
Citation: Sun, Z.; Wang, Q.; Zhu, Y.

Net Carbon Balance between Priming

and Replenishment of Soil Organic

Carbon with Biochar Addition

Regulated by N Addition Differing in

Contrasting Forest Ecosystems.

Forests 2022, 13, 1710. https://

doi.org/10.3390/f13101710

Academic Editor: Bruno Glaser

Received: 5 September 2022

Accepted: 14 October 2022

Published: 17 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Net Carbon Balance between Priming and Replenishment of
Soil Organic Carbon with Biochar Addition Regulated by N
Addition Differing in Contrasting Forest Ecosystems
Zhaolin Sun 1,2, Qingkui Wang 1,2,* and Yifan Zhu 2

1 School of Forestry & Landscape Architecture, Anhui Agricultural University, Hefei 230036, China
2 Huitong Experimental Station of Forest Ecology, CAS Key Laboratory of Forest Ecology and Management,

Institute of Applied Ecology, Shenyang 110016, China
* Correspondence: wqkui@163.com

Abstract: The replenishment and priming effect (PE) are two decisive processes that determine the
carbon (C) sequestration potential of biochar. However, how increased nitrogen (N) availability affect
these two processes and the consequent net C balance remains poorly understood. By collecting
soils from three forest ecosystems (deciduous broad-leaf forest (DBF), evergreen coniferous forest
(ECF), and evergreen broad-leaf forest (EBF)), we conducted a 365-day incubation experiment by
adding 13C-labelled biochar plus five rates of inorganic N (0 to 15% N of soil total N). The -results
showed that N addition significantly stimulated the early period (0–48 days) but did not affect the
late period (49–365 days) of biochar decomposition. The effect of N addition on PE varied largely
with the forest type and decomposition period; N addition significantly enhanced the negative PE
-in both periods in DBF and at the late period in EBF, whereas it stimulated positive PE in the early
period in EBF and ECF. At the end of incubation, the addition of biochar caused net C accumulation
across all treatments due to the huge proportion of biochar (98.1%–98.9% of added biochar) retained
in soils and the negative or neutral cumulative PE (−11.25–0.35 g C kg−1 SOC), and the magnitude
of net C balance increased linearly with the N addition rate in DBF and EBF. Collectively, the results
of this study indicate that biochar input can contribute to soil C sequestration and that N addition
can enhance the C sequestration potential of biochar.

Keywords: biochar; black carbon; carbon sequestration; nitrogen deposition; priming effect;
replenishment

1. Introduction

Biochar is generally regarded as biologically recalcitrant due to its high resistance to
microbial degradation [1,2] and, consequently, can persist in soils for hundreds or even
thousands of years [3,4]. Therefore, incorporating biochar into soils has been proposed
as a useful method to sequester carbon and mitigate global warming [5–7]. However,
biochar application in soil may also alter the decomposition of native soil organic C (SOC)
via the priming effect (PE), which regulates the feedback between soil C dynamics and
climate change [8,9]. In general, a positive PE can accelerate the decomposition of native
SOC, leading to positive feedback on climate change, while a negative PE can suppress it
and mitigate climate change. Given the expected increases in fire frequency and intensity
likely to occur with future climate change [10], the quantity of biochar will also increase
in forest ecosystems. Thus, a better understanding of soil C dynamics following biochar
input is critical to predicting future changes in soil C cycling and its feedback on global
climate change.

In the last two decades, the biochar-inducted PE on native SOC decomposition has
received increasing attention in the context of global environmental change [2,11,12]. How-
ever, the direction of PE reported in different experiments are inconsistent, showing a
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positive effect [13,14], negative effect [15,16] or no effect [17,18]. It has been reported that
both the direction and magnitude of biochar priming can be influenced by a wide range
of soil and biochar characteristics [2,19], among which soil nutrient (particularly nitrogen)
availability has long been regarded as a fundamental factor [20,21]. Over the past few
decades, atmospheric N deposition due to anthropogenic activities has continuously in-
creased in large parts of the world [22,23]. This may greatly increase soil N availability
and consequently influence the biochar-induced PE. To date, however, only one study has
investigated the influence of N addition on biochar priming in a forest ecosystem [24].
Therefore, more experiments are urgently needed to improve our understanding of the
relationship between N availability and the biochar-induced PE in forest ecosystems.

Besides PE, replenishment is another important process influencing the direction
and magnitude of SOC dynamics following exogenous organic C inputs [25,26] and, can
potentially increase SOC accumulation by compensating for the primed SOC loss. Therefore,
even if positive PE occurs, a decrease in SOC storage is not necessarily inevitable. Despite
the widespread acceptance of the importance of replenishment, most priming studies have
only emphasized soil C loss through priming, resulting in considerable uncertainty about
the net effect of biochar input on soil C dynamics [14,27,28]. Furthermore, the enhanced
soil N availability due to increasing input of atmospheric N deposition may also affect the
magnitude of replenishment following biochar addition [15,24]. However, no studies have
been conducted to simultaneously investigate the effect of N addition on the two processes
(i.e., priming and replenishment) and the consequent net C balance.

In this study, we conducted a 365-day laboratory incubation experiment by adding
13C labeled biochar with or without inorganic N into three forest soils with contrasting
properties. The 13C isotopic differences between native SOC and biochar allowed us to
quantify the CO2-C sources from the decomposition of native SOC and the added biochar.
The objectives of this study were to investigate the responses of replenishment, priming,
and their net change to N addition. We hypothesized that: (1) biochar addition would
promote SOC decomposition (i.e., positive PE); (2) N addition would reduce the intensity
of PE according to the microbial N mining theory; (3) SOC content would increase due to
the greater magnitude of replenishment compared to priming, and such an increase should
depend on the added N rate and forest type.

2. Materials and Methods

2.1. Soil Sampling and 13C-Labelled Biochar Production

Soils used in this experiment were collected from three forest ecosystems, including
a deciduous broad-leaf forest (DBF) in the Nanwan Forest reserve (32◦06′ N, 114◦01′ E),
an evergreen coniferous forest (ECF) at the Huitong National Research Station of Forest
Ecosystem (26◦50′ N, 109◦45′ E), and an evergreen broad-leaf forest (EBF) in the Yingzuijie
National Nature Reserve (26◦46′ N, 109◦49′ E). Basic information on the three forests is
given in Table 1.

The mineral soil (0–10 cm) was collected from the three forests in June 2017. In each
forest, four plots (15 m × 15 m) were selected, and ten soil cores with an inner-diameter of
5 cm were randomly collected in each plot after the removal of surface plant litter. Soil cores
from the same forest were combined and thoroughly mixed as a composite sample. Plant
roots, stones, and impurities were removed by passing soil through a 2 mm sieve in the
laboratory. Soils from the three forests had different physicochemical properties (Table 1).

Chinese fir is a major timber species that has been extensively planted in provinces
of southern China [29]. In plantation management, managers usually use slash burning
to deal with the cutting residues, thus producing a large amount of biochar in soils [30].
Therefore, in this experiment, we used 13C-labeled seedling stems of Chinese fir as the
parent material of biochar. Uniformly 13C-labeled seedling stems were obtained using
13CO2 gas (99.9% abundance) in a growth chamber for 3 months. Biochar was produced
by a slow-pyrolysis process under a “no-oxygen” condition. Before pyrolysis, tree stems
were dried at 100 ◦C for 12 h, and then transferred into the biochar reactor. The initial
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temperature was set at 150 ◦C and gradually (10 ◦C min−1) elevated to 380 ◦C, equivalent
to the temperature of forest surface fires, which account for approximately 94% of forest
fires [31]. The pyrolysis process was maintained at 380 ◦C for 90 min. To create a no-oxygen
condition, N2 was introduced into the biochar reactor during the entire pyrolysis process.
The resulting biochar was then crushed with a mortar and sieved to 0.5 mm. The C and N
contents of the biochar were 648.2 g kg−1 and 14.1 g kg-1, the pH was 9.04, and the δ13C
value was 602.5‰.

Table 1. Information of the three forests for soil sample collections.

Variables DBF EBF ECF

Dominant tree species Castanopsis Fargesii Franch.,
Machilus pauhoi Kanehira

Quercus acutissima Carruth.,
Pinus massoniana Lamb.

Cunninghamia lanceolata
(Lamb.) Hook.

MAT (◦C) 15.2 16.5 16.5
Soil type Haplic Calcisols Alumic Acrisol Alumic Acrisol

Soil texture Silt clay loam Clay loam Clay loam
MAP (mm) 1063 1200 1200

Sand (%) 29.5 a 14.7 b 11.1 c
Silt (%) 37.1 b 40.5 a 37.7 b

Clay (%) 33.4 c 44.8 b 51.2 a
Soil pH 4.45 a 3.73 c 4.22 b

SOC (g kg−1) 26.84 b 39.53 a 21.80 c
Total N (g kg−1) 1.97 b 3.45 a 1.91 b

C/N ratio 13.6 a 11.5 b 11.4 b
Total P (g kg−1) 0.27 b 0.65 a 0.21 c

Mineral N (mg kg−1) 7.17 c 13.37 b 14.93 a
Available P (mg kg−1) 4.04 a 1.89 b 0.84 c

DOC (mg kg−1) 188.2 a 97.6 b 61.4 c
MBC (mg kg−1) 331.7 a 358.6 a 334.8 a
MBN (mg kg−1) 48.62 b 81.64 a 80.20 a
C:N imbalance 3.91 a 1.78 b 1.00 c

Note: DBF, EBF and ECF denote deciduous broad-leaf forest, evergreen broad-leaf forest and evergreen coniferous
forest, respectively. MAT, MAP, SOC, DOC, MBC and MBN represent mean annual temperature, mean annual
precipitation, soil organic carbon, dissolved organic carbon, microbial biomass carbon and microbial biomass
nitrogen, respectively. Different lowercase letters in the same row indicate significant differences among forests at
p < 0.05.

2.2. Experiment Design and Soil Incubation

In this experiment, six treatments with four replicates were set up for each forest soil:
BN0, BN1, BN2, BN3, and BN4 (adding biochar plus 0%, 2.5%, 5.0%, 10.0% and 15.0% N
of soil total N, respectively), and a control (without the addition of biochar and N). The
amount of biochar C was added as 5% of the SOC concentration. Thus, a total of 72 sample
incubations (3 forests × 6 treatments × 4 replicates) were included in this experiment.

For incubation, 150 g of soil (dry weight) for each sample incubation was weighed in a
1 L Mason jar and then pre-incubated in the dark at 25 ◦C for 24 h. After pre-incubation,
biochar and water solutions of NH4NO3, according to experimental design, were added
to the soils and thoroughly mixed. Finally, deionized water was used to adjust the soil
moisture to a 60% water-holding capacity. All jars were incubated in the dark at 25 ◦C for
365 days.

To measure the CO2 efflux rate and its δ13C, gas samples were sampled from jars on
days 1, 2, 4, 7, 10, 15, 20, 27, 34, 41, 48, 55, 65, 76, 92, 113, 143, 173,217, 264, 313, and 365
after the start of incubation. Before each gas sampling, CO2-free air was used to flush the
jar headspace for 2 min to ensure that there was no CO2 in the jar. Thereafter, jars were
immediately sealed by closing the manual valve. According to the CO2 release from the
soil, gas was collected 12–36 h after sealing using a 200 mL syringe and then transferred
into a gas bag. The concentration and δ13C value of sampled CO2 were analyzed by a
stable isotope-ratio mass spectrometer (Picarro G2131-i Analyzer; Picarro, Inc., Santa Clara,
CA, USA).
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2.3. Calculation of CO2 and Priming Effect

The amount of CO2-C derived from biochar and SOC decomposition was calculated
as follows [9]:

CB = CT × (δT − δS)/(δB − δS) (1)

CS = CT × (δB − δT)/(δB − δS) (2)

where CT (CT = CB + CS) is the total amount of CO2-C during the considered time interval,
CB is the amount of CO2-C derived from biochar, CS is the amount of CO2-C derived from
native SOC, δT is the δ13C value of CT, δB is the initial δ13C value of biochar and δS is the
initial δ13C value of native SOC.

The soil’s cumulative emission of CO2 (T, mg C kg−1 SOC) at the early and late periods
of decomposition was calculated as follows [32]:

T = ∑n
i=1(Ei + Ei+1)/2× (ti+1 − ti) (3)

where Ei and Ei+1 are the soil CO2 efflux rate (mg C kg−1 SOC day−1) at ith and (i+1)th
incubation time, respectively, ti+1−ti is the interval between the ith and (i+1)th incubation
time (day), and n is the number of incubation times. Therefore, the average soil CO2
emission (mg C kg−1 SOC day−1) at early and late decomposition periods was calculated
by dividing T by the number of days in each period.

Here, the early period of biochar decomposition was defined as the stage presenting a
rapid decrease in the CO2 efflux rate with time (approximately the first 48 days), while the
stage in the following 317 days (49–365 days) that presents a relatively stable and lower
CO2 efflux rates was defined as the later period. This distinction was highly consistent
across all 3 forest soils (Figure S1).

The PE induced by biochar addition with or without N was calculated as the difference
between the CO2–C derived from native SOC in the presence of biochar treatment (CO2-
Cbiochar) and the corresponding control (CO2-Ccontrol) as follows (Wang et al., 2014):

PE = CO2-Cbiochar − CO2-Ccontrol (4)

2.4. Measurement of Soil Properties

Total C and N in soils were measured by a CN elemental analyzer (Elementar Vario,
Hanau, Germany). Total P, available phosphorus (P) and mineral N (NH4+ and NO3−)
in soils were analyzed by a continuous flow analyzer (AA3, Seal Analytical, Norderstedt,
Germany). Dissolved organic C (DOC) in soils was determined using a TOC analyzer
(Vario TOC cube; Elementar, Hanau, Germany). Soil texture and microbial biomass C and
N were analyzed using the hydrometer method and chloroform fumigation-extraction
method, respectively [33,34]. Soil pH was determined by a pH meter. In addition, the ratio
of resource C:N (DOC to mineral N) to microbial biomass C:N was used to reflect the C:N
imbalance between resources and microorganism [35,36]. A lower C:N imbalance implies
higher N availability relative to C availability and could thereafter be used as an agent of
microbial N limitation [36,37]; that is, the higher the C:N imbalance, the more severe the
microbial N limitation.

2.5. Statistical Analysis

SPSS 21.0 software was used to perform all statistical analyses. The effects of forest
type, N addition, decomposition period, and their possible interactions on the rates of
biochar decomposition and PE were analyzed by three-way ANOVAs. The effects of forest
type, N addition, as well as their interactions on the cumulative biochar decomposition,
cumulative PE, and net C balance were assessed by two-way ANOVAs. The significant
differences in the biochar decomposition rate and PE within N treatments for each forest
type at each sampling time were analyzed by one-way ANOVA. Post Hoc Tests of multiple
comparisons were assessed by the least significant difference test (LSD) for all data. A
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linear regression model was employed to explore the relationships of net C balance with N
addition rates. Significant differences for all statistical tests were based on p < 0.05.

3. Results
3.1. Biochar Decomposition

During the 365 days of incubation, two distinct biochar decomposition stages were
observed for all biochar treatments, namely, the early period (approximately 0–48 days),
which displayed a high but quickly decreasing decomposition rate, and then switched to a
slow and stable stage in the later period (49–365 days; Figure S1). N addition significantly
stimulated the biochar decomposition rate within the first 10 days in DBF, while this
stimulating effect lasted until 41 days in EBF and ECF. Results of three-way ANOVA
indicated a significant interactive effect of N addition and the decomposition period on
the biochar decomposition rate (Table S1); N addition significantly elevated the biochar
decomposition rate in the early period, but did not influence it in the late period (Figure 1a).
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Figure 1. Effects of N addition on biochar decomposition rate during the early and late periods
(a) and the cumulative decomposition of biochar after a 365-day incubation (b) in three forests.
Bars represent standard errors of the mean (n = 4). Different capital letters in figure (a) represent
significant differences between periods. Different capital letters in figure (b) indicate significant
differences between forests. Different lowercase letters above bars represent significant differences
among treatments within periods. Significance levels are set at p < 0.05.

At the end of incubation, about 1.09% to 1.92% of added biochar was decomposed
across all treatments (Figure 1b). The cumulative decomposition of biochar was significantly
influenced by forest type and N addition (Table S2). Regardless of N addition, the average
cumulative decomposition of biochar in ECF (1.23% added) was significantly lower than
that in DBF (1.26% added) and EBF (1.31% added) (Figure 1b). Furthermore, the cumulative
decomposition of biochar was significantly elevated by BN4 treatment in DBF and BN3 and
BN4 treatments in EBF and ECF. No interactive effect between forest type and N addition
on cumulative biochar decomposition was observed (Table S2).
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3.2. Priming of Native SOC Decomposition

Biochar addition, with or without N addition, caused various PEs on native SOC
decomposition during the 365 days of incubation (Figure S2). In all forests, single biochar
addition treatment (BN0) did not induce a significant PE at any sampling time. However,
the direction and extension of PE were significantly altered by N addition, although this
alteration varied among forests (Figure S2). More specifically, in DBF, N addition increased
the magnitude of PE in a negative direction, but only to a significant level in the first 76 days
and at day 313. In EBF, N addition significantly enhanced the magnitude of PE in a positive
direction at the beginning of incubation (0–20 days), then changed to a negative direction
from 48 to 264 days, and eventually changed to neutral towards the end of incubation. In
ECF, N addition significantly increased the magnitude of PE in a positive direction before
37 days but showed no effect thereafter.

When the whole incubation was divided into early and late periods based on the
dynamics of biochar decomposition, BN0 treatment caused a significant negative PE at
both periods in DBF (Figure 2a). We found a significant interactive effect of forest type,
N addition, and decomposition period on the PE (Table 1). N addition (BN2, BN3, and
BN4) significantly enhanced the magnitude of PE in the negative direction at both periods
in DEF (Figure 2a). In EBF, N addition (BN2, BN3, and BN4) significantly increased the
magnitude of PE in a positive direction in the early period and in a negative direction in
the later period (Figure 2a). In ECF, only BN3 and BN4 treatments in the early period had
a significant effect on the PE (i.e., increased the magnitude of PE in a positive direction)
(Figure 2a).
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Figure 2. Effects of N addition on priming effect rate during the early and late periods (a) and the
cumulative priming effect after a 365-day incubation (b) in three forests. Bars represent standard
errors of the mean (n = 4). Different capital letters in figure (a) represent significant differences
between periods. Different capital letters in figure (b) indicate significant differences between forests.
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At the end of incubation, the cumulative PE ranged from −11.25 to 0.35 g C kg−1 SOC
across all treatments and differed significantly among forests (Figure 2b). A significant
interaction was found between forest type and N addition that affected the cumulative
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PE (Table S2). In detail, N addition significantly affected the cumulative PE in a negative
direction in DBF and EBF, and the magnitude increased with N addition rates (Figure 2b).
However, no significant effect of N addition on the cumulative PE in ECF was found.

3.3. Carbon Balance

As shown in Table 2, biochar addition with or without N addition retained a large
amount of biochar-C in soils at the end of incubation, leading to a net SOC accumulation of
48.99 to 60.55 g C kg−1 SOC. However, the soil C balance was significantly influenced by
the main and interactive effects of forest type and N addition (Table S2). More specifically,
the net C balance, on average, was lower in ECF (49.12 g C kg−1 SOC) compared to EBF
(51.48 g C kg−1 SOC) and DBF (56.63 g C kg−1 SOC). N additions significantly increased
the net C balance in DBF and EBF, but did not affect it in ECF. Further linear regression
analysis showed that the net C balance increased positively with N addition rates in DBF
and EBF (Figure 3).
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Figure 3. Relationships between net C balance and N addition rates in three forests.

Table 2. Effects of N addition on replenishment (g C kg−1 SOC), cumulative PE (g C kg−1 SOC) and
net C balance (g C kg−1 SOC) after a 365-day incubation. Values are means and standard errors
(n = 4). Significant differences between the mean values of the treatments in each row are indicated
by different lowercase letters (p < 0.05).

Treatments BN0 BN1 BN2 BN3 BN4

DBF
Replenishment 49.42 (0.03) a 49.41 (0.03) a 49.40 (0.03) ab 49.34 (0.03) ab 49.30 (0.03) b
Cumulative PE −2.77 (0.27) a −5.02 (0.75) a −7.96 (1.25) b −9.30 (1.09) bc −11.25 (0.85) c
Net C balance 52.19 (0.26) c 54.42 (0.73) c 57.35 (1.26) b 58.64 (1.10) ab 60.55 (0.88) a

EBF
Replenishment 49.38 (0.02) ab 49.40 (0.03) a 49.38 (0.02) ab 49.33 (0.02) b 49.24 (0.03) c
Cumulative PE 0.14 (0.59) a −0.64 (0.18) ab −1.49 (0.23) b −3.37 (0.62) c −5.30 (0.26) d
Net C balance 49.25 (0.59) d 50.04 (0.18) cd 50.87 (0.24) c 52.70 (0.63) b 54.54 (0.26) a
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Table 2. Cont.

Treatments BN0 BN1 BN2 BN3 BN4

ECF
Replenishment 49.45 (0.02) a 49.43 (0.02) a 49.40 (0.03) ab 49.34 (0.02) b 49.33 (0.01) b
Cumulative PE 0.14 (0.70) a 0.28 (0.84) a 0.25 (1.09) a 0.35 (1.33) a 0.32 (1.11) a
Net C balance 49.31 (0.71) a 49.15 (0.86) a 49.14 (1.11) a 48.99 (1.34) a 49.01 (1.11) a

4. Discussion
4.1. Soil Priming Effect following Biochar and N Addition

In this study, the direction of PE caused by sole biochar addition (BN0) was different
for the three forest soils, with a significant negative PE in DBF and no PE in EBF and ECF at
both the early and late periods (Figure 2a), thus opposing our first hypothesis. This result
indicates that the effect of biochar input on native SOC decomposition varies depending
on forest type, and one possible reason could be their difference in soil C availability (i.e.,
DOC content) [28,38]. This opinion was supported by a meta-analysis study by Maestrini
et al. [39], who found that the magnitude of the negative PE was higher when the soil
had a higher C availability. The inhibitory effect of biochar on native SOC decomposition
has been attributed to the sorption of soil-derived DOC to the outer surface of biochar
particles or the physical encapsulation of soil-derived DOC into biochar pores [2,40,41],
which may limit the accessibility of SOC to microorganisms and their enzymes and thus
reduce the decomposition of native SOC [38,42]. In the case of the three forest soils that
we investigated, DOC content in DBF was about 2–3 times higher than that of the other
two forests (Table 1), so the added biochar might thus adsorb and/or encapsulate more
of this labile C, leading to a stronger negative PE. In an incubation study, Lu et al. [15]
also found that the observed negative PE in their experiment was mainly ascribed to the
sorption of soil-derived DOC by biochar. Alternatively, the lack of PE in EBF and ECF
might be attributed to their low content of DOC that was hardly adsorbed by biochar and
thereby w insufficient to induce a negative PE [28,43]. Additionally, some studies have
suggested that the divergent interactions between biochar particles and the compositions
(e.g., soil organic matter and clay minerals) of different soils may also result in different PE
responses [44,45]. In the present study, given the substantial differences in soil properties
(e.g., clay and nutrients contents) and soil microbes (e.g., microbial biomass N) between
the three studied soils, it is reasonable to speculate that this mechanism may also act on
our results. However, in this study, we did not measure the relevant indicators, and thus
this speculation needs further verification.

We further observed that the intensity of biochar priming was increased by N addition,
albeit such increases varied with the forest type, incubation period and N addition rate
(Figure 2a). This finding was inconsistent with our second hypothesis that N addition
would reduce the intensity of PE. Due to the very limited number of studies investigating
the response of biochar priming to N addition, it is difficult to compare our results to those
in other forest ecosystems. An existing study on temperate forest soil found that the PE
induced by ryegrass-derived biochar was not affected by N addition (0.9% N of the soil’s
total N) [24], which was partly consistent with our result, as we also detected a neutral
effect of BN1 (2.5% N of the soil’s total N) treatment on the PE at any period. However, in
this study, we found a significant effect of N addition on the PE when the addition rate
was higher than 2.5% N of the soil total N, and the magnitude increased with N addition
rates. This finding signifies that given that the atmospheric N deposition is forecast to
increase continuously in the future [22,23], it might thus exert a stronger influence on the
biochar-induced PE. However, it must be pointed out that this work was only completed
based on a single type of biochar and a small range of forest ecosystems; further work is
required to verify the general applicability of our result.

The three forest soils differed in the response of the biochar priming to N addition
(Figure 2a). We observed an enhanced negative PE in response to N addition at both
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periods in DBF, whereas an increased positive PE at the early period in EBF and ECF,
and an increased negative PE at the later period in EBF were observed. This disparity
might be related to the differences in microbial C and N limitations among forests [36,46].
For the three forest soils we studied, the microbial C:N imbalance in DBF was about 2–4
times higher than in EBF and ECF (Table 1), indicating a greater microbial N limitation
in DBF than in EBF and ECF (i.e., microorganisms in EBF and ECF suffer more severe C
limitation). Therefore, in DBF, according to the N mining theory, N addition would relieve
the microorganisms from N limitation and reduce the mining of N from native SOC [47,48],
thereby enhancing the negative PE. On the contrary, in EBF and ECF, where microbial
growth was limited by C availability, N addition may ulteriorly aggravate microbial C
limitation. This may compel microorganisms to decompose more native SOC to obtain
energy and consequently lead to an increased positive PE in the early period [20,36].
However, as incubation proceeds, microbial C limitation may be relieved with the depletion
of added N, and meanwhile, the increased proportion of recalcitrant C in soils may slow
the decomposition rate of native SOC [49], resulting in an enhanced negative or neutral PE
in EBF and ECF at the late period.

Nevertheless, the above discussion was mainly focused on the impacts of soil prop-
erties, while the microbial mechanisms of the PE response to biochar and N additions
have not yet been addressed. Zheng et al. [16] recently showed that the adding biochar
could modulate the soil bacterial community towards low C turnover bacteria taxa, thereby
suppressing native SOC decomposition (i.e., negative PE). Therefore, to advance our un-
derstanding of the priming processes, the responses of the soil microbial community to
biochar and N additions should be the focus of future studies.

4.2. Carbon Balance between Primed C Loss and Replenishment of Biochar

As our third hypothesis, biochar addition considerably increased soil carbon stock after
one year of incubation due to the large amount of retained biochar in combination with the
negative or neutral cumulative PE. This result is largely consistent with numerous previous
studies showing net SOC accumulation following biochar addition [50–52]. Therefore,
combined with the results of other studies, our finding supports the great potential of
biochar in improving soil C sequestration.

Despite the positive net C balance across all biochar treatments, its magnitude varied
largely with forest type and N addition. The average magnitude of net C balance was
in the order of DBF > EBF > ECF, and increased linearly with the N addition rate in
DBF and EBF (Table 2; Figure 3). This finding partly supports our third hypothesis. In
general, the net C balance is jointly determined by the processes of replenishment and
priming [26,53]. However, our results showed that changes in net C balance caused by
forest type and N addition were mainly driven by the process of priming because the
variation in replenishment between different treatments was negligible in comparison to
that of priming. For instance, the maximum difference of replenishment among different
forests was only 0.04 g C kg−1 SOC, but the maximum difference of priming among
different forests reached 7.53 g C kg−1 SOC. Similarly, N addition only reduced the retained
biochar by an average of 0.06 g C kg−1 SOC but decreased the primed SOC loss by an
average of 2.76 g C kg−1 SOC. Overall, this finding suggests that the priming response to
environmental changes seems to be the key determinant for the C sequestration potential
of biochar.

Finally, it is notable that the constant temperature and soil moisture used in our
experiment differed from those periodically fluctuating under field conditions [54]. As
some studies discussed [19,44,55], PE may be strongly affected by experimental conditions.
Therefore, using a constant incubation temperature and moisture may bias the estimation
of the decomposition of biochar and its priming effect on native SOC mineralization in
field conditions. Additionally, the use of ground biochar and sieved soils was not entirely
representative of the effect of biochar input on soil C dynamics compared to the intact
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biochar and soils under field conditions [56]. Therefore, the results in this experiment
should be applied with caution to field conditions.

5. Conclusions

Our results provide empirical evidence that biochar input can largely promote soil
C accumulation due to its extremely low decomposition rate in soils and its negative or
neutral PE on native SOC decomposition. Moreover, we found that the promotive role of
biochar on soil C accumulation varied among forest types and depended on N addition
rates, likely a result of the priming response. Overall, these results suggest that priming
and replenishment, the two opposite processes in determining SOC dynamics, should be
simultaneously considered when assessing the effect of biochar input on soil C stock under
global environmental change.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13101710/s1, Table S1: Results of three-way ANOVA showing
the effects of forest type (FT), N addition (N), decomposition period (DP) and their interactions
on biochar decomposition rate and PE rate. Table S2: Results of two-way ANOVA showing the
effects of forest type (FT), N addition (N) and their interactions on cumulative biochar decomposition,
cumulative PE and net C balance. Figure S1: Effect of N addition on the decomposition rate of biochar
in three forests. Bars represent standard errors of the mean (n = 4). significant effects of N addition
are denoted by asterisks (p < 0.05). Figure S2: Effect of N addition on the priming effect rate in
three forests. Bars represent standard errors of the mean (n = 4). significant effects of N addition are
denoted by asterisks (p < 0.05).
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