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Abstract To better understand the effects of forest suc-
cession on soil microbial activity, a comparison of soil
microbial properties and nutrients was conducted between
three forest types representing a natural forest succession
chronosequence. The study compared a pine (Pinus mas-
soniana) forest (Pg), a pine and broadleaf mixed forest
(Mg) and an evergreen broadleaf forest (Bg), in the
Yingzuijie Biosphere Reserve, Hunan Province, China.
Results showed that soil nutrients in the Mg and Bg plots
were higher than in the Pg plots. The range in microbial
biomass carbon followed a similar pattern with B having
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the greatest values, 522-1022 mg kg~ ', followed by Mg
368-569 mg kg~ ', and finally, Pr 193-449 mg kg~'. Soil
nutrients were more strongly correlated with microbial
biomass carbon than basal respiration or metabolic quo-
tient. Overall, forest succession in the study site improved
soil microbial properties and soil fertility, which in turn can
increase primary productivity and carbon sequestration.
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Introduction

During succession forest ecosystems undergo a series of
directional changes in community structure as well as
chemical and microbial properties (Bakker et al. 1997,
Sheil 2001). Although there have been many studies on
microbial properties in different forest ecosystems (Aikio
et al. 2000; Wang and Wang 2008; Wang et al. 2010;
Susyan et al. 2011; Wang et al. 2011), processes and
changes that occur during forest succession are poorly
understood, particularly in the subtropical zones of China.
Subtropical zones were originally primary forests that have
been disturbed by human activities during the past cen-
turies. Over the last few decades, secondary forest suc-
cession has resulted in an increase in the growth of young
subtropical forests through the rapid conversion of aban-
doned and degraded lands in mountainous areas. This
natural reforestation provides a unique model of a “reverse
transformation” of ecosystems, allowing us to observe
changes in the content and quality of soil nutrients and
microbial components.

Microbial biomass carbon (C) is an important index of
biological status in soil since it is both a source of labile
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nutrients and an agent of transformation and cycling of
organic matter (Sicardi et al. 2004). Forest succession in-
fluences microbial processes associated with carbon and
nitrogen cycling in forest ecosystems due to differences in
quality, quantity and decomposition rates of litter, which in
turn affects the availability of resources for microbial
growth (Mo et al. 2003; Jiang et al. 2009). Forest succes-
sion also impacts soil nutrients and microbial community
structure, which affects soil microbial biomass C (MBC)
utilization efficiency. Microbial metabolic quotient (qCO,),
described as the ratio of respired C to MBC, is considered
an index for evaluating C utilization efficiency of soil
microbes measured during a short-term incubation (Wardle
and Ghani 1995). Soil basal respiration is influenced by C
input (Landi et al. 2006) and microbial biomass. Conse-
quently, highly productive forest ecosystems will have high
soil basal respiration and decomposition rates owing to the
large C input from the forest floor and root systems.
Vegetation composition also affects soil basal respiration
by altering soil microclimate and structure, litter quality,
and soil microorganisms (Yan et al. 2004). It is reasonable
to expect that the greater biodiversity in pine and broadleaf
mixed forest and evergreen broadleaf forest will increase
tree productivity, and thus C inputs into soils, leading to
increased microbial respiration. However, the effect of
forest succession on microbial biomass and metabolic
status in subtropical forest soils remains largely unknown.
In this study, we measured and compared soil nutrients and
microbial activity in three forest types representing three
succession stages of forest recovery from pine forest (Pg),
to pine and broadleaf mixed forest (M), and finally to
evergreen broadleaf forest (Bg). Our aim was to quantify
changes in soil nutrients and microbial activity at each of
these three stages of forest succession.

Materials and methods
Site description

The study area is located in the Yingzuijie Biosphere Re-
serve (26°46'-26°59’N, 109°48-109°58'E), Hunan Pro-
vince. The reserve is home to 1798 recorded native species
of higher plants and lies at the transition zone between the
Yunnan—Guizhou plateau and the mountains on the
southern side of the Yangtze River. Altitude of the reserve
ranges from 270 to 938 m above mean sea level. The cli-
mate of this region is humid mid-subtropical monsoon,
with a mean annual temperature of 15.9 °C, from 1990 to
2010. The mean annual precipitation was 1400 mm, of
which 76 % occurred between April and August.

In the reserve, there are three types of natural vegetation
communities: Pg, Mg and Bp, ranging in age from 40 to
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60 years. They represent a chronosequence of succession
stages from pioneer to climax vegetation communities
(Peng and Wang 1995). The soil texture is classified as a
clay loam. The soil is predominantly derived from slate and
shale, and classified as an Oxisol under the USDA tax-
onomy. From May to July 2010, three 20 m x 20 m plots
were established at each forest type.

Soil sampling and analysis

Soil samples were collected at a depth of 0-10 and
10-20 cm from each plot. Each composite sample con-
sisted of ten randomly collected sub-samples at the same
depth in each plot. In total, six composite samples were
taken in each forest type at two soil depths. Each sample
was divided into two parts. One was sieved through a
2-mm mesh immediately and then stored at 4 °C until
analysis for microbial biomass and basal respiration for up
to 3 days. The second part was air-dried, and ground.

Soil organic C (SOC) and total nitrogen were determined
using Vario-MAX C/N auto-analyzer (made in Germany;
Elementar). NH,7™-N and NO; -N were extracted with
1 mol L™! KCI solution, and then the filtered solution was
measured by colorimetry. Total phosphorus (P) was analyzed
using the molybdate blue method after digestion with sulfuric
acid and perchloric acid. Available P was measured with
Olsen method (Olsen and Sommers 1982). Fresh soil pH was
measured using a portable pH meter. Chloroform fumigation-
extraction method was used to estimate soil MBC (Wu et al.
1990). Basal respiration was determined by measuring CO,
evolution (Chen and Xu 2004). Metabolic quotient or qCO,
(ng CO,—C released mg_1 biomass C h™") was calculated as
the ratio of basal respiration and MBC. The microbial quotient
was calculated as the ratio of MBC to total organic C.

Statistical analysis

One-way analyses of variance (ANOVA) were used to test
for significant differences in soil nutrients and microbial
properties between Pp, My and Bg. The least significant
differences (LSD) were calculated when treatments were
significantly different. The relationships between soil mi-
crobial properties and nutrients were analyzed. Analyses
were performed with SPSS release 13.0, and the significant
level was fixed at 0.05.

Results
Soil nutrient

The concentrations of soil nutrients at both depths were
slightly higher in the Mg and B plots compared to the Pg
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Table 1 Concentrations of nutrients in forest soil under Pinus (Pr), Pinus mixed with broadleaf (M) and under evergreen broadleaf (Bf) in the

Yingzuijie Biosphere Reserve, subtropical China

Depth  SOC Total N NH,"-N NO; -N Total P Available P DOC pH

(cm)  (gkg™H (gkg™ (mgkg™)  (mgkg™)  (gkg (mg kg™") (mgkg™")
PF 0-10 20.29 (1.41)b  1.18 (0.07)b 4.78 (0.19)a 4.18 (0.42)a 0.25 (0.03)a  12.32 (2.35)a 131.71 (16.12)b  4.19 (0.08)a
MF 23.97 (129 1.78 (0.16)a 5.1 (0.42)a  5.66 (0.14)a 0.27 (0.02)a 13.51 (1.47)a  104.10 (11.69)c  4.25 (0.06)a
BF 4196 (4.16)a 233 (0.20)a 4.82 (0.06)a 4.42 (0.57)a 0.29 (0.02)a 13.62 (1.58)a  183.01 (7.30)a  4.24 (0.03)a
PF 1020 13.43 (0.89)b 0.90 (0.05)b 1.08 (0.23)a 3.90 (0.04)a 0.25 (0.03)a  6.83 (0.65)a 107.61 (15.82)a 4.26 (0.1)b
MF 15.14 (1.42)b 149 (021)a  1.60 (0.3)a  4.05 (0.17)a  0.25 (0.02)a  7.58 (0.72)a  100.49 (9.58)a  4.33 (0.03)a
BF 21.87 (1.29)a  1.80 (0.13)a  1.17 (0.08)a 3.77 (0.27)a  0.26 (0.03)a 7.36 (0.74)a  143.40 (35.3)a 4.38 (0.08)a

Data are means followed by SDs in the parentheses (n = 3). For each column, values with the different letters in the same soil depth denote
significant differences among forest type at o = 0.05 based on the least-significant-difference tests

SOC soil organic C, DOC dissolved organic carbon

plots (Table 1). However, significant differences in soil
nutrients were only found in SOC, total N and DOC be-
tween plots. SOC in the Bg plots was significantly higher
than the Mg and Pg plots at both depths. Total N at each
depth in the Mg and By plots was significantly higher than
in the Pg plots. At 0-10 cm soil depth, dissolved C in-
creased in the following order: Mg < Pg < Bg. Soil pH was
significantly higher at a depth of 10-20 cm in the Bg and
Mg plots than in the Pg plots.

Soil microbial properties

There were significant differences between plots in all soil
microbial properties except for basal respiration (Fig. 1).
Soil basal respiration ranged from 1.12 to 1.36 mg CO,—
Ckg 'h™' at 0-10cm and 0.57 to 0.85mg CO,—
C kg ' h™" at 10-20 cm. MBC varied with forest succes-
sion and soil depth. MBC ranged from 449 to
1022 mg kg™ at 0-10 cm and 193 to 522 mg kg™' at
1020 cm (Fig. 1). The values of MBC at each depth in-
creased in the following order: Pr < Mg < Bg. The values
of qCO, ranged from 1.33 to 2.97 mg CO,—CgCmic™' h™!
(Fig. 1) and decreased in the following order at both
depths: Pr > My > Bg. The microbial quotient in the Bg
and Mp plots was significantly higher compared to the Pg
plots.

Relationships between soil microbial properties
and nutrients

MBC and microbial quotient responded similarly to stand
composition. There were significantly positive relations
between MBC and SOC, TN, NO; —N and available P in
the forest soils (p < 0.05). The relationships between basal
respiration and dissolved C, NO3; N and available P were
significant. The qCO, was significantly negatively corre-
lated with SOC and total N (Table 2).

Discussions

Forest succession can improve soil properties and increase
fertility (Campbell et al. 1994). The restoration of soil fer-
tility by succession is a complicated ecological process
which is affected by many biotic and abiotic variables. Soil
nutrients, especially available nutrients, are closely linked
to plant biomass and are often used as indicators of soil
fertility (Moria 2002). Total N concentration in Pg was
significantly lower than other forest types, indicating that N
may be a limiting factor for pine (Pinus massoniana)
growth. With forest succession, soil chemical and microbial
concentrations in the Mg and B plots were elevated com-
pared to the P likely due to increased litter inputs and low
incorporation rates of surface litter into the soil. Some re-
search has suggested that the amount of litterfall in Mg or Bg
is much higher than in pure coniferous forests (Chen and
Wang 2004). Additionally, the quality of litter controls
decomposition rates, which in turn affects nutrient release
into forest soils. Our results provide evidence that nutrients
returning to soil through litter degradation were higher in
My or B than in Pp, suggesting that the quality of litter is
improved by the colonization of broadleaf species. The shift
in species composition during forest succession alters soil
pH. Conifers dominate early successional stages inputting
litter that contains large amounts of phenolic compounds
and lignin yielding acid residues, lowering soil pH and
slowing decomposition rates (Scholes and Nowicki 1998).

The values of MBC in Pg, Mg and Bg were within the
reported range (530-822 mg kg™') for the other soils
studied in the subtropics (Yi et al. 2005), but were lower
than the reported range (1022073 mg kg™ ") for various
temperate and tropical forest soils (Hernot and Robertson
1994). The MBC values recorded in the Pg plots in the
present study were lower than that of the Mg and B plots.
This indicates an increase in microbial biomass during
succession. Microbial biomass appears to be closely linked
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Fig. 1 Microbial biomass C, basal respiration, microbial quotient and qCO, in forest soil under pine forest (Pg), pine and broadleaf mixed forest
(Mp) and evergreen broadleaf forest (Bg) plots at 0—10 and 10-20 cm depths

to aboveground plant productivity in many ecosystems
(Zak et al. 1994) suggesting that the biomass of microbes
depends directly on inputs of carbon to the soil. Our results
support this theory as microbial biomass was greatest in the
more productive Bg plots (Zeng et al. 2013). Our results
also indicate that the changes in MBC across the
chronosequence are similar to changes observed in SOC.
Diaz-Ravina et al. (1988) showed that soil with low organic
C has less microbial biomass, and vice versa. Since total
soil C and MBC are intimately correlated (Insam and
Domsch 1988), changes in total soil C result in comparable
changes in MBC. The more productive Bg or Mg plots
showed an increase in soil C because of the increased C
input from roots and litter resulting in increased available
carbon. Soil MBC has been reported to be significantly
influenced by litter diversity (Bardgett 1999).
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Microbial metabolic quotient, qCO,, is the ratio of
respired C to biomass C. It is considered an index for
evaluating substrate utilization efficiency of soil microbial
communities (Insam 1990). It is a sensitive indicator of
stress and is used to assess the process of soil development
or degradation (Insam et al. 1989). The more efficiently
microorganisms function, the more substrate C is incorpo-
rated into biomass and less C per unit biomass is lost
through respiration, resulting in a low metabolic quotient
(Behera and Sahani 2003). Thus, the higher qCO, in the Pg
plots reflects a decrease in the efficiency of substrate uti-
lization by the soil microbial community. The low microbial
C utilization in Pg was consistent with an earlier report by
Mu (2004), who found that soil CO, efflux in a mixed forest
was significantly lower than in a deciduous, and coniferous
forest. A possible explanation for this discrepancy is a
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Table 2 Pearson correlation coefficients of soil nutrients and mi-
crobial properties under the pine forest (Pg), the pine and broadleaf
mixed forest (Mg) and the evergreen broadleaf forest (Bg) in the
Yingzuijie Biosphere Reserve, subtropical China

MBC BR qCO, MBC/SOC
SOC 0.996%** 0.35INS  —0.846** 0.619%
TN 0.987%*%* 0.412NS  —0.812%%* 0.635*
DOC —0.2NS 0.622%* 0.045NS ~ —0.383NS
NOs; -N 0.759% 0.643* 0.054NS 0.621%*
NH,"-N 0.146NS  0.109NS 0.283NS 0.19INS
Total P 0.158NS  0.237NS 0.016NS  —0.225NS
Available P 0.793%% 0.621%* 0.357NS 0.695%*
pH 0.235NS  0.258NS  —0.364NS  —0.298NS

* *% Correlation is significant to p < 0.05 and 0.01, respectively

SOC soil organic C, TN total N, DOC dissolved organic carbon, MBC
microbial biomass C, BR basal respiration, NS non significant

change in soil pH. Anderson and Domsch (2010) reported
that there was an increased qCO, and a decreased Cmic—
Corg ratio under acidic conditions. Some broadleaf trees in
the Mg or Bg plots have been shown to decrease soil pH.
However, this effect is not appreciable and requires con-
tinued long-term research (Anderson and Domsch 2010).

Conclusions

The chronosequence of Py to My to By resulted in an in-
crease in SOC, total N, NO; N, available P, and MBC.
Forest succession affects soil microbial biomass through
changes in forest structure and biodiversity. The contri-
bution of MBC to SOC was lowest in Py sites. In addition,
MBC was strongly correlated to SOC, total N and available
P. It could be concluded that succession from Pg to Mg to
B resulted in an increase in soil microbial biomass and
soil fertility. In other words, the increase of soil nutrients
indicates the restoration of degraded forest soil. To gain a
more complete understanding, future research of the im-
pacts of forest succession on soil microbial activity should
incorporate the influence of changing abiotic factors.
Overall, our research suggests that forest management
practices such as enclosures, selective cutting and pro-
moting by shrubs should be reformed to accelerate the
succession of coniferous forest into evergreen broad-leaved
forest in order to restore soil fertility.
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