore, we conducted a manipulation experiment
to examine the effects of N and P additions on soil
respiration in a subtropical forest in Southwest China.
The widespread and representative zonal forest commu-
nities in subtropical China are secondary evergreen
broad-leaved forests (Lin et al. 2012; Peng et al.
2018). Thus, we chose a secondary evergreen broad-
leaved forest as the study object. In this region, the

average atmospheric wet N deposition was approxi-
mately 95 kg N ha−1 from 2008 to 2010 (Xu et al.
2013), which is much higher than that in other areas of
world. N manipulation experiments in subtropical for-
ests in Southwest China suggested that N addition ac-
celerated soil acidification and significantly suppressed
microbial and root activity, and thus soil respiration in a
secondary evergreen broad-leaved forest (Peng et al.
2018) and a natural evergreen broad-leaved forest
(Zhou et al. 2018). Therefore, we proposed hypothesis
1, that N addition would suppress soil respiration in this
forest. The influence of P addition and the interaction of
N addition and P addition on soil respiration in this
region has not been studied. However, the forest eco-
systems in subtropical forests in Southwest China may
move towards being limited by P or co-limited by N and
P under the background of high N deposition (Tu et al.
2014; Zhou et al. 2017) and phosphorus-poor conditions
in subtropical forests soil (Chen et al. 2015). Therefore,
we proposed hypothesis 2, that P may be a primary
limiting factor of plant and microorganism activities
and that P addition, alone or in combination with N,
would stimulate soil respiration in this forest. In addi-
tion, due to the strong coupling among the C, N and P
cycles (Poeplau et al. 2015), we proposed hypothesis 3,
that there is a significant interactive effect of N addition
and P addition on soil respiration. The main objective of
this study was to understand the roles of N and P
availability in determining soil respiration in subtropical
forests in Southwest China.

Materials and methods

Site description

This study was conducted at Bi Feng Gorge, Sichuan
Province, China (103°0′25″E, 30°4′ 6″N). This region
experiences a subtropical monsoon annual temperature
is 17.9 °C. The mean annual precipitation in this region
was 1719 mm from 1951 to 2010 (Chen et al. 2017).
The soil in this study site is classified as a Ferralsol
(according to World Reference Base for Soil Resources
2014), with old alluvial yellow loam and a granular
structure, derived from granite, which is typical of soils
in subtropical zones (Peng et al. 2019). The depth of the
soil is more than 60 cm. The mean concentrations of soil
organic C, total N, total P, hydrolytic N (HN), and
bioavailable P (AP, PO4

3−–P) in soils (0–20 cm depth)
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are 30.78 ± 1.88 g.kg−1, 2.15 ± 0.22 g.kg−1, 0.19 ±
0.02 g.kg−1, 144.21 ± 8.54 mg.kg−1, and 2.63 ±
0.14 mg.kg−1, respectively, and the pH is 4.18 ± 0.05
(September 2017). The plant community at the experi-
mental site is dominated by Schima superba, Symplocos
botryantha, Lithocarpus hancei, Eurya fangii, Camellia
japonica, Lindera glauca, Humulus scandens, and
Pteridium revolutum.

Experimental design

An N and P addition experiment was established with a
complete randomized block design in a subtropical for-
est. Three replicate blocks 20 m apart were established
in September 2017. In each block, four treatments were
randomly assigned to four plots (5 × 5 m), and each plot
was separated by a 2-m-wide buffer zone. With refer-
ence to previous studies (Jing et al. 2016; Ren et al.
2016), the following treatments were established: con-
trol (CT; without N and P additions), N addition (N,
100 kg N ha−1 year−1), P addition (P, 50 kg P
ha−1 year−1), and N and P co-addition (NP,
100 kg N ha−1 year−1 + 50 kg P ha−1 year−1). N was
added as NH4NO3, and P was added as NaH2PO4. N
and P supplies were applied monthly beginning in Oc-
tober 2017. During each supply application, the supplies
were dissolved in 2 L of water and sprayed onto the
forest floor using a hand-held sprayer. The control plots
received 24 L of water without supply each year (equiv-
alent to an annual precipitation increase of 0.96 mm,
which was negligible).

Soil respiration measurement

In September 2017, three polyvinyl chloride rings
(10 cm in height, inside diameter of 20 cm) were
randomly placed and inserted 6 cm into the soil in
each plot (9 rings per treatment). The soil respiration
rate was measured monthly from March 2018 to
February 2019 using a Li-8100 automated soil CO2

efflux system (LI-COR Inc., Lincoln, NE, USA). All
living plants and litter inside the collars was re-
moved 24 h before soil respiration was measured.
All measurements occurred in each plot between
10:00 and 16:00 local time. The soil respiration rates
were expressed as μmol CO2 m

−2 s−1. For each plot,
average CO2 efflux rates were calculated from the 3
chamber measurements obtained during a single
sampling date. The measured plot average CO2

efflux was used as a replicate (n = 3 for each
treatment). When soil respiration was measured,
the soil temperature (°C) at a soil depth of 10 cm
was measured by vertically inserting a soil ther-
mometer (KT300, Odatime, China) which was adja-
cent to the PVC collars, and the soil moisture was
measured within the upper 5 cm by a volumetric soil
hygrometer (TR-6, Shunkeda, China). Before the
first measurement, the soil thermometer and the soil
hygrometer were calibrated for this soil.

In the month with the highest soil respiration rate
(July 2018) and the month with the lowest soil respi-
ration rate (January 2019), soil samples from a depth
of 0–20 cm were collected using an auger (20 cm in
height, inside diameter of 9 cm). In each plot, 5 soil
cores were collected and mixed to form one sample.
The roots were separated from the soils by washing
themwith water. Fine roots with diameters of less than
1 mm were selected using tweezers and Vernier cali-
pers. The fine root samples were oven dried at 80 °C to
a constant weight and then weighed to estimate the
fine root biomass. At the time fine roots were sampled,
three soil cores (0–20 cm) in each plot were also
collected, mixed, passed through a 2 mm sieve and
separated into two parts. One part was used to measure
the microbial biomass carbon (MBC) and dissolved
organic carbon (DOC), and the other part was air dried
and used to measure the soil HN, AP and pH. The soil
MBC was estimated using the chloroform fumigation
extraction method (Brookes et al. 1985). In brief, the
soil MBC was extracted with 0.5 mol L−1 K2SO4 and
agitated on an orbital shaker at 120 rpm for 30 min; the
supernatant was then filtered through a 0.45 μmmem-
brane. The filtrate was analysed using a total organic
carbon (TOC) analyser (Elementar Vario TOC., Ger-
many), and the differences in extractable C between
fumigated and unfumigated soils were divided by 0.45
(Wu et al. 1990). The soil DOC was extracted with
distilled water and agitated on an orbital shaker at
120 rpm for 5 h. Then, the DOC was measured with
a TOC analyser after filtration through a 0.45 μm
membrane. The soil HN and AP in the soil samples
were measured using standard protocols (LY/T1228-
2015; LY/T1232- 2015). The soil AP was extracted
using 0.72 mol L−1 sodium acetate anhydrous and
0.52 mol L−1 acetic acid and analysed calorimetrically
using a spectrophotometer (UV2550, Shimadzu, Ja-
pan). The soil pH was determined in a 1:2.5 soil: water
solution (w/v).

Plant Soil (2020) 450:171–182 173



Data analysis

The relationships between the soil respiration rate and
soil temperature were fitted with an exponential function
model, SR = αeβt (Lloyd and Taylor 1994). In this
equation, SR is the soil respiration rate (μmol CO2

m−2 s−1), t is the soil temperature (°C), α is the soil
respiration rate (μmol CO2 m−2 s−1) when the soil
temperature is 0 °C, and β is the temperature reaction
coefficient. To test the effect of nutrient addition on the
correlation between soil respiration and soil tempera-
ture, we transformed eq. SR =αeβt into eq. Ln SR =
Lnα + βt using the natural logarithm transformation.
Then, the temperature sensitivity (Q10) of soil respira-
tion was calculated as Q10 = e10β. One-way analysis of
variance (ANOVA) with Fisher’s LSD test was used to
inspect differences in Lnα and Q10 among all
treatments.

The relationships between the soil respiration rate
and soil moisture were fitted with a linear regression
model, SR = aW + b; exponential function, SR = aebW;
and quadratic model, SR = aW2 + bW+ c, where W in-
dicates the soil moisture (%). To minimize the effect of
soil temperature on the correlation between soil respira-
tion and soil moisture, measured soil respiration was
normalized to soil respiration at 15 °C (SR15) using eq.
SR15 = SR × eb(15–t) (Falk et al. 2005; Wang et al. 2011).
The relationships between the normalized soil respira-
tion rate and soil moisture were fitted with a linear
regression model, SR15 = aW + b; exponential function
model, SR15 = aebW; and quadratic model, SR15 =
aW2 + bW+ c. In addition, the relationships of the soil
respiration rate with soil temperature and soil moisture
were fitted with SR = a + bt + cW, SR = aebt + cW and
SR = aebtWc.

A general linear model was used to examine the main
effects of N addition, P addition and the interaction of N
addition and P addition on the soil respiration rate,
temperature, moisture and soil properties during the
study period. In addition, the interaction of N addition
and P addition on the soil respiration rate was measured
by the relative excess risk due to interaction (RERI) and
the attributable proportion of interaction (API)
(Hallqvist et al. 1996; Andersson et al. 2005). These
measures were defined as RERI = RR11 - RR10 - RR01 +
1 and API = RERI / RR11, where RR11 is the ratio of the
soil respiration rate in the NP treatment to the CT
treatment, RR10 is the ratio of the soil respiration rate
in the N treatment to the CT treatment and RR01 is the

ratio of the soil respiration rate in the P treatment to the
CT treatment. RERI represents the difference between
the co-effects of two factors and their individual effects,
and AP was intended to capture the proportion of the
measured indicators with two factors that was due to the
interaction between the two factors. Supposing that
there is no interaction, RERI and API are equal to 0
(Andersson et al. 2005; VanderWeele 2013). Therefore,
Student’s t test was used to examine the probability that
RERI and API were not equal to 0.

After establishing the general linear model, multiple
comparisons with Fisher’s least significant difference
(LSD) tests were used to test the differences between
treatments on the soil respiration rate, temperature,
moisture and soil properties during the research period.
One-way ANOVA with Fisher’s LSD test was used to
inspect differences in the soil properties among all treat-
ments in July 2018 and January 2019 and differences in
Ln α, and Q10 among all treatments in the fitted equa-
tion of SR against soil temperature. If the homogeneity
test of variance was not satisfied, a nonparametric hy-
pothesis test, Dunnett’s T3 test, was used. Path analysis
was used to analyse hypothetical pathways that soil
properties may explain soil respiration in July 2018
and January 2019. In the path analysis, the data were
fit to the model using the maximum likelihood estima-
tion method. The general linear model and multiple
comparisons analyses were performed in Minitab17.0
(Minitab Inc., USA). One-way ANOVAwas performed
in SPSS 18.0 (SPSS Inc., USA), and the path analysis
was performed in Amos 21.0. Statistically significant
differences were tested at P < 0.05 unless otherwise
stated.

Results

The effects of nitrogen and phosphorus additions on soil
respiration

Under the seasonal pattern of soil respiration, the max-
imum rates of soil respiration occurred in July, and the
minimum rates of soil respiration occurred in January
(Fig. 1). The main effect of N addition marginally sig-
nificantly affected soil respiration (P = 0.069, Fig. 1),
and the main effect of P addition and the interaction of N
addition and P addition had significant effects on soil
respiration (P < 0.001 for all, Fig. 1). In addition, the NP
treatment and the P treatment increased soil respiration
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by 34.7% and 1.6%, respectively, but the N treatment
decreased soil respiration by 13.5%. Multiple compari-
sons showed that the NP treatment had the highest
average soil respiration rate (3.38 μmol CO2 m−2 s−1,
Fig. 1), which was significantly higher than those in the
N treatment, P treatment and CT treatment (P < 0.05 for
all, Fig. 1). The soil respiration rate in the N treatment
was marginally significantly lower than that in the CT
treatment (P= 0.073).

We used the RERI and API indexes to assess the
interaction of N addition and P addition on soil respira-
tion. The results of Student’s t test showed that the RERI
values during the study period were 0.463 ± 0.104. The
probability of the RERI indexes not being equal to zero
during the entire study period was 0.990, which indicat-
ed that there was a significant interactive effect between
N addition and P addition on soil respiration. Further-
more, the API values during the study period were
34.7% ± 7.9%, and the probability of the API values
not being equal to zero was 0.989, which indicated that
approximately 35% of the soil respiration in the NP
plots originated from the interaction between N addition
and P addition.

The relationship between soil respiration, soil
temperature and soil moisture

The soil temperature exhibited a clear seasonal pattern,
highest in July 2018 and lowest in January 2019 (Fig.
S1a). The soil moisture was stable, ranging from 30.2%
to 40.4% (Fig. S1c). The rate of soil respiration was
exponentially related to the soil temperature, and the
exponential function model explained 59.6–78.5% of
the soil respiration variation. Nutrient addition did not
significantly change lnα and Q10, which suggested that
nutrient addition had no effect on the relationship be-
tween soil respiration and soil temperature and the tem-
perature sensitivity, Q10 (Table 1).

The relationships between the soil respiration rate
and soil moisture were fitted with a linear regression
model, exponential function model and quadratic mod-
el. A total of 31.2–47.3%, 32.0–41.6% and 29.8–48.8%
of the total variance in soil respiration was explained by
these models, respectively (Table S1). However, only
10.4–23.2%, 10.8–16.0% and 8.0–24.7% of the total
variance in soil respiration at 15 °C soil temperature
was explained by the linear regression model,

Fig. 1 Monthly dynamics of the soil respiration rate from
March 2018 to February 2019. Values are means of three repli-
cates ± SE. A general linear model was used to determine the main
effects of N addition and P addition and the interaction between N
and P effects on soil respiration. The P-values of the general linear
model are shown in the text. Average values of yearly measures are

shown in the histograms (values are means of three replicates ±
SE). Different letters denote significant differences (P < 0.05) be-
tween treatments as determined by multiple comparisons with
Fisher’s LSD test. CT: control, without N and P additions; N: N
addition treatment; P: P addition treatment; and NP: N and P co-
addition treatment

Plant Soil (2020) 450:171–182 175



exponential function model and quadratic model, re-
spectively. This result suggested that soil moisture had
less effect than soil temperature on the soil respiration
rate (Table S1).

The relationships of the soil respiration rate with soil
temperature and soil moisture were fitted with eq. SR =
a + bt + cW, eq. SR = aebt + cW and eq. SR = aebtWc. A
total of 69.2–77.5%, 69.4–80.2% and 69.5–84.8% of
the total variance in soil respiration was explained by
these equations, respectively (Table S2), which demon-
strated that soil respiration was co-controlled by soil
temperature and soil moisture.

The effects of nitrogen and phosphorus additions on soil
properties

Multiple comparisons showed that neither the N nor P
treatment changed the DOC and pH in July 2018, but
the N treatment significantly decreased the DOC and
pH, (P < 0.05 for all, Table 2), and the P treatment still
did not significantly change the DOC and pH in January
2019. The NP treatment significantly increased the
DOC and pH in July 2018 and January 2019 (P <
0.05 for all, Table 2). The N treatment and NP treatment
enhanced the HN in July 2018 (P < 0.05 and P > 0.05,
respectively, Table 2) and January 2019 (P < 0.05 and P
> 0.05, respectively, Table 2), but the P treatment mar-
ginally significantly reduced the HN in July 2018
(P = 0.071) and significantly reduced the HN in January
2019 (P < 0.05, Table 2). In July 2018 and January
2019, the P treatment significantly enhanced the AP (P
< 0.05 for all, Table 2), and the NP treatment slightly
enhanced the AP, but the N treatment significantly re-
duced the AP (P < 0.05 for all, Table 2).

Similar to DOC and pH, the MBC barely changed in
the P addition plots and significantly increased in the NP
co-addition plots in July 2018 and January 2019 (P <

0.05 for all, Table 2). However, the MBC in the N
addition plot barely changed in July 2018 and signifi-
cantly decreased in January 2019 (P < 0.05, Table 2).
Fine root biomass was slightly changed in the N addi-
tion plots and P addition plots, although it significantly
increased in the NP co-addition plots in July 2018 and
January 2019 (P < 0.05 for all, Table 2).

Pathways determining soil respiration by N and P
additions

The path analysis model explained 70% of the soil
respiration variation (Fig. 2). Soil temperature was pos-
itively correlated with the DOC and fine root biomass,
but negatively correlated with HN. Soil moisture was
positively correlated with the pH. N addition increased
the soil N availability but decreased the soil P availabil-
ity. However, P addition increased the soil P availability
but decreased the soil N availability. The DOC and pH
decreased under the N treatment and remained un-
changed under the P treatment. However, the interaction
of N addition and P addition increased the DOC and pH.
In July 2018 and January 2019, the DOC and pH were
positively correlated with MBC; 90% of the total vari-
ance in MBC was explained by DOC and pH, which
may demonstrate that DOC and pH are the main con-
trollers of MBC. The HN, AP and pH was positively
correlated with the fine root biomass in July 2018 and
January 2019; 71% of the total variance in fine root
biomass was explained by soil temperature, HN, AP
and pH, which may demonstrate that soil temperature,
HN, AP and pH are the controllers of fine root biomass.
In July 2018 and January 2019, the MBC and fine root
biomass were positively correlated with soil respiration.
In addition, the MBC and fine root biomass co-
explained 70% of the soil respiration variation, which
may demonstrate that the MBC and fine root biomass

Table 1 Fitted equation of SR against soil temperature (mean ± SE). SR =αeβt

Treatments α Lnα β Q10 P R2 adj

CT 0.611 (0.054) −0.502 (0.093) a 0.097 (0.006) 2.640 (0.182) a <0.001 0.785

N 0.536 (0.100) −0.666 (0.213) a 0.097 (0.017) 2.708 (0.497) a <0.001 0.728

P 0.558 (0.065) −0.597 (0.119) a 0.102 (0.008) 2.791 (0.219) a <0.001 0.596

NP 0.697 (0.028) −0.362 (0.039) a 0.103 (0.003) 2.809 (0.075) a <0.001 0.652

SR: soil respiration rate; t: soil temperature (°C); CT: control, without N and P addition; N: N addition treatment; P: P addition treatment; and
NP: N and P co-addition treatment. Values are means of three replicates ± SE. Different letters denote significant differences (P < 0.05)
between treatments as determined by one-way ANOVAwith Fisher’s LSD test
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co-controlled soil respiration. Moreover, regression anal-
ysis revealed that DOC was significantly linearly correlat-
ed with fine root biomass in July 2018 and January 2019
(R2 adj = 0.650, P = 0.001). However, because fine root
biomass may be a confounding variable in this model (soil
temperature, N addition, P addition and the interaction of
N and P were the basic reasons for DOC change), we
removed this likely pathway.

The standardized total effects from the path analysis
showed that soil temperature had the most powerful
positive effect on soil respiration, the interaction of N
addition and P addition had the second most powerful
positive effect on soil respiration, and the P addition and
soil moisture had a slight positive effect on soil respira-
tion, but N addition had negative effects on soil respira-
tion in July 2018 and January 2019 (Fig. 3).

Discussion

The relationship between soil respiration, soil
temperature and soil moisture

A total of 69.2–77.5%, 69.4–80.2% and 69.5–84.8% of
the total variance in soil respiration was explained by eq.

SR = a + bt + cW, eq. SR = aebt + cW and eq. SR =
aebtWc, respectively (Table S2), which demonstrated
that soil respiration was co-controlled by soil tempera-
ture and soil moisture. However, 59.6–78.5% of the
total variance in soil respiration variation was explained
by the exponential function model, SR = aebt (Table 1).
Only 10.4–23.2%, 10.8–16.0% and 8.0–24.7% of the
total variance in soil respiration at 15 °C soil tempera-
ture was explained by eq. SR15 = aW + b, eq. SR15 =
aebW, and eq. SR15 = aW2 + bW + c, respectively
(Table S1). The standardized total effects of the path
analysis also showed that the soil temperature contrib-
uted more than the soil moisture in impacting soil res-
piration in July 2018 and January 2019 (Fig. 3). This
finding indicated that soil temperature plays a more
important role in regulating soil respiration than does
soil moisture. However, Zhang et al. (2001) found that
soil respiration was regulated by temperature only, with
no effect of soil moisture. Jia et al. (2006) reported that
soil moisture was the main driving factor of seasonal
variation in soil respiration. These differences may be
attributed to annual rainfall. Soil moisture is more im-
portant than soil temperature in regulating soil respira-
tion under drought conditions (Holt et al. 1990; Jia et al.
2006).

Fig. 2 The path analysis model considered the plausible path-
ways by which soil temperature, soil moisture, N addition, P
addition and the interaction of N addition and P addition
influence soil respiration in July 2018 and January 2019.
Green and red arrows represent significant positive and negative
pathways (P < 0.05), respectively; black arrows indicate nonsig-
nificant relationships (P > 0.05). The numbers at arrows are the
standardized path coefficients, and the arrow width is proportional
to the strength of the relationship. The R2 values on the right of the

response variables indicate the proportion of variation explained
by the relationships with other variables. Tem (soil temperature);
Moi (soil moisture); N addition (the effect of N addition); P
addition (the effect of P addition); Interaction of N and P (the
interaction of N addition and P addition); DOC (soil dissolved
organic carbon); HN (hydrolytic nitrogen); AP (available phos-
phorus); MBC (microbial biomass carbon); FRB (plant fine root
biomass); and SR (soil respiration)
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Q10 values, which indicate the temperature sensitiv-
ity of soil respiration, are regarded as an important tool
for predicting the soil respiration rate against the back-
ground of global warming in the future (Davidson and
Janssens 2006; Wang et al. 2019b). No effects of nutri-
ent addition on Q10 values were found (Table 1), which
was consistent with the result of Wang et al. (2017) but
contrasted with the study of Zhou et al. (2018), which
demonstrated a decline in the Q10 of soil respiration
from 2.98 to 2.65 after N addition in a nearby natural
evergreen broad-leaved forest. This discrepancy is most
likely due to differences in soil types and tree species
composition. Different tree species compositions may
change the stability of soil organic carbon by regulating
the quantity and quality of litter and rhizosphere secretion,
and different soil types may change the temperature sensi-
tivities of soil microbial respiration by regulating the num-
ber and community structure of soil microorganisms.

The effects of nitrogen and phosphorus additions on soil
respiration

Interestingly, P addition alone had no effect on soil respi-
ration but had a strong positive interactionwith N addition,
which not only removed the slight negative effect of N

addition on soil respiration but also significantly increased
soil respiration. Therefore, we suggest that soil respiration
may be co-limited by N and P in this subtropical forest
ecosystem. Under P or N addition alone, although the
availability of the added element increased, there was still
a limitation of the other nutrient on soil respiration. How-
ever, when they were co-input, the restrictive effects of P
and N would be alleviated at the same time, thus greatly
stimulating CO2 emission. This scenario may be related to
the soil N and P, especially P, deficiency conditions in our
study region (Table 2). Castle et al. (2017) also found that
soil microbial respiration was co-limited by N and P at
Mendenhall Glacier, Alaska. In addition, path analysis
showed that fine root biomass was regulated by HN and
AP and that MBC was regulated by DOC (Fig. 2), which
may suggest that plants are limited byN and P, and that soil
microorganisms are limited by C in this forest. Further
research needs to be carried out to support this suggestion.

Soil respiration can be divided into heterotrophic
respiration (derived from microbial decomposition of
soil organic matter) and autotrophic respiration (origi-
nating from plant roots) (Zeng and Wang 2015; Li et al.
2018). Heterotrophic respiration is caused by soil mi-
croorganisms, and autotrophic respiration is correlated
with fine root biomass (Wang et al. 2017; Peng et al.

Fig. 3 The path analysis
derived the standardized total
effects of soil temperature, soil
moisture, N addition, P addition
and the interaction of N
addition and P addition on soil
respiration in July 2018 and
January 2019. The abbreviations
are provided in Fig. 2
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2018). Therefore, we assumed that soil respiration may
be associated with soil MBC and fine root biomass. In
this study, we measured the soil properties in the month
with the highest soil respiration rate (July 2018) and the
month with the lowest soil respiration rate (January
2019) and established a path analysis between soil prop-
erties and the soil respiration rate. The path analysis
model suggested that soil respiration was closely asso-
ciated with MBC and fine root biomass (Fig. 2). The
path analysis model explained 70% of the variation in
soil respiration (Fig. 2). This result indicated that the
nutrient additions changed the soil respiration by regu-
lating the MBC and fine root biomass.

In agreement with hypothesis 1, soil respiration mar-
ginally decreased under N addition throughout the study
period. The decreased soil respiration may be explained
by the unchanged fine root biomass and the decreased
MBC. On the one hand, N addition did not affect the
fine root biomass in July 2018 and January 2019
(Table 2) and may not have affected autotrophic respi-
ration. Our study found that N addition increased N
availability, but reduced P availability and pH
(Table 2). This was probably because the higher soil

mineral N content under N addition soils stimulated
biotic demands for P and resulted in reduced P
availability. Furthermore, Lu et al. (2011a, 2011b) sug-
gested that N addition significantly stimulated soil inor-
ganic N leaching by 461%, nitrification by 154% and
denitrification by 84%, and resulted in a 3.5% decrease
in pH in a meta-analysis. Similar to previous studies(Li
et al. 2018; Tu et al. 2013), the fine root biomass was
controlled by soil temperature, N availability, P avail-
ability and pH in the present study. Therefore, the con-
trasting effects of increased HN, unchanged soil tem-
perature and decreased AP and pH under N addition
(Table 2 and Fig. S1b) may help to maintain relatively
stable fine root biomass and autotrophic respiration by
changing the availability of nutrients and soil acidity. On
the other hand, N addition reduced the MBC in Ju-
ly 2018 and January 2019 (P > 0.05 and P < 0.05,
respectively, Table 2) and may have reduced heterotro-
phic respiration. Our study found that N addition de-
creased the DOC and pH. In general, root biomass may
play an important role in changing the concentration of
soil DOC by regulating rhizospheric C inputs (Janssens
et al. 2010), which was supported by the positive linear

Table 2 Soil properties under the different treatments (mean ± SE) in July 2018 and January 2019

Factors Sampling time Fertilization treatments General liner model

CT N P NP

DOC July 107.27 ± 3.18 b 97.99 ± 2.58 b 109.35 ± 1.69 b 127.28 ± 7.13 a N: P= 0.129
P: P<0.001
N × P: P<0.001

(mg.kg−1) January 69.37 ± 2.55 b 61.68 ± 1.63 c 65.36 ± 0.79 bc 78.99 ± 1.70 a

HN July 94.46 ± 10.27 bc 129.42 ± 11.86 a 68.07 ± 3.04 c 106.61 ± 8.06 ab N: P<0.001
P: P= 0.001
N × P: P= 0.299

(mg.kg−1) January 127.65 ± 11.47 c 161.48 ± 10.90 ab 88.19 ± 8.83 d 146.72 ± 6.81 bc

AP July 2.36 ± 0.10 b 1.95 ± 0.07 c 3.15 ± 0.15 a 2.71 ± 0.15 b N: P<0.001
P: P<0.001
N × P: P= 0.783

(mg.kg−1) January 2.37 ± 0.16 c 1.90 ± 0.04 d 2.88 ± 0.11 ab 2.55 ± 0.20 bc

pH July 4.32 ± 0.04 bc 4.27 ± 0.02 c 4.38 ± 0.03 ab 4.45 ± 0.02 a N: P= 0.086
P: P<0.001
N × P: P<0.001

January 4.29 ± 0.02 b 4.06 ± 0.03 c 4.26 ± 0.02 b 4.36 ± 0.02 a

MBC July 410.49 ± 19.24 b 363.32 ± 14.58 b 378.75 ± 25.84 b 535.20 ± 20.89 a N: P= 0.003
P: P<0.001
N × P: P<0.001

(mg.kg−1) January 235.02 ± 11.26 b 180.95 ± 9.39 c 219.07 ± 18.34 b 345.00 ± 22.77 a

FRB July 815.9 ± 101.1 b 1019.5 ± 75.0 b 1133.3 ± 107.7 b 2176.2 ± 128.0 a N: P<0.001
P: P<0.001
N × P: P<0.001

(mg.m−2) January 522.1 ± 27.4 b 431.7 ± 25.4 b 516.8 ± 47.2 b 934.6 ± 96.10 a

Values are means of three replicates ± SE. Different letters denote significant differences (P < 0.05) between treatments as determined by
one-way ANOVAwith Fisher’s LSD test. The treatment abbreviations are provided in Table 1
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relationship between the fine root biomass and DOC in
this study (R2 adj = 0.631, P = 0.001). However, N ad-
dition did not affect fine root biomass but reduced DOC
in the present study. Zhou et al. (2017) reported that N
addition reduced the litter decomposition rate in a near-
by natural evergreen broad-leaved forest. Hence, N ad-
dition may reduced soil DOC by regulating the litter
decomposition rate, not by regulating fine root biomass,
in this forest. In this study, the path analysis model
showed that DOC and pH are the main controllers of
the MBC (Fig. 2), which is in line with previous studies
in other forest ecosystems (Wang et al. 2017; Zhalnina
et al. 2015). Therefore, the reduced C availability and
pH under N addition (Table 2) may lead to a reduction in
microbial activity and heterotrophic respiration.

Similar to hypothesis 2, our results showed that soil
respiration was unaffected under P addition alone but
significantly increased under N and P co-addition (Fig.
1). Jiang et al. (2013) and Potthast et al. (2012) also found
that NP co-inputs enhanced soil CO2 emissions. The en-
hancement in soil respiration after the N and P co-addition
in this forest may be attributed to the following three
plausible mechanisms. First, on the one hand, increasing
soil nutrient availability may lead to reduced vegetation
dependence on ectomycorrhizal fungi and increased de-
pendence on plant roots (Franklin et al. 2014), thus in-
creasing fine root biomass. On the other hand, the in-
creased nutrient uptake by plants may increase photosyn-
thesis rates and lead to the allocation of more C tomeet the
metabolic demands of increased root growth (Yuan and
Chen 2012). This was supported by HN in the NP treat-
ment, which was approximately 20% lower than the value
in the N treatment, and AP in the NP treatment, which was
approximately 20% lower than the value in the P treatment
(Table 2). An increase in the fine root biomass under N and
P co-addition (Table 2) may stimulate autotrophic respira-
tion. Consistent with our results, Yuan and Chen (2012)
also suggested that the fine root biomass was enhanced
after NP co-addition in a meta-analysis. Second, plants
absorb nitrate and phosphate while simultaneously
releasing hydroxide ions, which may enhance the pH.
Onipchenko et al. (2012) also found that the pH was
slightly enhanced after NP fertilization in an NP co-
limited lichen heath and geranium meadow. An enhanced
pH following the N and P co-addition (Table 2) relieved
the acid stress of fine roots and microorganisms and result-
ed in increased autotrophic respiration and heterotrophic
respiration. Last, significantly enhanced fine root biomass
after the N and P co-addition (Table 2) may have increased

the C input for microorganisms, and thus MBC and het-
erotrophic respiration.

In this study, there was a significant interaction be-
tween N addition and P addition (Fig. 1), which is
consistent with hypothesis 3. The API index indicated
that approximately 35% of soil respiration in the NP
plots originated from the interaction of N addition and P
addition, and the standardized total effects of the path
analysis showed that the interaction of N addition and P
addition contributed more than the N addition, P addi-
tion and soil moisture in impacting soil respiration,
although slightly less than soil temperature, in this forest
(Fig. 3). However, to date, the majority of studies have
focused on the role of soil temperature, soil moisture
and N availability in soil respiration, while little atten-
tion has been paid to how the P status and interaction of
N and Pmay interact with plant and soil microorganisms
in soil respiration. Therefore, we need to consider the
effects of P addition and the interaction of N and P and
incorporate these factors into a biogeochemical model to
accurately predict global C flux in future scenarios of
increasing N and P inputs because the interaction of N
and P may play an important role in changing soil
respiration.

Conclusion

N and P co-addition significantly stimulated soil respi-
ration, but N addition alone marginally decreased CO2

emissions, and P addition alone showed few effects.
Given the dramatic increase in N and P inputs, the
increased availability of N and P may enhance soil
respiration in subtropical forests in China by stimulating
soil microbial and plant root activities.
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