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Precipitation is a critical factor triggering soil biogeochemical processes in arid and semi-arid regions. In this
study,we selected soils from two temperate forests—amature natural forest and a degraded secondary forest—in
a semi-arid region. We investigated the pulse effects of simulated precipitation (to reach 55% soil water-holding
capacity) on the soilmicrobial respiration rate (RS).We performedhigh-intensitymeasurements (at 5-min inter-
vals for 48 h) to determine themaximumvalue of RS (RS-max), the time to reachRS-max (TRS‐max

), and the duration of
the pulse effect (from the start to the end of ½RS-max). The responses of RS to simulated precipitation were rapid
and strong. RS-maxwas significantly higher in degraded secondary forest (18.69 μg C g soil−1 h−1) than inmature
natural forest (7.94 μg C g soil−1 h−1). In contrast, the duration of the pulse effect and TRS‐max

were significantly
lower in degraded secondary forest than in mature natural forest. Furthermore, the accumulative microbial res-
piration per gram of soil (ARS‐soil

) did not differ significantly between degraded secondary forest and mature nat-
ural forest, but the accumulative microbial respiration per gram of soil organic C (ARS‐soc

) was significantly higher
in degraded secondary forest than inmature natural forest. Soil microbial biomass, soil nutrient, and litter nitro-
gen content were strongly correlated with the duration of the pulse effect and TRS‐max

. Soil physical structure, pH,
and litter nitrogen content were strongly correlatedwith RS-max and ARS‐soc

. Our results indicate that the responses
of soilmicrobial respiration to simulated precipitation are rapid and strong and thatmicrobial respiration rate per
gramC can be used to precisely determine the precipitation pulse of different soil samples aswell as the effects of
changing precipitation patterns on soil C content under various scenarios of global climate change.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Precipitation events trigger a cascade of biogeochemical transforma-
tions in soils, thereby leading to a hierarchy of soilmoisture pulse events
and corresponding ecological responses (Schwinning and Sala, 2004a).
The pulse effects of precipitation can result in rapid release of nutrients
(within minutes or hours) by soil microorganisms (Cui and Caldwell,
1997); moreover, at longer time scales (years), they may influence the
responses of primary producers and consumers (Ostfeld and Keesing,
2000). The phenomena that rewetting of dry soils results in a pulse of
carbon (C) and nitrogen (N) mineralization have been termed the
Birch effect (Birch, 1958). The soil microbial respiration rate (RS) has
been shown to vary according to the frequency and intensity of precip-
itation (Schwinning and Sala, 2004a; Kim et al., 2012). In general, the
pulse effects of precipitation depend on: the following factors (1) the
previous status of soil water content; (2) the precipitation intensity;
and (3) precipitation frequency. In addition, soil type and quality, vege-
tation, and duration of precipitation have been reported to modify the
pulse effect (Schwinning et al., 2004b).
Some studies have reported that simulated precipitation (or
rewetting) can enhance RS relative to soil under drought conditions
(Davidson et al., 2000; Fierer and Schimel, 2003). This pulse effect can
increase cumulative CO2 release by more than three-fold relative to
soils with a stable moisture regime (Miller et al., 2005). Furthermore,
intra-seasonal precipitation patterns—such as precipitation intensity,
frequency, and time—can influence the biological processes in soils, es-
pecially in water-limited ecosystems (Schwinning et al., 2003). Small
precipitation events may facilitate the respiration of biological crust C,
whereas large precipitation events may primarily promote the respira-
tion of microbial C (Cable and Huxman, 2004; Schwinning and Sala,
2004a).

Arid and semi-arid ecosystems are particularly sensitive to precipita-
tion, because important resources (e.g., water and nutrients) are discon-
tinuously available for long periods under discrete precipitation events.
While the pulse effects of precipitation events on RS are known to be im-
portant for soil nutrient cycles and soil organic matter (SOM) turnover
in semi-arid and arid regions, these effects have not yet beenwell eluci-
dated (Huxman et al., 2004; Kim et al., 2012; Sala and Lauenroth, 1982;
Sponseller, 2007). Iovieno and Baath (2008) have found that the re-
sponses of RS to precipitation events are rapid, and RS can return to
background levels within a short time (e.g., 1 h). However, most studies
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have been conducted at relatively long measurement intervals, such as
hours (Butterly et al., 2010; Rudaz et al., 1991; Sponseller, 2007), days,
or weeks (Chowdhury et al., 2011; Wu and Brookes, 2005). Owing to
the lack of measurements at the scale of seconds or minutes, the pulse
effects of precipitation on RS remain less understood.

Various explanations have been proposed for the observed pulse ef-
fects of precipitation. Some researchers have suggested that the avail-
ability of physically protected SOM to microbes is enhanced after
precipitation because of changes in the soil structure (Göransson et al.,
2013; Iovieno and Baath, 2008). Jones and Murphy (2007) reported
that with substrate addition, activation of soil microbes occurred almost
instantaneously (within b60 s), and that the average time to half-
maximumCO2 productionwas 10–14min,whichdemonstrated the im-
portant effect of substrate indirectly. Another alternative explanation is
a rapid increase in soil microbial biomass after precipitation (Evans and
Wallenstein, 2012; Lundquist et al., 1999;Manzoni et al., 2014;Meisner
et al., 2013). Fierer and Schimel (2003) labeled soils with 14C-glucose
and showed that the pulse of CO2 emission was generated from the
mineralization of microbial biomass C. Butterly et al. (2009) demon-
strated that the intensity of RS after simulated precipitationwas highest
in the treatment with the largest andmost active biomass via substrate
addition. Collectively, these findings suggest that soils with more mi-
crobes and available substrate have stronger pulse effects and produce
larger quantities of CO2.

In this study, we conducted incubation experiments using forest
soils from two temperate forests—amature natural forest and a degrad-
ed secondary forest—in a semi-arid temperate region. We performed
high-intensity measurements (272 times for 48 h) to investigate the
pulse effects of simulated precipitation on RS. Our specific objectives
for the present study were as follows: (1) to investigate the dynamics
of pulse effects on RS in response to precipitation events; (2) to examine
the differences of pulse effects (e.g., reactive intensity and durability)
between mature natural forest and degraded secondary forest soils;
and (3) to investigate how microbial biomass and vegetable type con-
tribute to the observed pulse effects in these different temperate forest
soils.

2. Materials and methods

2.1. Site description

The experimental plots used in the study were located west of
Beijing at an average elevation of 1330 m (Hou et al., 2006). This re-
gion has a temperate continental monsoon climate and the mean
annual temperature and precipitation are 11 °C and 639 mm, re-
spectively. The regional soils are classified as Lixisols, according to the
classification of world reference base for soil resources (Phillips and
Marion, 2007).

We collected soils from two temperate forests—amature natural for-
est and a degraded secondary forest. The mature natural forest was lo-
cated at 39° 57′ N, 115° 25′ E, and the dominant tree species were
Quercus wutaishanica, Betula platyphylla, and Larix principis-rupprechtii.
The contents of soil organic carbon (SOC) and total N (TN) were 4.01%
and 0.30%, respectively. The soil particle size distribution was 78%
sand, 21% silt, and 1% clay (He et al., 2009). The degraded secondary for-
est was located at 39° 58′ N, 115° 26′ E, and the dominant plant species
were secondary shrubs such as Corylus mandshurica, Abelia biflora, and
Fraxinus rhynchophylla. The contents of SOC and TN were 3.46% and
0.26%, respectively. The particle size distribution was approximately
25% sand, 69% silt, and 6% clay (He et al., 2009). Additional details re-
garding the two forests are shown in Table 1.

2.2. Field sampling

Soil sampling was conducted during September 2014. Four experi-
mental plots (30m×40m)were established in each forest. Soil samples
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(0–10 cm depth) were randomly collected at each plot. In the laborato-
ry, the soil samples were sieved (b2 mm diameter), and roots and visi-
ble organic debris were removed by hand. For each plot, approximately
1 kg of fresh soil was refrigerated at−20 °C for measurement of micro-
bial properties, and 2 kg of fresh soil were stored at 4 °C for the incuba-
tion experiments. Approximately 500 g of fresh soil from each plot were
air-dried for analysis of soil properties.

2.3. Laboratory analysis of soil properties

Wemeasured water-holding capacity (WHC, %) using a simple sub-
stitute for the soil core method (He et al., 2013). In brief, soil samples
were placed in a dense screen mesh and soaked in distilled water
for approximately 12 h. Then, the samples were placed in a dark,
unvented cabinet for approximately 8 h and were then weighed be-
fore and after drying for 48 h in an oven at 105 °C. Particle size distri-
bution was determined using wet-sieving methods as the previously
described (Roscoe et al., 2000; He et al., 2009). The contents of soil C
and N were measured using an elemental analyzer (Elementar Vario
Max, Germany). Soil pH, oxidation–reduction (redox) potential, and
conductivity were determined using a pH meter (Mettler Toledo Delta
320, Switzerland) in a slurry of soil and distilledwater (1:2.5). Dissolved
organic N was measured using a continuous flow analyzer (Futura,
France).

The phospholipid fatty acid (PLFA) content was determined using
mild alkaline methyl esterification (Baath and Anderson, 2003). The
samples were analyzed using a Thermo ISQ gas-chromatography
mass-spectrometry system (TRACE GC Ultra ISQ, Germany). The lipids
were extracted from 8 g of dry-weight-equivalent fresh soil using
chloroform:methanol:phosphate buffer (1:2:0.5). The individual com-
pounds were identified by comparing their relative retention times
with 37 commercially available FAMEs (FAME 37 47885-U, Supelco
Inc.) and a mixture of 26 bacterial FAMEs (BAME 26 47080-U, Supelco
Inc.). The concentrations of the individual compounds were obtained
by comparing the peaks with an internal standard (nonadecanoic acid
methyl ester 19:0). The sum of all PLFAs was used to represent the via-
ble microbial biomass (Xu et al., 2015; Table 1).

2.4. Design of the incubation experiment

Soil samples used in the incubation experiment were air-dried at
room temperature for approximately 1 week until the soil water con-
tent was b10% of WHC. Before the experiment, 10 g samples of each
air-dry soil were placed in incubation bottles (5 cm diameter, 10 cm
height), with 28 replicates for each forest type (four replicates for mea-
suring the microbial respiration rate (RS) and 24 replicates for six time-
destructive measurements of microbial biomass N and dissolved organ-
ic N). Then, all air dried soil samples were rewetted to 55%WHC using a
sprayer to stimulate precipitation under an incubator with a constant
temperature of 22 °C; then RS andmicrobial biomassN and dissolved or-
ganic N were measured over 48 h, respectively, as described in
Section 2.5. Furthermore, soil water content in the incubation bottles
was measured at 0 h, 1 h, 2 h, 4 h, 8 h, 12 h, 24 h, 26 h, 28 h, 30 h,
32 h, 34 h, 36 h, and 48 h after simulated precipitation using the
weighing method by an electronic balance. All data were converted to
soil water content values. We used a previously described procedure
(He et al., 2013) to simulate the process of dry–rewetting–drying over
48 h after precipitation.

2.5. Measurement of soil microbial respiration rate (RS)

For intensively measuring the RS, we adopted continuous-
measurement equipment developed byHe et al. (2013); this equipment
can rapidlymeasure theRS of each incubation bottle per sample per 75 s.
Therefore, we measured the dynamics of RS for each replicate at 5-min
intervals during the 48 h incubation period. RS was calculated based
on the slope of the change in CO2 concentration and conversion factors
(He et al., 2013) as follows:

RS ¼ C � V � α � β
m

ð1Þ

where RS is the soil microbial respiration rate (μg C g soil−1 h−1); C is
the slope of the change in CO2 concentration; V is the volume of the
incubation bottle and gas tube;m is the soil weight (g); α is the conver-
sion coefficient for CO2 mass (12/44, from CO2 to C); and β is a conver-
sion coefficient of time (3600, from s to h) (Wang et al., 2016).

2.6. Characterization of the pulse effects of the precipitation event

We depicted the pulse effects of the precipitation event using four
parameters as follows: RS-max [maximum microbial respiration rate
(μg C g soil−1 h−1)]; TRS ‐max

[time to reach RS-max (h)]; duration of
the pulse effect [duration of the pulse from the start to the end of
½RS-max (h)]; and ARS [accumulative emission of RS during the 48 h
incubation period].

We initially calculated ARS on the basis of soil weight (ARS‐soil
,

μg C g soil−1) as follows:

ARs‐soil ¼

X48

i

RS‐ti þ RS‐tiþ1

2
� tiþ1−tið Þ

m
ð2Þ

where ti and ti + 1 are different measurement times (h).
According to the significant difference in SOC content between the

two forest soils, we also calculated ARS based on the SOC content; we
designated this term asARS‐soc

(μg C g SOC−1) (Shi andMarschner, 2014):

ARs‐SOC ¼

X48

i

RS‐ti þ RS‐tiþ1

2
� tiþ1−tið Þ

m� c
ð3Þ

where c is the SOC content (%).

2.7. Determination of soil microbial biomass N

Synchronizing with measuring microbial respiration, we measured
changes in soil microbial biomass N in four replicate samples for each
forest after incubation for 0 h, 1 h, 8 h, 12 h, 24 h, and 48 h at 22 °C.
The destructive soil samples were divided into two sets—fumigated
(chloroform) and non-fumigated. We calculated the biomass N
(mg N kg soil−1) as the difference between N extracted from the fumi-
gated and non-fumigated samples (Kn = 0.54), following the protocol
of Brookes et al. (1985). In brief, the fumigated and non-fumigated sam-
ples were extracted with 50 mL of K2SO4 solution and shaken simulta-
neously for 1 h. After shaking, the suspensions were allowed to settle
for 10 min and the supernatants were filtered through a membrane
pore size of 0.45 μm. The supernatants were measured using a continu-
ous flow analyzer (Futura, France).

2.8. Statistical analysis

We used the Kolmogorov–Smirnov nonparametric test to identify
significant differences in soil properties between themature natural for-
est and the degraded secondary forest and significant differences in the
properties of pulse effects (RS-max, TRS‐max

, duration of the pulse effect,
ARS‐soil

and ARS‐soc
). We performed the statistical analyses using SPSS ver-

sion 18 (SPSS Inc., Chicago, IL). We conducted redundancy analysis
(RDA) to examine the relationships between influencing factors and
pulse properties. Before conducting RDA, we selected significantly cor-
related factors into the stepwise regression and applied the Monte



Fig. 2. The pulse effects of precipitation on microbial respiration in different forest types.
RS-max, maximum soil microbial respiration rate (A); TRS‐max

, time to reach RS-max (B); D,
duration of pulse from the start to the end of ½RS-max (C). Error bars represent SD
(n = 4). Different lowercase letters indicate significant differences at P = 0.05.
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Carlo permutation test. The RDA and stepwise regression data were
processed using CANOCO software version 4.5.

3. Results

3.1. Pulse effects of simulated precipitation

The simulated precipitation event significantly enhanced RS and trig-
gered an apparent pulse effect onmicrobial respiration. For each soil, RS
values were very low before the simulated precipitation event, but in-
creased immediately after precipitation (Fig. 1A, B). The values of RS-
max for the mature natural forest and degraded secondary forest were
7.94 ± 0.16 μg C g soil−1 h−1 and 18.69 ± 1.24 μg C g soil−1 h−1, re-
spectively; these values are approximately 10- to 100-fold higher than
those of dry soil before precipitation.

RS-max differed significantly between the two forests (P b 0.05). The
values of TRS‐max

for degraded secondary forest soil and mature natural
forest soil were 5.4 min (0.09 h) and 18.6 min (0.31 h), respectively
(Fig. 2). The time to recover to background was longer in the mature
natural forest (2 days) than in the degraded secondary forest
(1.3 days). The value of ARS‐soil

did not differ significantly between the
two forest soils (P=0.27, Fig. 3B); however, the value of ARS‐soc

was sig-
nificantly higher in degraded secondary forest soil than inmature natu-
ral forest soil (P b 0.001, Fig. 3A).

3.2. Factors influencing variation in pulse effect

The response of microbial biomass N to simulated precipitation
was more marked in degraded secondary forest soil than in mature
natural forest soil (Fig. 4A). Distinct differences in the pulse effect
between the two forest soils were revealed in the RDA result
(Fig. 5). The first and second canonical axes explained 99.7% and
0.3%, respectively, of the total variance in pulse effect. The results
of the Monte Carlo permutation test revealed that the 14 investigat-
ed soil properties together explained 99% of the total variance of
pulse properties.

RS-max and ARS‐soc
were strongly positively correlated with silt, sand,

and litter N content, and negatively correlated with litter C content
and clay (Fig. 5). Contrasting relationships were observed for the dura-
tion of the pulse effect. In addition, ARS‐soil

was strongly negatively corre-
lated with pH, and TRS‐max

was strongly positively correlated with ORP
and negatively correlated with pH (Fig. 5).
Fig. 1.Changes in soilmicrobial respiration rate (RS) (A, B) and soilwater content (SWC) (C, D) after a simulatedprecipitation event. Error bars represent SD (n=4). Solid circles represent
mature natural forest; solid triangles represent degraded secondary forest.



Fig. 5. Results of redundancy analysis. Arrows represent pulse properties. Black arrows
show response variables; red arrows indicate independent variables. RS-max, maximum
microbial respiration rate; TRS‐max

, time to reach RS-max; ARS‐soil
, accumulative microbial

respiration per gram of soil; ARS‐soc
, accumulative microbial respiration per gram of soil

organic carbon; Duration, duration of the pulse effect from the start to the end of ½RS-
max. LC, litter carbon content; LN, litter nitrogen content; TN, soil total nitrogen; SOC, soil
organic carbon content; ORP, oxidation–reduction potential; COND, conductive; PLFA,
phospholipid fatty acid—the sum of all PLFAs was used to represent the viable microbial
biomass; Ba, bacteria; Fu, fungi; Ac, actinomycetes.

Fig. 3. Accumulative soil microbial respiration after simulated precipitation event.
(A) Accumulative soil respiration per gram of soil (ARS‐soil

) according to incubation time
(h); (B) Accumulative soil respiration per gram of soil organic carbon (ARS‐soc

) according
to incubation time (h). Data in inset panels (C) and (D) show total ARS‐soil

and ARS‐soc

during the 48-h incubation period. Different lowercase letters indicate significant
differences at P = 0.05. Error bars represent SD (n = 4).
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4. Discussion

4.1. Rapid and strong pulse effects of precipitation

In this study, the simulated precipitation event induced a rapid and
strong pulse effect on RS in temperate forest soils and RS-max was ob-
served within approximately 10–20 min. The observed RS values after
the simulated precipitation were approximately 10–100-fold higher
than those of dry soils before the event; this increase wasmore marked
Fig. 4. Changes in soil microbial biomass nitrogen (A) and dissolved organic nitrogen (B) follow
triangles represent degraded secondary forest.
than those of previous studies, which have reported increases of four-
fold (Fierer and Schimel, 2003) up to 10-fold (Casals et al., 2009). On
the other hand, consistent with the finding of Sponseller (2007), the
pulse effect of simulated precipitation returned to background levels
within 48 h. The previous status of soil water content and precipitation
intensity may influence the observed pulse effects. Fischer (2009) pro-
posed that the observed pulse effects were derived from the soils
being insufficiently dry or reaching the drying threshold to restrict mi-
crobial growth. Soils that were extremely dry inhibited dormancy of
soil microbes, whereas microbial growth was rapid in even slightly
moist soils. The differences in initial SWC may therefore influence the
observed precipitation pulse properties. In future studies, the previous
soil water condition (or drying threshold) should be evaluated. The
pulse effect may also be influenced by themeasurement interval. Previ-
ous studies usedmeasurement intervals of several hours or days (Casals
et al., 2009; Fierer and Schimel, 2003; Meisner et al., 2015). Hence,
when comparing different studies, we should consider differences in
precipitation intensity, previous soil water condition and measurement
interval. At the same time, it is necessary to further investigate and
quantify the effect of a single variable on the precipitation pulse of air
dried soil in order to obtain in-depth knowledge about precipitation
pulse and soil C dynamics.
ing a simulated precipitation event. Solid triangles representmature natural forest; hollow
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4.2. Influence of forest type on the pulse effects of precipitation

The pulse effects of precipitation on RS weremoremarked inmature
natural forest soil than in degraded secondary forest soil. The variation
in soil microbial biomass observed in this study could be a partial expla-
nation for the observed pulse effects. In a previous study by Lundquist
et al. (1999), respiration positively increased with microbial biomass.
Meanwhile, Kim et al. (2012) hypothesized that substrate supply en-
hanced microbial metabolism, based on a new database of 338 studies
conducted from 1956 to 2011. This hypothesis parallels our study but
is different from that of Meisner et al. (2013) who have shown that mi-
crobial growth is uncoupled from the initial respiration pulse, and that
growth responses and microbial C-use efficiency can be affected by
prolonged drying. The fact that this microbial effect has not yet reached
a consensus may be attributed to prolonged drought or perhaps vari-
ance in soil conditions before air drying or rewetting (Meisner et al.,
2015).

Another important explanation for the strong and rapid pulse effect
may be the rapid increase of the accessible substrate. In this study, the
RDA results revealed that RS was negatively correlatedwith litter C con-
tent and positively correlatedwith litter N content (Fig. 5), thereby ver-
ifying the important influence of soil substrate on the observed pulse
effects. Jones and Murphy (2007) have reported the vital function of
adding substrate to microbe that the response of microbial respiration
to substrate addition occurred almost instantaneously (b60 s), and
that the average times to half-maximum CO2 production for glucose
and glycine were 14± 8min and 10± 8min, respectively. In addition,
He and Yu (2016) found that microbial respiration rate was exponen-
tially correlated to substrate stoichiometry (N:C ratio) in both grassland
and forest soils. The important effect of stoichiometry (N:C ratio) of
added substrates on SOM decomposition may alter the relative avail-
ability of C- and N-feeding soil microbes owing to the imbalance of C
and N availability in soil. On the basis of the results obtained by Jones
and Murphy (2007) and He and Yu (2016), we hypothesized that pre-
cipitation plays an important role in the availability of decomposed sub-
strate tomicrobe. However, because the ratio of N:C (microbial biomass
C:N or dissolved organic C:N) was not measured in this study, we can-
not draw a conclusion to explain the particular effect on the difference
in precipitation pulse.

The pulse effects of precipitation on RS-max weremoremarked in de-
graded secondary forest soil than inmature natural forest soil; however,
a contrasting effect was observed for TRS‐max

. Based on our RDA results,
we inferred that these contrasting patterns are derived from differences
in soil texture. Sand stabilizes occluded organicmatter againstmicrobial
decomposition less effectively than do silt and clay; hence, in soils with
higher sand content, organic matter is more easily accessible within the
soil matrix and the SOC content is associated with TRS‐max

. In addition, we
found that microbial biomass N was quite low with higher dissolved
organic N both in natural and secondary forest at the onset (before
precipitation, Fig. 4). Simultaneously, we observed that microbial
respiration rate was low at the onset (before precipitation, Fig. 1).
However, during precipitation, both microbial biomass N and micro-
bial respiration rate sharply increased, or the dissolved organic N
sharply declined. In particular, the observed trend of higher microbi-
al respiration rate in secondary forest than in natural forest was in
accord with the trend of microbial biomass N. This trend of dissolved
organic N indicates that precipitation plays a more important role in
reviving microbes in the secondary forest than those in the natural
forest. Microbes in a secondary forest soil utilize large amounts of
available dissolved organic N to synthesize their biomass, which re-
sults in CO2 emission at faster speeds. When the decomposition
rate and dissolved organic N levels are too low to meet synthesis re-
quirement, they achieve the maximum respiration rate. These re-
sults may partially explain the phenomena that higher RS-max and
lower TRS ‐max

are observed in degraded secondary forest soil com-
pared to mature natural forest soil.
The effect of simulated precipitation on the duration of the pulse ef-
fect was more marked in the mature natural forest soil than in the de-
graded secondary forest soil. The results of RDA analyses and the
Monte Carlo test revealed that theduration of the pulse effectwasmain-
ly related to litterN content, litter C content, and soil texture. The impor-
tant role of soil texture in determining the occurrence andmagnitude of
pulse dynamics has been reported by many groups (Butterly et al.,
2010; Tian et al., 2014). Kaiser et al. (2015) showed that soils with
high clay content lost soil moisture more slowly than soils with high
sand content, and thus microorganisms had more time to adapt or re-
spond to decreases in soilwater content. However, in this study, thema-
ture natural forest soil had higher SOC and TN, whereas the degraded
forest soil had higher clay content (Table 1); hence, the duration of
the pulse effect was more marked in mature natural forest soil than in
degraded secondary forest soil.

The time to recovery of RS after the simulated precipitation event
was more rapid in the degraded secondary forest soil (1.3 days) than
in the natural forest soil (2 days). The most likely explanation for this
observation is that the natural forest soil had higher SOC content (or a
better substrate supply) (Table 1), and that this facilitated microbial
growth over a longer period. The sharp decline in microbial biomass N
and the shorter duration of the pulse effect in degraded secondary forest
soil may be explained as follows. In the process of dry–rewetting–dry-
ing, substrates and dead microbial biomass may rapidly become avail-
able for surviving microbes through decomposition. Thus, microbial
activity can rapidly be reactivated after simulated precipitation; thereaf-
ter, a portion of the microbial biomass may die and lyse because of
prolonged drying and substrate depletion (Clein and S, 1994; Fierer
and Schimel, 2003; van Gestel et al., 1991).

4.3. Combined effects of substrate and microbes on ARS

The importance of substrate andmicrobes on RS has previously been
demonstrated (WuandBrookes, 2005). In this study,ARS‐soc

and notARS‐soil

was significantly higher in degraded secondary forest soil than in ma-
ture natural forest soil. Previous studies have reported higher CO2 re-
lease in soils with lower SOC content (Jensen et al., 2003; Shi and
Marschner, 2015), which implies that assessing the precipitation pulse
by using SOC as the unit could reveal the SOM decomposition of sub-
strates of different quality in response to precipitation. Jones and
Murphy (2007) have observed instantaneous activation of the soil mi-
crobial community (evaluated by measuring the RS value) in response
to glucose and glycine addition, which further indicated the importance
of substrate on RS. In this study, the RDA results revealed that litter C and
N content were strongly correlated with variation in ARS‐soc

(Fig. 5),
which verified the vital effect of substrate.

Fierer and Schimel (2003) showed that the CO2 pulsewas generated
from the decay of microbial biomass without significant lysis of micro-
bial cells using 14C-enriched glucose. In accordance with the results of
Fierer and Schimel (2003), we found that inmature natural forest, ARS‐soil

was asmany as the enrichment ofmicrobial biomass N pool but 1.4-fold
higher than the enrichment of dissolved organic N content. In the de-
graded secondary forest, ARS‐soil

was 4.6-fold higher than the enrichment
of the microbial biomass N pool and 1.6-fold higher than the enrich-
ment of dissolved organic N. Hence, we assume that the observed vari-
ation in ARS between the two forest soils may be derived partially from
the decomposition of SOM and microbes. Based on the studies of Fierer
and Schimel (2003) and Schimel et al. (2011), future studieswill require
the use of isotope tracer techniques to fully quantify the effects of sub-
strate and microbes on ARS.

5. Conclusion

In this study, we demonstrated that the pulse effects of precipitation
on soil microbial respiration are stronger and more rapid in secondary
forest soils than that in natural forest soils. Poor soil conditions (with
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regard to the quality and quantity of substrate) may be a critical factor
for the significant differences observed between the two forest types.
Under conditions of high desertification and unexpected precipitation,
the characteristic of response of secondary forest to precipitation
(i.e., a sharp response and high CO2 accumulation) may play an impor-
tant role in the future global climate change. According to our results,
high-frequency measurement technologies may be an efficient way to
assess the pulse effects of precipitation events. Furthermore, the unit
per gram C to depict soil microbial respiration may better demonstrate
the effect of soil substrate quality on microbial respiration.
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