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Abstract: Reforestation through assisted natural regeneration usually accumulates more biomass car-
bon than through tree planting, but its effects on soil respiration (Rs) and its components, autotrophic
respiration (Ra) and heterotrophic respiration (Rh), are poorly understood despite the importance in
forest carbon cycling. In this study, we clear-cut part of a 35-year-old secondary Castanopsis carelesii
(C. carelesii) forest and reforested the logged land with C. carelesii via two approaches—active tree
planting and assisted natural regeneration—and measured Rs, Ra, and Rh as well as soil temperature
and moisture in these forests. In the first two years following reforestation, Rs, Ra and Rh rates were
mostly reduced in the two young forests compared to the secondary forest, likely due to reduced
photosynthate production and thus carbon substrate input associated with the clear-cut. However,
the Rh:Rs ratio was significantly greater in the young plantation than in the other two forests in
the first two years, suggesting a greater loss of soil organic carbon from the young plantation. In
the third year, the mean Rs, Rh, and Ra rates of the young forest established via assisted natural
regeneration were similar to those of the secondary forest, but significantly greater than those of the
young plantation. The rates of Rs, Rh, and Ra mostly increased exponentially with increasing soil
temperature in all forests, but mostly lack significant relationships with soil moisture. These findings
indicate that, compared with reforestation via tree plantation, assisted natural regeneration not only
reduced the loss of soil organic carbon via soil respiration, but also had a more rapid recovery of soil
respiration to the level of the secondary forest. Our study highlights that, in addition to temperature,
carbon substrate availability is also important in regulating soil respiration following reforestation.

Keywords: assisted natural regeneration; autotrophic respiration; heterotrophic respiration; reforestation;
soil organic matter; substrate availability

1. Introduction

To limit the future global temperature rise to <1.5 ◦C, approximately 730 billion tons
of CO2 (or 199 billion tons of carbon, Pg C) need to be removed from the atmosphere
by the end of this century [1,2]. Some believe that plantation forests can be effective in
mitigating increases in atmospheric CO2 concentration [3–5]. However, certain forest
management practices, such as slash burning and site preparation, often increase soil
carbon emissions [6–8] and reduce the carbon sequestration potential of plantation forests.
A recent synthesis reported that, compared with plantation forests, naturally regenerated
forests are on average 40 times more effective in biomass carbon sequestration [9].
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Soil respiration (Rs) is an important component of the forest carbon cycle, accounting
for 30–80% of total forest respiration [10]. Thus, changes in Rs induced by forest manage-
ment practices can have a significant impact on forest carbon cycling [11–13]. For example,
slash burning, site preparation, and weeding can enhance soil respiration through increas-
ing soil temperature, reducing soil moisture, destabilizing soil aggregates, and enhancing
nutrient availability for soil microorganisms [8,14–19].

In contrast to plantation forests, assisted natural regeneration (ANR) involves mini-
mum human intervention and typically commences with harvest residues retained on the
forest floor [20,21]. The most fundamental practices of ANR are protecting and facilitating
the growth of parent trees present in the area, rather than establishing an entirely new
population of trees [20,22]. Retaining parent trees and harvest residues provides a rich
carbon source for soil respiration [23]. However, little is known on how differences in
carbon substrate inputs between plantation forests and ANR forests affect soil respiration.

Soil respiration consists of heterotrophic microbial respiration (Rh) and autotrophic
root respiration (Ra). While photosynthates transported into fine roots are the main carbon
source of Ra, soil organic carbon (SOC) is another major carbon source of Rh. Thus,
separating Ra and Rh can help to elucidate the relative contributions of photosynthates
and microbial decomposition of SOC to carbon efflux, which is of great importance. For
example, the effects of the widely reported warming-induced enhancement of Rs [24,25]
would have major effects on soil carbon stock if it is mainly due to the mineralization
of SOC via Rh. On the other hand, the effects on soil carbon stock could be minimal if
much of the enhanced Rs are due to elevated Rh stimulated by increases in belowground
photosynthate allocation associated with warming-enhanced plant growth.

Differences in management practices between ANR and tree planting lead to their dif-
ferences in Rs and its components [26–29]. For example, in the early stages of afforestation
via tree planting, high temperatures due to low plant cover and high nutrient availability
due to slash burning may increase SOC mineralization [30–34]. In contrast, retaining plant
residues, parent trees, and understory plants (because of no slash burning) in ANR would
maintain substantial Ra in the initial stages. With continuing stand development, Ra can
be expected to increase through time in both ANR and plantation forests as root biomass
increases, whereas the gradual depletion of nutrients left from slash burning would de-
crease their effects on enhancing Rh in plantation forests [23,35,36]. The high demand for
nutrients during the rapid stand development stage in both ANR and plantation forests
may also stimulate the decomposition of SOC [37–40]. Currently, how changes in biotic
and abiotic conditions associated with different reforestation approaches affect Rs and its
components over time are not well understood despite their importance on carbon cycling.

Because of the high carbon sink, biodiversity, and ecosystem service potential of forests
established via ANR, this regeneration strategy has been practiced for nearly 60 years in
several Asian countries, such as the Philippines, Thailand, and China [20,41,42]. However,
we are unaware of studies examining the effects of ANR on soil respiration. In this study,
we investigated Rs and its components and soil microclimate for three years in a secondary
Castanopsis forest (Castanopsis carelesii (Hemsl.) Hayata), along with young C. carlesii forests
established via ANR and active tree planting. We carried out the study for three years
because the young forests are during the fast-growing stage, during which the quantity of
fine roots, where autotrophic respiration take place, could vary considerably. In addition,
the input of carbon substrate through aboveground and belowground litter as well as recent
photosynthates (e.g., via root exudation) that are important for soil microbial respiration can
also change considerably. Based on this experimental design, we aimed to test the following
hypotheses. Compared with the young forest established through ANR, Rs and Rh were
greater in the young C. carlesii plantation (H1) due to the higher temperature and nutrient
availability favorable for soil respiration. Moreover, we hypothesized that the differences
would vary through time (H2) due to the differences in the temporal patterns of soil
biotic (e.g., plant residue availability and root biomass) and abiotic (e.g., soil temperature
and moisture) conditions among the forests. Specifically, we expected that Rs and its
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components recovered more rapidly in the young forest established via ANR than the
forest plantation due to its greater vegetation cover and more rapid vegetation growth in
the first few years [23].

2. Materials and Methods
2.1. Study Site

The study was conducted at the National Field Research Station on Forest Ecosystems
located in Chenda Town, Sanming City, Fujian Province, China (26◦19′ N, 117◦36′ E).
The area is characterized by low elevation mountains and hills with an average slope of
approximately 30◦. The soils in this area are sandy and iron-rich Ferric Acrisol derived
from black mica granite (Food and Agriculture Organization of the United Nations, 2017).
The characteristic vegetation of the region is subtropical evergreen broad-leaved forest. The
tree layer mostly dominated by C. carlesii, Elaeocarpus decipiens Hemsl., and Schima superba
Gardn. et Champ., with a stand density of 3788 trees ha−1. The shrub layer was dominated
by Itea chinensis Hook. et Arn, and Symplocos sumuntia Buch.-Ham. ex D. Don, and the herb
layer was dominated by Gahnia tristis Nees and Dicranopteris dichotoma (Thunb.) Bernh.
The average annual temperature is 20.1 ◦C (10 ◦C in January and 30 ◦C in July) between
2011 and 2015 and the main growing season extends from April to October. Mean annual
precipitation is approximately 1550 mm, with 80% falling between March and August.

2.2. Experimental Design

The selected experimental site was a natural secondary forest (hereafter NSF) con-
verted from a natural forest dominated by C. carlesii in 1976. In November 2011, an
area of 1.1 ha on the southeast slope of the 35-year NSF was harvested to establish nine
20 m × 5 m experimental plots. The nine plots were randomly and evenly assigned to
three treatments, C. Carlesii established through ANR, C. carlesii plantation, and Chinese fir
(Cunninghamia lanceolate (Lamb.) Hook) plantation, using a randomized block design. Three
replicates of the same treatment were randomly established in the upper, intermediate, and
lower slopes. Three additional plots of the same size were also established on the three
slope locations in the unlogged part of the NSF adjacent to the logged site. To remove
differences resulting from different tree species, we focused the young C. carlesii ANR forest
(hereafter YNR) and the young C. carlesii plantation (hereafter YCP) in this study, with the
uncut NSF served as the control.

For the YNR, 4500–6000 evenly distributed seedlings of C. carlesii per hectare were
retained when the NSF was harvested. Following traditional stem-only harvesting, the bole
wood was removed, whereas branches, twigs, and leaves were retained and evenly spread
over the logged land. The seedlings were carefully conserved during the first three years
following logging and thereafter left to undergo secondary succession. By 2015, the tree
layer mostly consisted of C. carlesii (55%) and Litsea cubeba (Lour.) Pers. (10%), the shrub
layer was dominated by Callicarpa macrophylla Vahl and Ardisia punctata Lindl., and the
herb layer was dominated by Gahnia tristis Nees and Hedyotis caudatifolia Merr. et Metcalf.

For the Castanopsis plantation, residues (branches, twigs, and leaves) were evenly
spread over the logged area following the logging and subsequently burnt in March 2012.
Then, C. carlesii seedlings were planted at a density of 2400 seedlings per hectare mimicking
the commercial management practice of the region. During the first three to five years
(prior to canopy closure), weeding was conducted twice annually, one in June–July and
the other in November–December. By 2015, the tree layer mostly consisted of C. carlesii
(82%), the shrub layer mainly consisted of Rhus chinensis Mill., Litsea mollis Hemsl., and
Maesa japonica (Thunb.) Moritzi. ex Zoll, and the herb layer mainly consisted of G. tristis
Nees and Carex cruciata Walhlenb.

In March 2012, seven 1 m × 1 m subplots were established in each plot for measuring
soil respiration (Rs) and heterotrophic respiration (Rh). A polyvinyl chloride (PVC) collar
(20.4 cm inner diameter and 7.5 cm height) was inserted 5 cm into the soil in four of the
seven subplots (1 m × 1 m) for Rs measurements. Heterotrophic respiration was measured
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in the remaining three subplots using the trenching method. The trenches were lined with
Nylon mesh sheets (100 mesh, Sefar, Heiden, Switzerland), which allowed lateral water
movement but inhibited root ingrowth, and then refilled carefully with the excavated
soil. In April 2012, PVC collars (20 cm in diameter) were inserted 5 cm into the soil for
Rh measurements. Surface vegetation was removed from the sampling sites during the
study period.

2.3. Measurement of Soil Respiration, Temperature, and Moisture

From 15 April 2012 to 15 April 2015, Rs and Rh were measured using an automated
soil CO2 flux system (LiCOR Inc., Lincoln, NE, USA) equipped with a 20 cm measurement
chamber (Model 8100-103). Rs and Rh were measured biweekly from 09:00 to 12:00 and
Ra was calculated as the difference between Rs and Rh. Soil temperature was measured
at a depth of 5 cm using a hand-held probe (Model SK-250WP; Sato Keiryoki Mfg.) and
soil moisture (0–12 cm) was measured close to each PVC collar, using a time domain
reflectometer (Model TDR300, Spectrum Technologies Inc., Plainfield, IL, USA) at the same
time of Rs and Rh measurements.

2.4. Data Analysis

Our experimental design allowed us to examine the effects of management practices
(i.e., forest type), sampling time and their interaction on Rs, Rh, Ra, and soil microclimate
parameters using a two-way analysis of variance followed by least significant difference
(LSD) tests. The differences of Rs, Rh, and Ra and Rh to Rs ratio among the forests were
analyzed using one-way analysis of variance followed by LSD tests. Because Rs, Rh, Ra,
and soil microclimate were expected to vary through time, the measurements were divided
by year for the above tests. To minimize the transient effects caused by the decomposition
of pre-existing dead roots, the Rh and Ra data of the first six months after trenching were
not used for the above analyses. The relationships between soil microclimate and soil
respiration and its components were examined by regression analysis for each forest type.
The significance level of all analyses was set at p < 0.05.

The sensitivity of Rs, Rh, and Ra to temperature was characterized by Q10 values,
using the following equations [43,44].

R = αexpβT (1)

Q10 = exp10β (2)

where R is soil respiration (total and its components, in µmol CO2 m−2 s−1), T (◦C) is
soil temperature at 5 cm depth, and α and β are fitted parameters. The differences of Q10
among the forests were analyzed using a one-way analysis of variance followed by LSD
tests. PASW Statistics 18 (IBM SPSS software) was used for statistical analysis.

3. Results
3.1. Rainfall, Soil Moisture, and Temperature

Rainfall, soil temperature, and moisture all showed significant differences among
the forests for each of the three years, except that soil temperature was not significantly
different among the forests in the second year (Table 1). Annual rainfall was approximately
1500 mm during the study period, mostly in March–August (Figure 1). The temporal
pattern of soil moisture largely followed the rainfall pattern (Figure 1). Soil temperature
also showed clear seasonal variation, near 30 ◦C in June–August but less than 10◦C in
December–February (Figure 1d).
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Table 1. Results of the two-way ANOVA showing the effects of forest type, sampling time and
their interaction on total soil respiration (Rs), soil heterotrophic respiration (Rh), soil autotrophic
respiration (Ra), soil temperature, and soil moisture.

Time Factors
p

Rs Rh Ra Temperature Moisture

Year 1 Forest <0.01 <0.01 <0.01 <0.01 <0.01
Sampling time <0.01 <0.01 <0.01 <0.01 <0.01

Forest × Sampling time <0.01 <0.01 <0.01 <0.01 <0.01
Year 2 Forest <0.01 <0.01 <0.01 0.166 <0.01

Sampling time <0.01 <0.01 <0.01 <0.01 <0.01
Forest × Sampling time <0.01 <0.01 <0.01 <0.01 <0.01

Year 3 Forest <0.01 <0.01 <0.01 <0.01 <0.01
Sampling time <0.01 <0.01 <0.01 <0.01 <0.01

Forest × Sampling time <0.01 0.011 <0.01 <0.01 <0.01
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Figure 1. Variation in rainfall, soil temperature, and soil moisture at a depth of 5 cm from 15 April
2012 to 15 April 2015, in a natural secondary forest (NSF), a young forest established through assisted
natural regeneration (YNR), and a young Castanopsis carlesii plantation (YCP) (mean ± standard
deviation, n = 3).

In the first year following the reforestation, the average soil temperature of the YNR
(20.3 ◦C) and YCP (20.6 ◦C) was significantly higher than that of the NSF (18.6 ◦C). In
the second year, the soil temperature was not significantly different among the forests
(18.6–19.2 ◦C) and, in the third year, the soil temperatures of the YNR (19.7 ◦C) and YCP
(20.1 ◦C) were again significantly higher than that of the NSF (18.2 ◦C).
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Soil moisture was higher in the YNR (19.8%) than the YCP (19.1%), which in turn was
higher than the NSF (17.7%) in the first year. In the second year, soil moisture was not
significantly different between the NSF (16.9%) and YCP (16.4%), but both were lower than
that of the YNR (17.5%). In the third year, it was significantly higher in the YNR (17.5%)
than the YCP (16.9%), but neither was significantly different from that in the NSF (17.3%).

3.2. Total, Heterotrophic, and Autotrophic Soil Respiration

The rates of Rs and Rh exhibited strong seasonality, peaking in July–September and
being the lowest in January–March (Figure 2). The seasonality of Ra was weaker than that
of Rs and Rh (Figure 2).
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Figure 2. Temporal variation of mean (±standard deviation) soil respiration (Rs), heterotrophic
respiration (Rh), and autotrophic respiration (Ra) rates in the first three years following a reforestation
experiment from 15 April 2012 to 15 April 2015 in a mature natural secondary forest (NSF), a young
forest established through assisted natural regeneration (YNR), and a young Castanopsis carlesii
plantation (YCP). Heterotrophic respiration rates measured in the first six month were shaded in
gray and not used in the comparisons among the forests to account for transient effects caused by the
decomposition of dead roots.

The effects of forest type and sampling time as well as their interaction on Rs, Rh,
and Ra were all significant for each sampling year (Table 1). The differences of Rs, Rh,
and Ra among the forests also varied among different sampling years. In the first year,
the mean Ra rate was significantly higher in the NSF than in the YCP and the YNR. The
mean Rs of the first year was significantly higher in the NSF than in the YNR, but not the
YCP (p = 0.126). In contrast, the Rh rate was not significantly different among the forests
(p = 0.064) (Figure 3).
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Figure 3. Mean (±standard deviation) soil respiration (Rs), heterotrophic respiration (Rh), and au-
totrophic respiration (Ra) rates in the first three years following a reforestation experiment in a mature
natural secondary forest (NSF), a young forest established through assisted natural regeneration
(YNR), and a young Castanopsis carlesii plantation (YCP). For the first year, only data of the second
half of the year were used to account for transient effects caused by the decomposition of dead roots.
Different letters indicate significant different between forests at p < 0.05. For a given period of a
give respiration rate (Rs, Rh, or Ra), forests sharing no common letters are significantly different at
p < 0.05.

In the second year, none of the mean rates of Rs, Rh, and Ra was significantly different
between the YCP and the YNR, but the rates of the two forests were significantly lower than
those in the NSF, with the largest difference in March–September for Ra, in March–August
for Rh, and in June–October for Ra (Figures 2 and 3).

In the third year, none of the mean rates of Rs, Rh, and Ra of the YNR were significantly
different from those of the NSF, but the rates of the two forests were significantly higher
than those of the YCP by 26% (Rs), 19% (Rh), and 50% (Ra), with the largest difference in
March–October for Rs, March–August for Ra, and June–October for Rh (Figures 2 and 3).

In the first and second years, the Rh-to-Rs ratio was significantly greater in the YCP
(first year 0.82 and second year 0.83) than in the YNR (0.70 and 0.67) and the NSF (0.63 and
0.61), respectively, whereas no significant differences were detected between the YNR and
the NSF (first year p = 0.133, second year p = 0.246) (Figure 4). The Rh-to-Rs ratio (0.61–0.73)
was no longer significantly different among the forests in the third year (p = 0.708) (Figure 4).

3.3. Relationships between Soil Temperature, Moisture, and Rs and Its Components

The rates of Rs, Rh, and Ra increased exponentially with increasing soil temperatures
in all forests, except that Ra was not significantly related to soil temperature in the third
year (Figure 5). Soil temperature explained 40–80% of the variation of Rs, 30–82% of Rh,
and 26% to 70% of Ra across the three forest types over the three years (Figure 5). In the
first year, the Q10 values of Rs, Rh, and Ra of the YCP were significantly higher than those
of the NSF and YNR, and, in the second year, they were significantly higher in the NSF
than the YCP and the YNR (p < 0.05); whereas, in the third year, Q10 values were similar
among the forests: all approximately 1.6 (Table 2). Soil moisture was a poor predictor of Rs
and its components, with most of the relationships not being significant (Table 3).



Forests 2022, 13, 931 8 of 15

Forests 2022, 13, x FOR PEER REVIEW 8 of 15 
 

 

natural secondary forest (NSF), a young forest established through assisted natural regeneration 
(YNR), and a young Castanopsis carlesii plantation (YCP). For the first year, only data of the second half 
of the year were used to account for transient effects caused by the decomposition of dead roots. Dif-
ferent letters indicate significant different between forests at p < 0.05. For a given period of a give res-
piration rate (Rs, Rh, or Ra), forests sharing no common letters are significantly different at p < 0.05. 

In the second year, none of the mean rates of Rs, Rh, and Ra was significantly differ-
ent between the YCP and the YNR, but the rates of the two forests were significantly lower 
than those in the NSF, with the largest difference in March–September for Ra, in March–
August for Rh, and in June–October for Ra (Figures 2 and 3).  

In the third year, none of the mean rates of Rs, Rh, and Ra of the YNR were significantly 
different from those of the NSF, but the rates of the two forests were significantly higher 
than those of the YCP by 26% (Rs), 19% (Rh), and 50% (Ra), with the largest difference in 
March–October for Rs, March–August for Ra, and June–October for Rh (Figures 2 and 3). 

In the first and second years, the Rh-to-Rs ratio was significantly greater in the YCP 
(first year 0.82 and second year 0.83) than in the YNR (0.70 and 0.67) and the NSF (0.63 
and 0.61), respectively, whereas no significant differences were detected between the YNR 
and the NSF (first year p = 0.133, second year p = 0.246) (Figure 4). The Rh-to-Rs ratio (0.61–
0.73) was no longer significantly different among the forests in the third year (p = 0.708) 
(Figure 4). 

 
Figure 4. Mean (± standard deviation) ratio of heterotrophic respiration (Rh) to total respiration (Rs) 
in the first three years following a reforestation experiment in a mature, natural secondary forest 
(NSF), a young forest established through assisted natural regeneration (YNR), and a young Cas-
tanopsis carlesii plantation (YCP). For the first year, only data for the second half of the year were 
used to account for transient effects caused by the decomposition of dead roots. Different letters 
indicate significant different between forests at p < 0.05. For a given period, forests sharing no com-
mon letters are significantly different at p < 0.05. 

3.3. Relationships between Soil Temperature, Moisture, and Rs and Its Components 
The rates of Rs, Rh, and Ra increased exponentially with increasing soil temperatures 

in all forests, except that Ra was not significantly related to soil temperature in the third 
year (Figure 5). Soil temperature explained 40–80% of the variation of Rs, 30–82% of Rh, 
and 26% to 70% of Ra across the three forest types over the three years (Figure 5). In the 
first year, the Q10 values of Rs, Rh, and Ra of the YCP were significantly higher than those 
of the NSF and YNR, and, in the second year, they were significantly higher in the NSF 
than the YCP and the YNR (p < 0.05); whereas, in the third year, Q10 values were similar 
among the forests: all approximately 1.6 (Table 2). Soil moisture was a poor predictor of 
Rs and its components, with most of the relationships not being significant (Table 3). 

Year 1 Tear 2 Year 3
0.0

0.5

1.0

1.5

a
aaa

a

bb

a
b

R
at

io
 o

f R
h 

to
 R

s

 NSF
 YNR
 YCP

b

Time

Figure 4. Mean (± standard deviation) ratio of heterotrophic respiration (Rh) to total respiration
(Rs) in the first three years following a reforestation experiment in a mature, natural secondary
forest (NSF), a young forest established through assisted natural regeneration (YNR), and a young
Castanopsis carlesii plantation (YCP). For the first year, only data for the second half of the year were
used to account for transient effects caused by the decomposition of dead roots. Different letters
indicate significant different between forests at p < 0.05. For a given period, forests sharing no
common letters are significantly different at p < 0.05.
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Figure 5. The relationship between soil respiration (Rs, open squares and blue lines), heterotrophic
respiration (Rh, open circles and red lines), and autotrophic respiration (Ra, open triangles and
green lines) rates and soil temperature during the first three years of sampling time following a
reforestation experiment. The fitted curves in the graph all reach the significant level (p < 0.05).
NSF: natural secondary forest, YNR: young forest established via assisted natural regeneration, YCP:
young Castanopsis carlesii plantation.
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Table 2. The temperature sensitivity (Q10) of total soil respiration (Rs), soil heterotrophic respiration
(Rh), and soil autotrophic respiration (Ra).

Time Forest Type
Q10

Rs Rh Ra

Year 1 NSF 1.75b 1.75b 1.91b
YNR 1.88b 1.60b 2.04b
YCP 2.76a 2.10a 3.00a

Year 2 NSF 1.86a 1.75a 2.08a
YNR 1.44b 1.42b 1.52b
YCP 1.60b 1.50b 1.90b

Year 3 NSF 1.57a 1.62a 1.54a
YNR 1.57a 1.61a 1.52a
YCP 1.61a 1.58a 1.70a

Q10 of the same raw data sharing no common letters are significantly different at p < 0.05. NSF: natural secondary
forest, YNR: young forest established via assisted natural regeneration, YCP: young Castanopsis carlesii plantation.

Table 3. The relationship between total soil respiration (Rs), soil heterotrophic respiration (Rh), soil
autotrophic respiration (Ra), and soil moisture.

Time Forest Type
R2

Rs Rh Ra

Year 1 NSF <0.01 0.14 0.04
YNR 0.04 0.11 0.01
YCP 0.20 0.30 0.22

Year 2 NSF 0.41 ** 0.14 0.62 **
YNR 0.12 0.15 0.03
YCP 0.08 0.07 0.01

Year 3 NSF 0.37 ** 0.11 0.34 *
YNR 0.12 0.07 0.14 *
YCP 0.05 0.02 0.12

NSF: natural secondary forest, YNR: young forest established via assisted natural regeneration, YCP: young
Castanopsis carlesii plantation. * and ** indicate significance at p < 0.05 and p < 0.01, respectively.

4. Discussion
4.1. Temporal Patterns of Soil Respiration and Its Components among Different Forests

The significant interactive effect of sampling time and forest type on Rs, Rh, and Ra
indicate that different reforestation methods resulted in different temporal variations of
total soil respiration and its components (Table 1) supporting our two hypotheses. The
higher Rs in the secondary forest compared to the young forests in the first year was due
to its higher Ra rate, because the Rh rate was not significantly different among the three
forests (Figures 2 and 3). The lower Ra in the young forests compared to the NSF could be
largely explained by the great loss of roots, and therefore root respiration associated with
logging, because root respiration is positively related to root biomass [45]. For example,
a study of a Pinus banksiana Lamb stand reported that CO2 emissions reduced more than
50% in the first growing season following the logging, with the decreased root biomass as
a major cause of the reduction [46]. Although we did not have the root biomass data for
2012, the coverage of trees could be used as a surrogate of root biomass. Tree cover was
75% in the YNR and only 17% in the YCP compared to 100% (closed canopy) of the NSF in
2012 [47]. The much greater tree cover in the YNR than the YCP can be used to explain the
greater Ra in the YNR than the YCP.

The similar soil temperature and the lack of significant differences in Rs and Rh
between YNR and YCP in the first year (Figures 1d and 3) were contradictory to our H1.
Possibly, the considerable loss of roots associated with clear-cutting led to the similarly
lower soil respiration of the two young forests relative to the NSF at the very early stage
of reforestation. In contrast to the reduced Ra, the young forests were able to maintain



Forests 2022, 13, 931 10 of 15

Rh similar to that of the secondary forest (Figure 3), despite their reduced production of
litterfall and root exudates, as can be inferred from their lower tree cover described above,
indicating the different responses of Ra and Rh to different reforestation approaches. Many
studies have reported increases in soil temperature, moisture, and C-substrate efficacy
following slash burning, all of which contribute to enhance Rh [30–34,48,49]. Thus, if
substrate availability was similar among the forests, we would expect that, compared to
the NSF, the higher temperature of the young forests would result in a higher Rh in the two
young forests, not the observed similar Rh among the forests. In other words, it is possible
that the positive effect of temperature on Rh in the young forests was largely offset by the
lower carbon substrate input leading to the lack of significant differences of Rh between
the young forests and the NSF.

However, the Rh became significantly lower in the young forests than the NSF in the
second year (Figure 3). The similar temperatures, but lower Rs, Rh, and Ra, in the young
forests than the NSF during the second year suggest that factors other than temperature
were key to the variation rate of respiration among the forests. Soil respiration constrained
by substrate availability in plantation forests relative to natural forests has been reported
for subtropical forests in China [50]. In 2015, SOC was 2.56 kg ha−1 in the YNR, but
only 1.99 kg ha−1 in the YCP [47]. Possibly, the limited new litter input from the young
trees could not make up the gradual depletion of the pre-existing C substrate in the
young forests so that Rh was limited by substrate availability. Similar to the first year,
the lower production of photosynthates and smaller root biomass of the young forests
likely contributed to their lower Ra than that of the NSF. The differences in soil respiration
between YNR and YCP were most evident in the third year. During this period, the Rs, Rh,
and Ra of the YNR were similar to those of the NSF, but the rates remained significantly
lower in the YCP (Figure 3), confirming our expectation that predicted a more rapid
recovery of Rs and its components in the YNR than the YCP. Several factors contributed to
the more rapid recovery of soil respiration of the YNR than the YCP. Plant growth, including
aboveground biomass and fine root growth, were more rapid in the YNR than the YCP. In
2013, fine root biomass was 4.2 t ha−1 in the ANR compared to 2.5 t ha−1 in the YCP [51],
and by 2015 it was 53.6 t ha−1 in YNR compared to only 11.5 t ha−1 in YCP [23]. The more
rapid plant growth of the ANR than the YCP was also evident from the near-closed canopy
(95% tree cover) in the ANR compared to 67% tree cover in the YCP by 2015 [47]. More
rapid tree growth means more photosynthate and fine root production, and therefore more
below-ground carbon allocation to enhance Rh. Greater root biomass also contributed to
greater Ra. The more rapid recovery of Rh and Ra together led to the more rapid recovery
of Rs in the YNR than the YCP, and highlighted the role of productivity in regulating soil
respiration as previously reported by several CO2-enrichment experiments [52–56]. In
addition, a global synthesis of Rs partitioning studies has suggested that less productive
ecosystems are associated with smaller proportions of Ra and greater proportions of Rh [57].

Dissecting Rs into autotrophic and heterotrophic components helps to reveal impor-
tant insights into soil carbon cycling. While root respiration relies on recently produced
photosynthates and those stored in plant biomass as the carbon source, microbial respira-
tion also uses SOC as the carbon source. Therefore, soil presenting a rise in the Rh-to-Rs
ratio could be prone to carbon loss. In our study, the significantly greater Rh-to-Rs ratio in
the YCP compared to in the NSF and YNR in the first two years (Figure 4) indicates that,
despite the similarly lower total soil respiration of the YCP and YNR relative to the NSF,
proportionally more SOC was lost from the YCP than the YNR [57,58]. The greater SOC
loss from the YCP than the YNR was supported by the greater SOC in the YNR than the
YCP described above. Although photosynthate put into the soil was reduced following
logging in both the YCP and the YNR, the reduction was greater in the YCP due to the
consumption of plant residues by slash-burning and weeding that were only practiced
in the YCP [8]. In addition to the direct reduction in photosynthate input, slash-burning
and other site preparation practices (e.g., hole-digging) have been shown to disrupt the
stability of soil aggregates, which may mobilize aggregate protected C, thereby making it
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more vulnerable to microbial decomposition [16,17]. However, with the rapid plant growth,
inputs of photosynthates increased so that the Rh-to-Rs ratio was no longer significantly
different among the forests in the third year (Figure 4).

4.2. The Responses of Q10 to the Forest Regeneration Approach

The temperature sensitivity of soil respiration (Q10) is important in predicting the
response of soil respiration to warming [44,59]. Interestingly, Q10 values were significantly
greater in the YCP than in the NSF and YNR in the first year, but they were significantly
greater in the NSF than the YNR and YCP in the second year and became similar among
the forests in the third year (Table 2). In the very early stage (the first year) following
reforestation, the increases in temperature and nutrients associated with slash-burning
likely led to higher microbial activity and root respiration in the YCP (than the NSF
and YNR) when substrate and nutrient availability was not limited [16,60,61]. Although
temperature also increased in the YNR, there was no increased nutrient availability from
burning ash (as burning was not prescribed in YNR) so that microbial activity was not
significantly enhanced relative to the NSF. However, with the gradual depletion of pre-
existing carbon substrate, the temperature sensitivity of soil respiration was constrained
by substrate availability in the young forests leading to their lower Q10 values than that in
the NSF in the second year (Table 2). The substrate constraint in the young forests in the
second year was supported by their lower Q10 values (YNR: 1.42, YCP: 1.50) relative to the
values in the first year (YNR: 1.60, YCP: 2.10). With the rapid plant growth, substrate was
no longer limited and temperature differences diminished. As a result, both the constrain
by substrate availability and enhancement by elevated temperatures damped, leading to
the similar Q10 (1.58–1.62) of soil respiration among the forests in the third year (Table 2),
and the values were close to the global mean of 1.6 [62].

4.3. General Discussion

A variety of reforestation approaches involve different management practices that
could have very different impacts on important ecological processes, including soil res-
piration. Our results clearly illustrate that reforestation via tree planting together with
slash-burning and site preparation, among others, results in different temporal patterns of
Rs and its component from the patterns associated with reforestation via assisted natural
regeneration. Through maintaining plant residues that are important substrates for Rs,
mainly microbial respiration, the YNR was able to maintain Rh similar to that of the NSF.
More importantly, by the third year, Rs, Rh, and Ra of the YNR were similar to those
of the NSF, while they remained significantly lower in the YCP. We attributed the more
rapid recovery of Rs and its components of the YNR to its more rapid vegetation growth
and thus greater litter input and root biomass, although we are lacking data on the litter
input and root biomass of plants other than trees. Adding to the previously documented
advantages [9,41,42], our study provided empirical evidence showing that assisted natural
regeneration can restore soil respiration to the levels seen in mature natural forests in a
relatively short period of time.

5. Limitations and Conclusions

Although we have clearly shown the differences in soil respiration and its components
between reforestation via tree planting and assisted natural regeneration, the exact sources
of the differences cannot be fully revealed from our measurements. For example, in addition
to tree roots, the roots of shrubs and herbaceous plants also contribute to autotrophic
respiration. Although we had information concerning the tree root biomass, density, and
coverage of the forests, we did not have quantitative information for the coverage or root
biomass of shrubs and herbaceous plants. For soil microbial respiration, part or even
most of the differences between the young Chinese fir plantation and the young forest
established through assisted natural regeneration could be due to residue burning that
consumed SOC and damaged soil microorganisms that was practiced only in the plantation.
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However, the tree densities in our study basically followed the common practices of forest
plantations and assisted natural regeneration of the region. Similarly, the differences in
shrub and herbaceous plant coverage and composition reflected the differences that are
to be observed between different reforestation practices and residue burning as part of
a conventional practice of forest plantations of the region. Thus, it is fair to attribute
the differences of soil respiration and its components between the forests to the different
reforestation practices, and forest plantation versus assisted natural regeneration. However,
to attain a more comprehensive and perhaps mechanistic understanding of the differences
of soil respiration and its components between the forests, the coverage and root biomass of
plants other than trees, and litter input and important soil properties (e.g., soil pH, texture,
clay content, bulk density, soil porosity, microbial biomass) should be measured in future
studies as much as possible.

Our study illustrates that the response of soil respiration and its components (au-
totrophic respiration and heterotrophic respiration) of reforestation varied through time
and between different reforestation approaches. In the first year following the reforesta-
tion, the young Castanopsis forests were able to maintain the heterotrophic respiration
rate similar to that of the 35-year NSF, possibly because carbon substrate was not limited.
However, with the gradual depletion of pre-existing carbon substrate and the low input of
new photosynthates, soil respiration, and its components, was significantly lower in the
young forests than the secondary forest in the second year. The Castnopsis plantation had a
significantly higher ratio of Rh to Rs than that of the young Catanopsis forest established
through assisted nature regeneration in the first two years of reforestation, indicating the
greater mineralization of SOC in the Catanopsis plantation during this period. In the third
year, soil respiration, and its components of the forest established through assisted nature
regeneration was not different from those of the secondary forests, but both were greater
than those of the Castanopsis plantation. We also found that Q10 of soil respiration was not
only influenced by temperature, but also by carbon substrate availability. Thus, the effect
of warming on soil respiration and, therefore, the soil carbon pool could be confounded
by its effect on substrate availability. Collectively, our study indicates that soil respiration
and its components of the young forest established via assisted regeneration recovered
to the levels similar to those of the secondary forest in the third year, whereas the young
plantation had not. Consequently, our study illustrates that the adoption of assisted natural
regeneration could make a valuable contribution to forest carbon sequestration.
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