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Abstract: Soil organic carbon (SOC) decomposition, a key process controlling the carbon (C) loss
from terrestrial soils to the atmosphere, varies with soil aggregate size and is influenced by increasing
nitrogen (N) and phosphorus (P) inputs from anthropogenic activities. However, how increasing N
and P affects SOC decomposition and its temperature sensitivity (Q10) in soil aggregates remains
unclear. Thus, we collected soils from a subtropical Cunninghamia lanceolata forest receiving
N and P addition for 8 years to explore the interactive effects of N and P fertilization on SOC
decomposition and its Q10 in mega-aggregates (>2 mm, MeA), macroaggregates (0.25–2.0 mm, MaA),
and microaggregates (<0.25 mm, MiA). Results showed that aggregate size has a huge influence on
SOC decomposition and its Q10. Specifically, SOC decomposition in MiA is 49.2% and 26.0% higher
than MeA and MaA, respectively. Moreover, the averaged Q10 values were 2.29, 2.26 and 1.83 in
MeA, MaA and MiA. SOC decomposition significantly increased by 39.4% in MaA and 23.7% in MiA
with N fertilization, but P fertilization had less impact. However, P fertilization increased Q10 by
46.7% in MeA and 46.6% in MaA. Furthermore, we found P fertilization changed the influences of
N fertilization on SOC decomposition in MaA and MiA but had no effect on responses of Q10 to N
fertilization. Overall, our findings suggested that there were differences in SOC decomposition and
Q10 among aggregates, and fertilization treatment had an impact on them. Our results highlighted
the significance of considering differences in SOC decomposition and its response to climate warming
and nutrient input among different aggregates in the prediction of SOC dynamics and its feedback to
environmental changes in terrestrial ecosystems under climate warming scenarios.

Keywords: soil organic carbon decomposition; temperature sensitivity; fertilization; soil aggregate;
forest ecosystem

1. Introduction

Soil organic carbon (SOC) decomposition is the key process of carbon (C) release from
terrestrial soil to the atmosphere [1], and a small change in its rate will have profound
effects on SOC dynamics and atmospheric CO2 concentration. The decomposition rate
of SOC is strongly affected by temperature and usually increases with the exponential
function of temperature [2,3]. The response of SOC decomposition rate to temperature
change is called temperature sensitivity (Q10) that is defined as the relative proportional
change in SOC decomposition with a 10 ◦C rise in temperature [4]. Q10 is a key parameter
predicting SOC dynamics and climate change in Earth system models. Given that the
annual CO2 emission through SOC decomposition is more than five times that through
fossil fuel combustion [1], a small deviation in Q10 values would result in a significant bias
in the estimation of CO2 emission in Earth system models.
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Soil comprises different size aggregates with varying soil pore structures and provides
different physical protection of SOC [5]. Different aggregates also have different SOC and
nutrient availability for microbes [6–8] and different microbial community and enzyme
activities [9,10] that control SOC decomposition and its Q10. Macroaggregates contain
more active and labile plant-derived carbon and microaggregates contain recalcitrant
microbial-reduced carbon [11] which lead to the differences of SOC decomposition among
aggregates. On the one hand, total and labile SOC concentrations generally increase
with increasing aggregate size [6,12], suggesting that SOC decomposition increases with
increasing aggregate size. On the other hand, microaggregates increased contact between
crop residues and the soil microbiome compared with macroaggregates which lead to
microaggregate owing to higher SOC decomposition than macroaggregates [13]. All in
all, no consistent conclusions have been formulated, and different studies have shown
that SOC decomposition rates within macroaggregates are higher than [14,15], lower
than [16,17], or similar to [18] those within microaggregates. Furthermore, according
to the C-quality temperature hypothesis that labile SOC with low activation energy for
decomposition has a low Q10 [4], SOC within macroaggregates has lower Q10 values than
that within microaggregates, which was confirmed by some studies in grasslands [19] and
croplands [20]. However, some experiments reported macroaggregates with higher Q10
values than microaggregates [15,16,21]. Thus, exploring SOC decomposition and its Q10
in different size aggregates in forest ecosystems is unquestionably important to enhance
the accuracy of predicting global soil C storage and C-climate feedback in Earth system
models.

As one of the most effective management practices for enhancing soil fertility and
increasing forest productivity, fertilization can affect SOC decomposition and Q10 [4,22–24]
through directly or indirectly changing soil nutrient availability, SOC quantity and quality,
microbial community composition and growth, and enzyme activity [23,25–27]. In fact,
changes in soil nutrients, SOC quantity and quality, and microbial characteristics caused by
fertilization vary with aggregate size [21,28]. For example, fertilizing N and P increased
the SOC content and invertase activities in macroaggregates but had less effect on them
in microaggregates in a cropland [29]. Some studies investigated the effects of N and P
fertilization on SOC decomposition and its Q10 in bulk soils [21,23,30], but the information
about how fertilization affected SOC decomposition in different size aggregates was still
limited and most was in agricultural ecosystems [8,21,30,31]. N fertilization increased the
Q10 in bulk soils and microaggregates but had no effect on the Q10 in macroaggregates under
a wheat-based cropping system in Inceptisol [21]. Hence, investigating SOC decomposition
and Q10 in different size aggregates and their responses to fertilization in forest ecosystems
is very important to decrease the uncertainty for modeling C cycling.

In this study, we collected soils from a subtropical forest with long-term N and P
addition to investigate SOC decomposition and its Q10 in three aggregate fractions with
different sizes. SOC decomposition was measured during incubation at 18.0 and 23.0 ◦C
and used in assessing the Q10 values of SOC decomposition, and soil chemical properties
and key enzyme activities were also determined. Due to the substantial differences in C
quality, and soil chemical properties and enzyme activities, we hypothesized that (1) SOC
decomposition would increase with increasing aggregate size but Q10 would decrease, and
(2) P fertilization would change the responses of SOC decomposition and Q10 in different
size aggregates to N fertilization.

2. Materials and Methods
2.1. Study Site Description

This study was conducted at the Qianyanzhou Ecological Experimental Station, CAS
(26◦44′39′ ′ N, 115◦03′33′ ′ E) in Taihe County, Jiangxi Province, subtropical China. This
region has a subtropical monsoon climate with a mean annual temperature of 17.9 ◦C and
a mean annual precipitation of 1475 mm. Native forests were evergreen broad-leaved
plants and most have been transformed into Cunninghamia lanceolata, Pinus massoniana,
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or P. elliottii plantations since the 1980s. Soil with natural acidity and P limitation was
derived from weathered red sandstone and classified as Ultisols according to the US Soil
Taxonomy [32].

2.2. Field Experimental Design and Soil Sampling

This experiment with 18 plots (20 m × 20 m) was established in November 2011 in
a 12-year-old pure C. lanceolata plantation with a density of 2100 trees hm−2. Before
fertilization, the average tree height was 8.94 m, and the diameter at breast height was
10.3 cm [32], Additionally, soil properties were listed in Table S1 [33]. The dominant
understory vegetation species at the site are Pteridium aquilinum, Parathelypteris chinensis,
and Microlepia marginata. In this experiment, four treatments with three replications were
included CT (no fertilization), N (50 kg N ha−1 year−1), P (50 kg P ha−1 year−1), and NP
(50 kg N + 50 kg P ha−1 year−1). N and P fertilizers were NH4NO3 and NaH2PO4, and
their mixture with sands was evenly spread on the soil surface. Approximately 60% of the
total amounts of annual N and P fertilizers were applied in the growing season (March and
June), and the remaining amounts were applied in the non-growing season (September and
December).

In each plot, six soil cores (0–20 cm) with an auger (5.0 cm in diameter) were randomly
collected after the litter layer was removed and then evenly mixed to a composite sample in
June 2019. All soil samples were immediately transferred to the laboratory, passed through
a 5 mm sieve by gently breaking up soil clods, and mixed thoroughly, and then organic
residues and gravel were removed. Each soil sample was divided into two parts. One
part was used for aggregate separation, and the other was passed through a 2 mm sieve,
air-dried, and used to measure soil chemical properties.

2.3. Soil Aggregate Fractionation and Incubation

Three soil aggregate fractions were obtained according to the modified dry-sieving
method described by Jiang et al. [9] because it is gentler than conventional dry or wet
sieving techniques. In brief, soil sample (100 g, dry weight) was placed in a Retsch
AS200 Control (Retsch Technology, Dusseldorf, Germany) with two sieves (0.25 and 2 mm)
stacked on each other for 2 min. After separation, mega-aggregates (>2.0 mm, MeA),
macroaggregates (0.25–2.0 mm, MaA), and microaggregates (<0.25 mm, MiA) were obtained
for future use. Aggregate fractions were divided into two parts: one was stored at 4 ◦C
for measuring decomposition within 7 days, and the other was air-dried for measuring
chemical properties.

Before incubation, the water content of the three aggregate fractions was adjusted to
50% water hold capacity (WHC) and then pre-incubated for 7 days. Soil samples (20 g dry
weight) were placed in 500 mL glass bottles with sealed lids and then incubated at 18.0 ◦C
(the average temperature of topsoil) and 23.0 ◦C for 30 days. During the incubation period,
soil water content was maintained at 50% WHC by adding distilled water. The amount of
CO2 derived from SOC decomposition was determined through alkali-trapping techniques
with an automatic titrator (Mettler Toledo G20, Switzerland). A 50 mL beaker containing
15 mL of NaOH solution (0.10 M) was placed in each incubation Mason jar to trap CO2 and
replaced with new beakers at intervals. The collected NaOH solution in each beaker was
immediately transferred to a sample flask and sealed for CO2 quantification. CO2 derived
from SOC decomposition was measured 1, 3, 7, 12, 16, 20, and 30 days after incubation [34].

2.4. Soil Chemical and Enzyme Activity Analysis

SOC and total N concentrations in three aggregate fractions were measured using a
C/N analyzer (Elementar, Germany). Total P (TP) was determined using H2SO4–HClO4
digestion and molybdenum antimony colorimetric method [35]. Available P (AP) was
extracted with sodium bicarbonate, and its concentration was determined using the molyb-
denum antimony colorimetric method [35]. Soil mineral N (i.e., NH4

+-N and NO3
−-N)

and exchangeable cation (i.e., K+, Na+, Ca2+, and Mg2+) concentrations were determined
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according to standard methods [35]. Soil pH was assessed using a pH meter by slurry
(soil:water ratio of 1:2.5) after shaking for 30 min [35]. Labile SOC was defined as organic
carbon oxidized by 0.333 mol·L−1 potassium permanganate and determined using the
method recommended by Blair et al. [36].

The activities of four hydrolases involved in C, N, and P cycles were determined: β-1,4-
glucosidase (BG), β-N-acetyl-glucosaminidase (NaG), acid phosphatase (AcP), and leucine
aminopeptidase (LAP). After incubation, enzyme activity was assayed using fluorogenically
labeled substrates [37]. The used fluorometric substrates for BG, NaG, AP, and LAP were
β-D-glucopyranoside, N-acetyl-β-D-glucosaminide, 4-methylumbelliferyl-phosphate, and
L-leucine-7-amido-4-methylcoumarin hydrochloride. The detail process of assaying the
enzyme activities was described in Razavi et al. [37]. In short, deionized water (50 mL) was
added to 0.5 g of soil (dry weight), and the mixture was broken by low-energy sonication
(40 J s−1 output energy) for 2 min. Then, 50 µL of the obtained soil suspension was added
to 100 µL of substrate solution and 50 µL of buffer (pH: 6.50) in a 96-well microplate. After
mixing, at 0, 1 and 2 h, fluorescence in the microplates was measured at an excitation
wavelength of 355 nm, an emission wavelength of 460 nm, and a slit width of 25 nm. To
make the curves of enzyme activities, enzyme activities at substrate concentrations of 0,
10, 20, 30, 50, 100, and 200 µmol g−1 were determined, and enzyme activity was expressed
as MUF or AMC release in nmol per g dry soil per hour (nmol g−1 soil h−1) [38]. Enzyme
activity (V) was fitted by using the Michaelis–Menten Equation [37].

V = Vmax [S]/(Km + [S]) (1)

where Vmax is the maximal rate of enzymatic activity at a given temperature, Km is the
half saturation constant, and [S] is the substrate concentration.

2.5. Data Calculation and Statistic Analysis

In the present study, we only reported the cumulative SOC decomposition at 18.0 ◦C
because this temperature reflects the average temperature of 0–5 cm soil in this region. To
evaluate how SOC decomposition responds to climate warming, the Q10 of SOC decompo-
sition was calculated with the following Equation [7,34]:

Q10 = (C23/C18)10/(23 − 18) (2)

where C23 and C18 were the cumulative amounts of CO2 from SOC decomposition within
30 days at 23.0 and 18.0 ◦C, respectively.

The normality and homoscedasticity of the measured variables were tested with the
Shapiro–Wilk test and Levene’s test, respectively. Two-way ANOVA with least signif-
icant difference test was used in assessing the individual and interactive effects of soil
aggregates and fertilization on cumulative SOC decomposition at 18.0 ◦C and its Q10 and
enzyme activities. To explore the potential mechanisms of fertilization effect on cumulative
SOC decomposition and Q10, we assessed the single-variable relationships of Q10 with
the chemical properties and enzyme activities of the aggregate soils through Pearson’s
correlation analysis. All statistical analyses were performed using SPSS 19.0 (SPSS Inc.,
Chicago, IL, USA). To further qualify the relative importance of key factors influencing SOC
decomposition and Q10, we performed the classification random forests model analysis
using the RandomForest package in R3.3.3 with default parameters, and detail information
was described in Delgado-Baquerizo et al. [39].

3. Results
3.1. Effects of N and P Fertilization on SOC Decomposition

N and P fertilization significantly affected some chemical variables in the aggregates
(Table 1) but had no effect on the proportions of different size aggregates in soil (Figure S1).
The results of two-way ANOVA showed that aggregate size and fertilization significantly
affected cumulative SOC decomposition over the 30-day incubation (p < 0.001: Figure 1).
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When not considering fertilization, cumulative SOC decomposition was 49.2% and 26.0%
higher in MiA than in MeA and MaA, respectively. Alone, N fertilization significantly
increased SOC decomposition by 39.4% in MaA and 23.7% in MiA relative to that in CT, but
P fertilization had less effect on SOC decomposition. Cumulative SOC decomposition in
MaA and MiA under NP fertilization was significantly lower than that under N fertilization
(Figure 1), suggesting that P fertilization decreased the effects of N fertilization on SOC
decomposition. However, no interaction effect of soil aggregate size and fertilization on
SOC decomposition (p = 0.349) was observed.

Table 1. Effects of N and P fertilization on chemical properties in different size aggregates in a
Cunninghamia lanceolata forest.

MeA MaA MiA

CT N P NP CT N P NP CT N P NP

SOC
(g kg−1) 19.84 a 20.70 a 17.61 ab 15.27 b 21.83 b 28.60 a 17.69 c 18.11 c 20.41 ab 26.37 a 17.67 b 17.32 b

Total N
(g kg−1) 1.29 a 1.25 a 1.13 ab 0.93 b 1.27 ab 1.57 a 1.12 b 1.05 b 1.28 ab 1.57 a 1.17 b 1.07 b

Total P
(g kg−1) 0.164 b 0.155 b 0.479 a 0.464 a 0.166 b 0.187 b 0.481 a 0.453 a 0.165 b 0.173 b 0.527 a 0.477 a

C:N 15.49 a 16.79 a 15.56 a 16.48 a 17.23 ab 18.31 a 15.87 b 17.15 ab 16.07 ab 16.94 a 15.10 b 16.12 ab
LSOC

(g kg−1) 4.21 b 5.92 a 3.95 b 4.35 b 6.39 b 8.40 a 4.47 c 5.46 bc 5.18 b 9.11 a 4.87 b 5.20 b

K+

(mg kg−1) 1.73 a 1.64 a 1.76 a 1.66 a 1.83 a 1.80 a 1.79 a 1.62 a 1.28 a 1.28 a 1.43 a 1.23 a

Na+

(mg kg−1) 1.019 a 1.055 a 0.981 a 1.024 a 0.949 ab 0.976 a 0.875 b 0.901 ab 0.248 b 0.264 b 0.338 ab 0.365 ab

Ca2+

(mg kg−1) 6.80 a 6.53 a 7.15 a 6.71 a 6.22 a 6.05 a 6.24 a 6.07 a 5.68 a 5.69 a 7.05 a 5.94 a

Mg2+

(mg kg−1) 0.695 a 0.706 a 0.811 a 0.727 a 0.626 a 0.650 a 0.736 a 0.651 a 0.594 a 0.627 a 0.746 a 0.653 a

pH 4.55 a 4.36 b 4.58 a 4.44 ab 4.43 ab 4.29 b 4.48 a 4.27 b 4.26 b 4.25 b 4.47 a 4.19 b

Data were the mean (n = 3). MeA, MaA and MiA represent mega-aggregates (>2.0 mm), macroaggregates
(0.25–2.0 mm) and microaggregates (<0.25 mm). CT, N, P and NP denote soils receiving no fertilization, 50 kg N
ha−1 year−1, 50 kg P ha−1 year−1, and 50 kg N + 50 kg P ha−1 year−1, respectively. SOC and LSOC denote soil
organic C and labile SOC, respectively. K+, Na+, Ca2+ and Mg2+ denote exchangeable K, Na, Ca and Mg cations,
respectively. Different letters in the same column in the same size aggregate denote significant differences among
fertilization treatments.
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Figure 1. Effects of N and P fertilization on the cumulative soil organic C (SOC) decomposition in different
size aggregates during 30-day incubation at 18 ◦C in a subtropical forest. F and A represent fertilization
and soil aggregate size, respectively. Different letters on the bars denote significant differences among
fertilization treatments. MeA, MaA, and MiA represent mega-aggregates (>2.0 mm), macroaggregates
(0.25–2.0 mm), and microaggregates (<0.25 mm). Data were represented as the mean with standard error.



Forests 2023, 14, 72 6 of 12

3.2. Effects of N and P Fertilization on Q10 of SOC Decomposition

Soil aggregate size (p = 0.044) and fertilization (p < 0.001) significantly affected Q10,
but their interaction effect (p = 0.804) was not detected (Figure 2). The averaged Q10
value in MiA (1.83) was significantly lower than that in MeA (2.29) and MaA (2.26), when
not considering fertilization treatments (Figure 2), suggesting that Q10 had a trend to
increase with increasing aggregate size. N and P fertilization had different effects on Q10,
showing that sole N fertilization had no significant impact on Q10 in all aggregate fractions,
whereas sole P fertilization increased Q10 by 46.7% and 46.6% in MeA and MaA relative
to CT, respectively. The Q10 values in all size aggregates under NP fertilization were not
significantly different from those under N fertilization, suggesting that P fertilization did
not change the effects of N fertilization on Q10, but N fertilization changed the effects of P
fertilization on Q10.
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Figure 2. Effects of N and P fertilization on temperature sensitivity (Q10) of soil organic carbon
(SOC) decomposition in different size aggregates after over 30 days of incubation in a subtropical
forest. F and A represent fertilization and soil aggregate size, respectively. Different letters on the
bars denote significant differences among fertilization treatments. MeA, MaA, and MiA represent
mega-aggregates (>2.0 mm), macroaggregates (0.25–2.0 mm), and microaggregates (<0.25 mm). Data
were represented as the mean with standard error.

3.3. Effects of N and P Fertilization on Soil Enzyme Activities

Soil aggregate size, fertilization and their interaction significantly (p < 0.05) affected
the activities of NaG (Figure 3b) and AcP (Figure 3d), but they had no effect on BG activity
(Figure 3a). In addition, aggregate size and its interaction with fertilization significantly
(p < 0.05) affected LAP activity (Figure 3c). N increased NaG activity in MaA and MiA
(Figure 3b) and AcP in MiA (Figure 3d), but decreased LAP and AcP activities by 31.4%
and 31.3% in MiA, respectively (Figure 3c,d). P and NP fertilization decreased AcP activity
in all size aggregates (Figure 3d).

3.4. Factors Regulating SOC Decomposition and Q10

Cumulative SOC decomposition at 18 ◦C was positively related to the activities of BG,
NaG, and AcP, and the concentrations of SOC, labile SOC and total N but negatively related
to pH and exchangeable Na+ concentration (Figure 4a–d and Figure S2a,b). Q10 values
were positively correlated with LAP activity, pH, and concentrations of exchangeable
K+ and Mg2+ (Figure 4e–h). The results of random forests model analysis showed that
total N, NAG activity and labile SOC concentration were the most important factors
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in regulating cumulative SOC decomposition at 18 ◦C, followed by SOC concentration,
exchangeable Na+, AcP and BG activities (Figure 5a). LAP activity was the most important
factor regulating the Q10 value of SOC decomposition, followed by exchangeable K+, Mg2+

concentrations and pH (Figure 5b).
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Figure 3. Effects of N and P fertilization on the activities of (a) β-1,4-glucosidase (BG), (b) β-N-acetyl-
glucosaminidase (NaG), (c) leucine aminopeptidase (LAP), and (d) acid phosphatase (AcP) at 18 ◦C
at the end of incubation. F and A represent fertilization and soil aggregate size, respectively. Different
letters on the bars denote significant differences among fertilization treatments. MeA, MaA, and
MiA represent mega-aggregates (>2.0 mm), macroaggregates (0.25–2.0 mm), and microaggregates
(<0.25 mm). Data were represented as the mean with standard error.

Forests 2023, 14, x FOR PEER REVIEW 8 of 13 
 

 

Figure 3. Effects of N and P fertilization on the activities of (a) β-1,4-glucosidase (BG), (b) β-N-acetyl-

glucosaminidase (NaG), (c) leucine aminopeptidase (LAP), and (d) acid phosphatase (AcP) at 18 °C 

at the end of incubation. F and A represent fertilization and soil aggregate size, respectively. Differ-

ent letters on the bars denote significant differences among fertilization treatments. MeA, MaA, and 

MiA represent mega-aggregates (>2.0 mm), macroaggregates (0.25–2.0 mm), and microaggregates 

(<0.25 mm). Data were represented as the mean with standard error. 

3.4. Factors Regulating SOC Decomposition and Q10 

Cumulative SOC decomposition at 18 °C was positively related to the activities of 

BG, NaG, and AcP, and the concentrations of SOC, labile SOC and total N but negatively 

related to pH and exchangeable Na+ concentration (Figures 4a–d and S2a–b). Q10 values 

were positively correlated with LAP activity, pH, and concentrations of exchangeable K+ 

and Mg2+ (Figure 4e–h). The results of random forests model analysis showed that total N, 

NAG activity and labile SOC concentration were the most important factors in regulating 

cumulative SOC decomposition at 18 °C, followed by SOC concentration, exchangeable 

Na+, AcP and BG activities (Figure 5a). LAP activity was the most important factor regu-

lating the Q10 value of SOC decomposition, followed by exchangeable K+, Mg2+ concentra-

tions and pH (Figure 5b). 

 

Figure 4. Pearson’s correlation coefficients of key soil chemical properties and enzyme activities 

with (a–d) cumulative soil organic carbon (SOC) decomposition and (e–h) temperature sensitivity 

(Q10). BG and LAP represent β–1,4–glucosidase and leucine aminopeptidase, respectively. The 

shaded area represents 95% confidence interval. 

Figure 4. Pearson’s correlation coefficients of key soil chemical properties and enzyme activities with (a–d)
cumulative soil organic carbon (SOC) decomposition and (e–h) temperature sensitivity (Q10). BG and LAP
represent β–1,4–glucosidase and leucine aminopeptidase, respectively. The shaded area represents 95%
confidence interval.
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Figure 5. Importance of key factors influencing (a) cumulative soil organic carbon decomposition
and (b) temperature sensitivity (Q10) based on random forests model analysis. * represents significant
effect at p < 0.05. SOC and LSOC denote soil organic C, and labile SOC by KMnO4, respectively.
K+, Na+, Ca2+ and Mg2+ denote exchangeable K, Na, Ca and Mg cations, respectively. TN denotes
total nitrogen. BG, NAG, AcP and LAP denote β-1,4-glucosidase, β-N-acetyl-glucosaminidase, acid
phosphatase and leucine aminopeptidase, respectively.

4. Discussion
4.1. Soil Organic Carbon Decomposition and Its Responses to N and P Fertilization in Different
Aggregates

Differences in SOC decomposition at 18 ◦C between aggregate fractions were observed,
showing that MiA had a higher SOC decomposition rate than MeA and MaA (Figure 1),
which was in agreement with some previous observation [16,17]. This result did not support
our first hypothesis that SOC decomposition will increase with aggregate size. Higher
SOC decomposition in the small aggregates than in the large aggregates was due to lower
physical protection of SOC within small aggregates than that within large aggregates [5] and
the higher SOC and labile SOC concentrations in small aggregates (Table 1 and Table S2).
The physical protection of aggregates to SOC was mainly attributed to the formation of
a physical barrier that restricts microbial access to SOC [5]; however, microaggregates
before forming macroaggregates have much weaker physical protection to SOC within
microaggregates than SOC within macroaggregates [5]. Thus, SOC decomposition in
the small aggregates was higher than that in the large aggregates. In our study, higher
SOC decomposition in MiA than MaA was in part attributed to lower C:N ratio of soil
organic matter in MiA than in MaA (Table 1) because soil organic matter with low C:N
ratio is preferentially utilized by microorganisms [34]. The other potential mechanisms that
small aggregates had higher SOC decomposition than large aggregates need to be further
explored.

N fertilization increased SOC decomposition in MaA and MiA (Figure 1). This finding
was partly consistent with some previous observations that N fertilization increased SOC
decomposition in >0.053 mm aggregates in a highland agroecosystem [8] and in macro-
and microaggregates in a subtropical cropland [21]. These results suggested that responses
of SOC decomposition to N fertilization varied among different size aggregates and our
results implied that N fertilization was not in favor of SOC sequestration in MaA and
MiA. N fertilization generally enhances fresh organic matter inputs by increasing litter
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production and rhizodeposition [23,40], resulting in higher SOC concentrations. Thus,
increased concentrations of total and labile SOC in MaA and MiA after N fertilization
(Table 1) were responsible for the promotion of N fertilization to SOC decomposition in
MaA and MiA.

Lower SOC decomposition in MaA and MiA under NP than those under N (Figure 1)
implied that P fertilization changed the effects of N fertilization on SOC decomposition in
the different size aggregates. We attributed these results to P-fertilization-induced decreases
in total and labile SOC concentrations in MaA and MiA under N fertilization (Table 1).
In addition, soils fertilized with P and N fertilizer exhibited changes in enzyme activities
(Figure 3), and these changes were partly responsible for the alteration of the influences
of N fertilization on SOC decomposition following P fertilization, which was supported
the strong correlations between SOC decomposition and enzyme activities (Figure 4 and
Figure S2).

4.2. Temperature Sensitivity of Soil Organic Carbon Decomposition in Different Aggregates and Its
Responses to N and P Fertilization

Unlike our hypothesis that Q10 would decrease with increasing aggregate size, we
found that SOC within large aggregates (MeA and MaA) had higher averaged Q10 values
than that within small aggregates (MiA) (Figure 2). Our results were in agreement with
some previous studies that macroaggregates had higher Q10 values than microaggregates in
croplands [16,21] and forests [15], although they were opposite to the C-quality temperature
hypothesis that decomposition of recalcitrant SOC is more sensitive to temperature change
than that of labile SOC [4]. One reason was that the C-quality temperature hypothesis is
generally applicable when SOC decomposition is only limited by C quality [4]; however,
Q10 is usually simultaneously affected by several factors such as C quality and nutrient
availability [34,41], and in the present study, Q10 was significantly related to LAP activity,
pH, exchangeable K+ and Mg2+ concentrations (Figure 4e–h). The higher Q10 in large
aggregates than that of SOC associated with small aggregates implied that SOC within
the large aggregates will have higher risk of C loss in response to climate warming and
generate positive feedback for global warming.

Unlike our hypothesis, sole N fertilization had less effect on Q10 in all size aggregates
(Figure 2), which differed from some previous observations that N fertilization had various
effects on Q10 in different size aggregates [8,21,30]. For example, Ghosh et al. [21] reported
that N fertilization increased Q10 in microaggregates but had no effect on Q10 in macroag-
gregates in a subtropical cropland. Q10 was controlled by a series of soil environmental
factors, such as SOC quantity and quality, nutrient availability, and microbial community
and enzyme activity [34,41]. The inconsistency was attributed to the different changes
in soil properties caused by N fertilization among various experiments. In our study,
sole N fertilization had less effect on soil chemical properties (Table 1) and BG and LAP
activities (Figure 3) in different size aggregates. In contrast to N fertilization, P fertilization
significantly increased Q10 in MeA and MaA (Figure 2). This was attributed to the decrease
in SOC contents and the increase in total P contents following P fertilization (Table 1),
which caused the shift of microbial P limitation to C limitation [42]. In MeA, MaA and
MiA, similar Q10 values under NP fertilization and N fertilization (Figure 2) indicated
that P fertilization had less modification on the effect of N fertilization on Q10 in all size
aggregates, which did not support our hypothesis that P fertilization would change the
response of Q10 to N fertilization.

Some field and laboratory experiments demonstrated that the influences of fertilization
on SOC decomposition and its Q10 in bulk soils are strongly related to the forms of N and
P fertilizers [43,44] through affecting plant growth, rhizodeposition, microbial biomass
and activity, and SOC quantity and quality [26,45]. In our study, NH4NO3 and NaH2PO4
were used for N and P fertilization, respectively. Thus, our results obtained from the
long-term fertilization experiment should be interpreted with caution, and whether N and
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P fertilization affect SOC decomposition and Q10 in different aggregates occurs in different
sites and forest ecosystems should be determined.

5. Conclusions

N fertilization accelerated SOC decomposition in small aggregates, whereas P fertiliza-
tion increased Q10 in large aggregates, suggesting that N and P fertilization had different
effects on SOC decomposition and Q10, but these effects were related to soil aggregate size.
Furthermore, P fertilization changed the influences of N fertilization on SOC decomposition
in small aggregates, while N fertilization decreased the responses of Q10 to P fertilization
in all size aggregates. Total and labile SOC and soil enzyme activities were important
factors of regulating SOC decomposition and its Q10. Overall, this study provides solid
evidence of the different effects of N and P fertilization on the decomposition and Q10 of
SOC associated with different size aggregates. Our findings highlighted the importance
of considering differences in the responses of SOC decomposition in different size aggre-
gates to anthropogenic N and P inputs in most C cycling models in the prediction of SOC
dynamics and its feedback to environmental changes in terrestrial ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f14010072/s1, Table S1: Basic physicochemical characteristics
of the soil from the treatment plots before fertilization. There are no significant differences of any
soil properties. Table S2: Results (p values) of one-way ANOVA for N and P fertilization on the
chemical variables in different aggregate fractions; Figure S1: N and P fertilization had no effect
on soil aggregate fractions in a subtropical forest. MeA, MaA and MiA represent mega-aggregates
(>2.0 mm), macroaggregates (0.25–2.0 mm) and microaggregates (<0.25 mm); Figure S2: Pearson’s
correlation coefficients of enzyme activities (a,b) and soil chemical properties (c,d) with cumulative
soil organic carbon (SOC) decomposition. AcP and NAG represent acid phosphatase and β-N-acetyl-
glucosaminidase, respectively. The shaded area represents 95% confidence interval.
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