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Editorial
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Abstract: Forests cover around 30% of the global land area and forest ecosystems can store over 70%
of total soil organic carbon (SOC) of all terrestrial ecosystems, but SOC stocks and greenhouse gas
(GHG) emissions may be affected by both natural and anthropogenic disturbances. Even though
the changes in forest soil C pool can have a significant effect on climate change, there are some
contradictory results regarding the role of forest disturbance on SOC sequestration, GHG emissions,
and the mitigation of global changes. Therefore, there is a need to better understand the impact
of different disturbance regimes on forest soil C storage and GHG emissions. A Special Issue was
therefore organized for discussing the responses of soil C storage and GHG emissions to various
types of disturbances in forest ecosystems and a total of 15 studies were accepted for this special
issue to assess these responses. This Special Issue includes the effects of storms and beetle outbreaks,
Karstification, rock desertification, warming, nitrogen addition, land-use change, field tillage, and
biochar application on soil C dynamics and/or GHG emissions.

Keywords: CH4 emissions; CO2 emissions; climate change mitigation; global change; land-use
change; N2O emissions; soil carbon sequestration

Disturbances from natural (e.g., insect outbreaks, geologic processes and wildfires) and
anthropogenic (e.g., logging, applying soil amendments and land use change) are important drivers of
changes of ecological processes in forest ecosystems, and the impact of disturbances on ecosystem
processes may vary with the type and level of disturbances [1–3]. These disturbances are expected
to markedly affect the amount, form and stability of soil organic carbon (SOC) and the emission of
three major trace greenhouse gases (GHGs) (CO2, CH4 and N2O) from forest ecosystems [4,5]. More
than 70% of total SOC of all terrestrial ecosystems can be found in forest ecosystems [6] and thus, a
minor change in the size of the forest SOC pool can exert a large impact on climate change on a global
scale. The assessment of the variability in forest SOC storage and GHG emissions is thus a critical
consideration for evaluating regional and global climate change [7]. It is vitally important to improve
the understanding of the impact of different disturbance regimes on forest SOC storage and GHG
emissions for guiding future research, forest management practices, and policy development. We
therefore organized a Special Issue to bring together researchers working on different aspects of forest
ecology to share their findings on disturbance effects on SOC storage and GHG emissions in forest
ecosystems. We are pleased that we received a strong response from the scientific community to this
call for the Special Issue and a total of 15 papers have ultimately been accepted for inclusion in this
Special Issue.

Three papers in this Special Issue address the effect of natural disturbances on SOC content and
GHG emissions. Storms and beetle outbreaks are two major forms of disturbance in European forests,

Forests 2020, 11, 297; doi:10.3390/f11030297 www.mdpi.com/journal/forests1
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but Kosunen et al. did not find any consistent effect of either storm or European spruce bark beetle
(Ips typographus L.) outbreak on soil total and heterotrophic respiration, and soil total respiration rates
were found to be related to the basal area of living trees, and also to soil temperature and soil moisture
content [8]. Karstification, the dissolution of calcite and the formation of the karst landform in an area
where the bedrock is dominated by limestone, can also affect soil C dynamics; in this respect, Huang et
al. found that the C sink in karstified calcareous soils was 11.97 times that of non-karstified red soils,
while the role of calcareous soils as a C source was only 1.12 times that in red soils [9]. The overall
mean δ13C-CO2 value in calcareous soils was 0.87%� higher than that in red soils, and these results
indicate that karst soils play a key role in the reduction of atmospheric CO2 [9]. Rock desertification
is a process of land degradation that may reduce soil productivity and some natural environmental
factors can induce this process [10], but the effect of desertification on forest soil stoichiometry remains
poorly understood. Yang et al. reported that soil C:N (nitrogen) ratio was not significantly affected by
the degree of desertification, but soil C:P (C: phosphorus) and N:P ratios increased with increasing
degree of desertification [11]. Yang et al. also pointed out that P might be the limiting factor for plant
growth during restoration and calcium could play an important role in soil C, N and P stoichiometry
in the ecosystem they studied [11].

Eleven papers in this Special Issue address the effect of anthropogenic disturbances on soil C
and GHG emissions. Soil C and N cycling can be significantly affected by climate warming and N
deposition that are caused by human activities [12,13]. An eight-year experiment with warming and N
addition treatments in a subalpine spruce (Picea asperata Mast.) plantation forest showed that soil CO2

emissions were solely influenced by warming while both N addition and its interaction with warming
significantly elevated soil N2O emissions, there were different response patterns and different factors
governed soil CO2 and N2O emissions in the forest ecosystem [14]. Interestingly, Zhou et al. found that
in a subtropical forest dominated by Castanopsis carlesii Hayata and Schima superba Gardn. et Champ, a
high-level N addition treatment significantly reduced but a low-level N addition treatment markedly
enhanced soil respiration, with the high-level N addition treatment reduced soil pH and increased C
and P co-limitation of microorganisms, which resulted in decreases in total phospholipid fatty acid
(PLFA) content and alterations in microbial community structures [15]. Zhou et al. also concluded
that the altered microbial community structure and suppressed microbial biomass under increasing N
deposition could ultimately lead to the accumulation of recalcitrant C and reduction in soil C emissions
in the studied subtropical forest [15].

Changes in land use patterns can also alter soil C and N cycling and the structure of soil
microbial communities [5,6]. The research in Qiu et al. indicated that Proteobacteria, Verrucomicrobia
and Acidobacteria were the dominant bacteria and their relative abundances were different in the
woodland, shrubland and grassland soils in a karst graben basin in subtropical China, and soil bacterial
communities were markedly influenced by SOC, total N, and available potassium contents [16].
Studying SOC mineralization under different land uses is essential for improving our understanding
of SOC responses to land-use change. The study of Yang et al. in the karst region showed that the
establishment of plum (Prunus salicina Lindl.) plantations markedly reduced the SOC content as
compared with abandoned lands, but the SOC content did not vary with plum plantation age; however,
the cumulative and potential SOC mineralization rates were different among plum plantation ages,
and both increased with increasing soil calcium concentration; thus, more attention should be paid
in the future to the critical role of calcium in SOC mineralization in the studied subtropical area [17].
In contrast, the study conducted by Zhao et al. in a larch (Larix principis-rupprechtii Mayr) forest
showed that the contents of SOC, total N and total K were all increased with increasing stand age, and
clear-cutting reduced SOC, total N, and total K contents [18]. The effect of the conversion of natural
evergreen broadleaved forests to an assisted natural regeneration and Chinese fir (Cunninghamia
lanceolata (Lamb.) Hook) and mason pine (Pinus massoniana Lamb.) plantations was conducted by
Yang et al. in subtropical China [19]. The conversion led to 42%, 60%, and 64% reductions in SOC
contents for assisted natural regeneration, Chinese fir, and mason pine plantations, respectively, with
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microbial residue C accumulation varying with SOC content and rate of litter input [19]. In addition,
Zhu et al. investigated the responses of SOC and soil organic N to soil erosion and forest conversion in
the development of sloping economic forests in mountain areas in Jiangsu province in China; they
reported that the conversion of coniferous broadleaved mixed forests into economic forests aggravated
soil erosion, and the intensive management of the economic forest also reduced soil C storage and
increased the loss of soil nutrients; the loss of soil C and N caused by soil erosion can therefore be
detrimental to the development of local agriculture and forestry [20].

Although tillage in forest ecosystems does not take place as often as in agricultural ecosystems,
tree planting and tillage are practices commonly used for vegetation restoration [21]. In a forest soil
profile inversion and mixing study, Wang et al. showed that CO2 concentration in forest soil profiles
was governed by both soil properties related to CO2 production such as SOC and soil microbial biomass
content and those related to gas diffusion, such as soil bulk density and gas molecular weight; however,
soil surface CO2 emissions were not affected by soil profile inversion but were increased by soil profile
mixing; soil surface CO2 emissions were mainly controlled by soil surface temperature [21].

Mangrove wetlands are a potential source for atmospheric CH4, but there remain considerable
uncertainties regarding the importance of mangrove wetlands for contributing climate warming [22].
Through a field study at three tidal zones of two mangrove ecosystems in southeastern China, Zheng et
al. found highly variable CH4 emission patterns among the three zones and attributed this phenomenon
to the heterogeneity in the mangrove soil environment [23]. After analyzing the data from these three
zones and those from 24 mangrove wetlands worldwide, the authors summarized that undisturbed
mangrove sites had very low rates of CH4 emissions, which were much lower than the global warming
potentials generated by soil CO2 emissions from the same sites. Although CH4 emissions from
mangrove soils were not significantly affected by plant species, study site, tidal position, sampling
time, and soil characteristics, the nutrient inputs driven by anthropogenic activities could markedly
elevate mangrove soil CH4 emissions, and the estimates of regional or biglobal inventory of CH4

emission should affirmatively consider the part from mangrove wetlands intensively affected by
human activities [23].

Even though biochar has a great potential to mitigate climate change, much less research on biochar
effects has been carried out in forest ecosystems in comparison to agricultural ecosystems [24]. Two
papers in this Special Issue address the effect of biochar on altering forest soil C storage and mitigating
GHG emissions. The study of Criscuoli et al. in northern Italy showed that conifer woodchip-derived
biochar application did not significantly influence the temperature sensitivity of soil CO2 and N2O
emissions, but significantly reduced the sensitivity of soil CH4 uptake [25]. In the second biochar study
included in this Special Issue, Deng et al. conducted an in situ experiment to examine the effects of
shell-derived biochar and dicyandiamide (DCD) on soil N2O emissions from a tea oil camellia (Camellia
oleifera Abel) plantation with intensive N application in Jiangxi province, China [26]. The authors found
that N application enhanced cumulative soil N2O emissions by 307%, adding biochar and DCD to the
N-fertilized field reduced cumulative soil N2O emissions by 36 and 44%, respectively, suggesting that
the mitigation potential of biochar on soil N2O emissions may reach that of DCD under the conditions
studied [26].

It should be noted that estimating forest C stock and improving the accuracy of GHG inventory for
each country are very important for evaluating the impact of land management and land use change
on regional and global climate change [5–7]. The work done by Lee et al. in South Korea showed that
forests could continue to store C and absorb CO2 even under the declining total forest area and their
study provides methodologies to facilitate the estimation of C stock changes and CO2 removal by
different forest types or plant species [27].

We are pleased to make this Special Issue available to readers. As guest editors, we would like to
thank the authors for their valuable contribution to this Special Issue and express our deep appreciation
to the many reviewers for their insightful comments that improved the quality of an earlier version
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of each of the published papers. We would also like to express our sincere gratitude to the Editorial
Office for their valuable assistance throughout the publication process.
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Abstract: Disturbances such as storm events and bark beetle outbreaks can have a major influence on
forest soil carbon (C) cycling. Both autotrophic and heterotrophic soil respiration may be affected by
the increase in tree mortality. We studied the effect of a storm in 2010 followed by an outbreak of the
European spruce bark beetle (Ips typographus L.) on the soil surface respiration (respiration by soil and
ground vegetation) at two Norway spruce (Picea abies L.) dominated sites in southeastern Finland. Soil
surface respiration, soil temperature, and soil moisture were measured in three types of plots—living
trees (undisturbed), storm-felled trees, and standing dead trees killed by I. typographus—during the
summer–autumn period for three years (2015–2017). Measurements at storm-felled tree plots were
separated into dead tree detritus-covered (under storm-felled trees) and open-vegetated (on open
areas) microsites. The soil surface total respiration for 2017 was separated into its autotrophic and
heterotrophic components using trenching. The soil surface total respiration rates at the disturbed
plots were 64%–82% of those at the living tree plots at one site and were due to a decrease in
autotrophic respiration, but there was no clear difference in soil surface total respiration between the
plots at the other site, due to shifts in either autotrophic or heterotrophic respiration. The soil surface
respiration rates were related to plot basal area (living and all trees), as well as to soil temperature
and soil moisture. As storm and bark beetle disturbances are predicted to become more common
in the future, their effects on forest ecosystem C cycling and CO2 fluxes will therefore become
increasingly important.

Keywords: forest soils; autotrophic respiration; heterotrophic respiration; CO2 effluxes; decomposition;
forest disturbance; tree mortality; storm damage; insect outbreak

1. Introduction

Abiotic disturbances, such as storms, and biotic disturbances, such as bark beetle outbreaks,
are important drivers of forest ecosystem functioning [1,2]. Such disturbances increase tree mortality,
resulting in—at least temporarily—diminished forest C fixation (CO2 influx) and autotrophic respiration
(CO2 efflux from plant and rhizosphere metabolism) and, in some cases, increased heterotrophic
respiration (CO2 efflux from organic matter decomposition) due to increased decomposition [2–6].
Over extended periods of time, the effect of natural disturbances on the carbon (C) balance can thus
result in a forest turning from being a C sink into a C source and so add to global warming [4,7].
However, the effects on C balance may be less drastic and transient if the productivity of the remaining
trees and secondary structure is increased or if decreased forest stand productivity is accompanied
with a reduction in ecosystem respiration [8,9]. Besides disturbance severity, changes in forest
ecosystem C fluxes are dependent on several other factors, e.g., pre-disturbance forest composition
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and structure, growth of the remaining trees and ground vegetation, and tree regeneration [5,8,10–12].
Hence, the responses and recovery of a forest after disturbance may differ among forest management
strategies as well as between non-managed and commercially managed forests [3,8,13–15].

Soil respiration is one of the largest terrestrial C fluxes globally [16]. It has been estimated that
55% of the C fixed annually by forests in gross primary production is returned back to the atmosphere
as a result of soil respiration [17]. Disturbance may alter soil respiration in several ways. Tree death
reduces soil autotrophic respiration due to the cessation of C allocation to roots and soil [18,19].
Disturbance-induced tree mortality also results in changes in litter quality and quantity [20,21],
light and water availability and soil temperature and moisture [2,6,12,22,23], soil microbial community
dynamics [24–26], and the composition of the ground vegetation [13,27], all of which can be expected
to lead to changes in the decomposition process and, hence, soil heterotrophic respiration.

Besides spatial variation in the alterations, the direction and magnitude of these alterations may
change with time after the disturbance [5]. As a result, both increases [23,28] and decreases [9,29]
as well as no change [6,22,23,30,31] in soil total respiration over periods varying from months to
several years after disturbance have been reported. However, few studies have studied the effects of
natural disturbance separately on the autotrophic and heterotrophic components of soil respiration.
Mayer et al. [6,23] found that storm disturbance increased heterotrophic respiration for some years after
the storm and attributed this to increases in soil temperature and associated accelerated decomposition
of soil organic matter, whereas in another study [29], storm and bark beetle disturbance was shown to
have decreased autotrophic soil respiration but to have had no clear effect on heterotrophic respiration.

Storms and European spruce bark beetle (Ips typographus L.) outbreaks are two major forms of
disturbance in European forests [32,33], and both are predicted to result in greater tree damage in
the future [34,35]. Whilst storms immediately alter the structure and functioning of the forest by
breaking and uprooting (killing) trees and mixing soil [1], the changes brought about by bark beetle
outbreaks are gradual [2]. Wind disturbance especially creates various microsites [1,36] where tree
stand and soil properties differ. For example, undisturbed soil with decomposing residue piles [37] or
gaps [38,39] created after disturbance can have different soil properties and dynamics compared to
the less affected areas or pre-disturbance conditions. Storm events can predispose forests to insect
outbreaks, as wind-fallen trees provide optimal breeding material for bark beetles [40,41]. Where there
is more than one disturbance event, changes in the C balance and soil respiration can be expected to be
more complicated.

In this study, the effects of a storm event followed by an outbreak of I. typographus on soil surface
total (SRtot, soil CO2 efflux from soil and ground vegetation), autotrophic (SRa), and heterotrophic (SRh)
respiration were investigated at two forest sites in southeastern Finland. The aims of the study were to
determine the effect of storm damage and I. typographus outbreak on (1) SRtot and its autotrophic and
heterotrophic components and (2) the degree to which disturbance-related differences in respiration
were due to differences in tree stand characteristics and tree mortality or in environmental conditions.
We hypothesized that (1) SRa from storm-damaged and from I. typographus-infested plots would be
lower and SRh higher compared to control (undisturbed) plots; (2) storm-damaged SRa and SRh would
differ between open microsites having ground vegetation and microsites under storm-felled trees
covered with dead tree detritus; and (3) respiration would be related to stand basal area (dead tree
basal area resulting from the storm and I. typographus disturbances), disturbance-related differences in
soil microclimate (temperature and moisture), or both.

2. Materials and Methods

2.1. Research Area

The study was carried out in two Norway spruce (Picea abies L.) dominated forest sites, Paajasensalo
(56 ha) and Viitalampi (73 ha), located in the municipality of Ruokolahti (61◦17′30” N, 28◦49′10” E) in
southeastern Finland. The distance between the two sites is about 6 km. A large-scale storm occurred
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in the region in July 2010 and was followed by an outbreak of I. typographus from 2011 onwards.
The forests at the Paajasensalo site were in commercial use until 2010 and those in the Viitalampi site
until 2011, but afterwards they were conserved as METSO (Forest Biodiversity Program for Southern
Finland) sites and no forest management actions have been carried out since. Thus, contrary to normal
forestry practice, all the trees killed by the storm and bark beetle were left in the forest after the
disturbance events, making the sites ideal for the purposes of this research.

The soils at the study sites were Podzols, mostly cambic, and developed in till deposits. The soil
texture (fine-earth fraction) was either sandy loam or loamy sand, and the thickness of the surface
humus layer varied between 2.3 and 8.0 cm. According to the Cajanderian site type classification [42],
which describes site stand productivity, the sites were mainly medium-rich Myrtillus (MT) and
rich Oxalis-Myrtillus (OMT) types. The ground vegetation under closed canopy was dominated by
blueberry (Vaccinium myrtillus L.), with lingonberry (Vaccinium vitis-idaea L.) and several herbaceous
species (e.g., small cow-wheat (Melampyrum sylvaticum L.), twinflower (Linnea borealis L.), wood sorrel
(Oxalis acetosella L.), and oak fern (Gymnocarpium dryopteris L. Newman)) being present. The forest
floor moss layer was dominated by red-stemmed feather-moss (Pleurozium schreberi (Brid.) Mitt.),
stairstep moss (Hylocomium splendens (Hedw.) BSG), and fork-moss (Dicranum sp.). The storm and,
to a lesser degree, the bark beetle outbreaks modified the ground vegetation composition towards
more light-demanding pioneer species such as fireweed (Chamerion angustifolium L.), wavy hair-grass
(Deschampsia flexuosa L. Trin), and raspberry (Rubus ideaus L.). Although dominated by spruce, isolated
Scots pine (Pinus sylvesteris L.), silver birch (Betula pendula Roth), downy birch (Betula pubescens L.),
European aspen (Populus tremula L.), grey alder (Alnus incana L.), common alder (Alnus glutinosa
L. Gaertn), rowen (Sorbus aucuparia L.), and willow (Salix spp.) trees also grew within the stands.
The long-term (1981–2010) mean annual air temperature for the study sites was 4.2 ◦C and the mean
annual precipitation was 653 mm [43]. The mean air temperature and precipitation for the study
months (May–Oct) were 12.3 ◦C and 38 mm in 2015, 13.0 ◦C and 52 mm in 2016, and 11.3 ◦C and 61 mm
in 2017 [44].

2.2. Study Layout

After exploring both study sites, three types of disturbance areas were identified: those having
living trees with no clear signs of storm or bark beetle damage (LT), areas with fallen trees resulting from
the storm (SF), and areas of living and dead standing trees showing bark beetle attack (ID). A circular
plot (radius 11.28 m, area 400 m2) was then established in each of three areas in both study sites in June
2015 (Figure 1), resulting in a total of 12 plots (6 in Paajasensalo and 6 in Viitalampi). In order to have a
more encompassing data set, another set (block) of plots were established in both study sites in June
2016 (Figure 1). Photographs of each plot type (LT, SF, and ID) are presented in Figure S1. As the three
plots (disturbance treatments) were spatially interspersed within the two blocks and the blocks were
replicated at two study sites, bias and problems of pseudoreplication were reduced [45].
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Figure 1. Locations of study plots in Paajasensalo (a) where plots established in 2015 are on the left and
plots established in 2016 are on the right, and Viitalampi (b) where plots established in 2015 are on the
right and plots established in 2016 are on the left. LT = living tree plot (green squares), SF = storm-felled
tree plot (light brown triangles), and ID= tree killed by I. typographus plot (red pentagons). Created using
ArcGIS (ESRI, Redlands, CA, USA).

2.3. Tree Measurements

All trees growing on the plots were numbered and the diameter at breast height (dbh) of each
living and dead tree, both standing and fallen, with a dbh of >6 cm was measured. All spruce trees
were inspected for symptoms of I. typographus colonization (discoloration, defoliation, entrance and
exit holes, resin flow spots, and bark loss) [46] to confirm the initial cause of each spruce tree’s death as
I. typographus and to monitor the population level of the living trees during the study. Although some
spruce trees on the LT plots showed incipient symptoms caused by I. typographus, they remained
living and vigorous during the study period. We are not able to identify the specific time of death
of the I. typographus-killed trees in our plots, but it took place during 2013–2014 [47]. In addition
to the storm in July 2010, the warm summers of 2010, 2011, and 2013 [48] likely contributed to the
development of the I. typographus outbreak. The two disturbance types also interacted on some of the
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plots. For example, 50% of the standing dead trees on the Viitalampi ID plot established in 2015 broke
and fell due to another storm in October 2015. On the other plots, however, only single standing dead
trees and none of the living trees fell during the study period. In addition, many of the wind-thrown
trees on the SF plots had maternal galleries of I. typographus. However, the initial cause of tree death
on SF plots was the storm in 2010 and the beetle outbreak on the ID plots that occurred from 2011
onwards. Some dead trees were also found at the LT plots, but they had already died before the 2010
storm and start of the beetle outbreak.

2.4. Soil Surface Respiration, Temperature, and Moisture Measurements

Soil surface respiration, soil temperature, and soil moisture were measured at a number of locations
in each plot. For the LT and ID plots, the location of the sampling point was based on a random
selection of the numbered trees. A stone-free sampling area ≥2 m from the randomly selected tree stem
(or other measurement point) was selected. In the case of the SF plots, all fallen tree(s)–detritus-covered
microsites (SFd) and ground vegetated–open (i.e., no fallen trees above) microsites (SFo) were identified
and numbered, and then a set of each microsite type was chosen using a random number sequence
generator. These two types of microsite reflected a clear dichotomy in conditions created by the storm.
If a respiration measurement point was considered unsuitable (stony or <1.5 m to another measurement
point or tree), it was rejected and the next measurement point in the random sequence was chosen.
Accordingly, 30 soil respiration measurement points were established in each study site in summer
2015: eight in the LT plots, seven each in the SFd and SFo microsites, and eight in ID plots at each forest
(Figure S2). A PVC collar (diameter = 20.1 cm, height ~ 15 cm) for respiration measurements was
installed at each selected measurement point by pressing the collar into the ground to a depth of ca.
1 cm and sealed from the outside with sand (Figure 2, Figure S2). At this stage, vegetation was not
removed from inside the collars so that SRtot measurements included respiration by soil and ground
vegetation. In 2016, collars were installed in the new plots using the same procedure as in 2015: three
collars in the LT plots, three in each of the two microsites in the SF plots, and three in ID plots at both
study sites.

Figure 2. Soil surface respiration chamber darkened with aluminum foil and containing the
CARBOCAP® GMP343 CO2 probe and a data logger on the ground in front. The measurement
point is one of the trenched measurement points. Photo: Maiju Kosunen.
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In order to quantify the proportions of SRa and SRh, 15 of the measurement points in the plots
established in 2015 (4 in LT, 3 or 4 in SFd and 3 or 4 in SFo, and 4 in ID selected at random in both study
sites) were trenched in July–August 2016. A knife and a spade were used to cut the roots in an area
of ca 0.25 m2 surrounding the selected collars to a depth of ca. 30 cm, the maximum depth of most
P. abies roots in Finnish conditions [49]. A 30 cm wide strip of strong fabric was then inserted into the
cut to inhibit further root ingrowth. After trenching, the ground vegetation was carefully removed
from inside the collars. Mosses were, however, left growing in the collars to avoid direct radiation
from topsoil, but were not considered to have significantly affected the respiration measurements.
Any regrowth of vegetation was removed inside the trenched collars before each measurement.

Trenching may bias soil autotrophic and heterotrophic respiration estimates, for example, because
of changes in the soil microclimate brought about by root decease [50]. In our study, trenching,
however, had no clear effect on soil moisture and increased the soil temperature only slightly at
some plots. Nevertheless, for example, re-sprouting of the clipped vegetation at trenched points in
between measurements as well as inclusion of ground vegetation respiration to measurements at intact
collars may have also caused inaccuracy to estimations. Thus, the SRa and SRh values should only be
considered as estimates of the proportions.

The respiration measurements were carried out approximately weekly during 18 Jun–6 Oct 2015
and 24 May–27 Sept 2016 and approximately biweekly during 16 May–19 Oct 2017 (intervals varying
from 4 to 18 days) using a closed and darkened chamber (D = 19.0 cm, height = 24.7 cm) made of
Perspex fitted with a CARBOCAP®GMP343 CO2 probe (Vaisala Ltd., Vantaa, Finland) and an air
mixing fan (Figure 2). After carefully placing the chamber on top of the collar, the increase in the CO2

concentration inside the chamber was recorded every 5 seconds over a 5 minute period. The lower
edge of the chamber was fitted with a rubber O-ring washer so as to prevent any airflow between the
collar and chamber. The air in the chamber was mixed during each measurement by means of a small
fan fitted inside the chamber. Between each measurement, the chamber was ventilated by exposing
the chamber to the air. Immediately following the respiration measurements, soil temperature and
moisture were measured at three spots around each collar (ca. 0.2 m distance from the collar). Soil
temperature (◦C) was measured at a depth of 10.5 cm using a S3 11B thermometer (Fluke corp., Everett,
WA, USA) probe and the soil moisture (% vol) was measured at a depth of 6.0 cm with a ML3 ThetaKit
soil moisture meter (Delta-T devices Ltd., Cambridge, UK).

2.5. Calculation of Soil Surface Total, Heterotrophic, and Autotrophic Respiration

Respiration (mg CO2 m−2 s−1) was calculated as the slope of the linear regression between CO2

concentration in the chamber and time. Respiration measurements from the intact (non-trenched)
collars (n = 30 in both Paajasensalo and Viitalampi until Aug 2016, after which n = 27) in both study
sites over the whole study period in 2015–2017 were taken to be SRtot. Respiration measured from the
trenched collars (n = 15 in both Paajasensalo and 15 in Viitalampi) was considered to be SRh, and the
difference between SRtot and SRh was therefore assumed to be SRa.

However, as we observed a difference in the mean SRtot values between the intact collars and the
collars to be trenched already before the trenching for some plots, we used linear regression to estimate
the SRtot values for the trenched collars in order to correct for this baseline difference. Thus, for each
plot established in 2015, a linear regression model was computed using pre-trench data (up to June
2016) to predict the SRtot of the collars to be trenched from that of the collars that would remain intact.
These regression models were then used to derive post-trenching SRtot values for the trenched collars
as if they had not been trenched. All regression models had high R2 values (0.73–0.96). The difference
between the predicted mean SRtot values and the measured mean values from the trenched collars
(SRh) was then taken to be SRa. Values of SRa were thus weekly treatment means, including one value
that was negative. The SRh values were individual collar measurements; however, weekly treatment
means of SRh for each plot were used to compare with SRa values.
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The disturbance caused by root cutting and fast decay could be expected to keep the levels of
respiration high for some time after trenching. In our treatments, respiration of the trenched collars in
comparison to the intact collars decreased mostly 1–3 weeks (but ca. 2 months at the latest) after the
root cutting; therefore, only the respiration measurements starting from 2017 were used to estimate the
proportions of SRa and SRh.

2.6. Statistical Analyses

For comparing SRtot and SRh (measured and temperature-adjusted), temperature, and moisture
between treatments, analyses of variance (ANOVA) with a linear mixed-effects model structure
followed by Scheffe’s post hoc tests were used. Treatment (LT, SFo, SFd, and ID) was set as a fixed
variable, and measurement date (running number of days cumulated over the study period) and collar
number were set as random crossed variables. If the produced linear mixed model did not fulfil the
assumptions of normality and homogeneity of residuals, appropriate transformations were applied.
Because there was only one value for SRa at each treatment for each measurement day in 2017, it was
not appropriate to test for differences in SRa between treatments.

To control for the effect of treatment differences in soil temperature on respiration, each measured
SRtot and SRh value was adjusted to a soil temperature value of 10 ◦C. This was done by fitting a nonlinear
regression [51] between soil temperature and respiration for each collar separately. The adjusted flux
at a soil temperature at 10 ◦C was then calculated by adding the estimated value of respiration at 10 ◦C
of each collar to the residual of each measurement.

Spearman’s rank correlation coefficients were computed to describe the relationship between the
plot (n = 16) mean SRtot (measured and temperature-adjusted), soil temperature and soil moisture,
and plot basal area (living, dead, and total), i.e., across treatments. Basal area values of the entire SF
plots were used for both SFd and SFo microsites. Spearman’s rank correlation coefficients were also
computed to describe the relationship between plot (n = 8) mean SRa and SRh and plot basal area,
i.e., across treatments.

All the analyses were done using the R statistical computing environment [52] with utilization of
lme4 [53] for the mixed modeling, car [54] for ANOVA, and emmeans [55] for the post hoc tests.

3. Results

3.1. Tree Mortality

The characteristics of the stands on each plot are shown in Table 1. Spruce was the dominant
species, although several plots also had a considerable proportion of pine (Pinus sylvestris L.) and
broadleaved trees (mostly silver birch, Betula Pendula Roth) present. An exception was the Viitalampi
LT plot established in 2016, where only 45% of the trees were spruce; however, 59% of the living trees
on that plot were spruce. The Viitalampi ID plot established in 2016 had the highest stem density,
and the Viitalampi SF plot established in 2015 had the lowest, with all being dead. Of the disturbed
plots (SF and ID), the greatest proportion of dead trees was in the Viitalampi SF plot established in
2015 (100%) and the lowest was in the Viitalampi ID plot established in 2015 (69%). The proportion of
dead trees on the LT plots varied between 8% and 27%.
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Table 1. Study plot disturbance and stand characteristics (mean ± standard deviation). Abbreviations:
Year = year of plot establishment, dbh = tree diameter at breast height, Stems/ha = number of trees per
hectare, Basal area= basal area of trees, Species (%)= percentage of basal area of certain tree species from
all measured trees on plot, Sp = spruce, Pi = pine, De = deciduous, PS = Paajasensalo, VL = Viitalampi,
LT= living trees, ID= trees killed by I. typographus, SF= storm-felled trees, MT =medium-rich Myrtillus
type, OMT = Oxalis-Myrtillus type.

Basal Area (m2/ha) Species (%)

Site Year Plot Type Site Type dbh (cm) Stems/ha Living Dead Total Sp Pi De

PS 2015 LT MT 21 ± 8 1350 42.2 ± 0.6 9.3 ± 1.4 51.5 ± 0.8 65 22 13
PS 2015 SF MT 22 ± 7 925 13.6 ± 0.7 24.6 ± 0.6 38.2 ± 0.7 81 14 5
PS 2015 ID OMT 25 ± 8 625 5.5 ± 1.2 27.4 ± 0.7 33.0 ± 0.8 96 0 4
PS 2016 LT MT 20 ± 10 925 34.3 ± 0.8 0.9 ± 0.2 35.2 ± 0.8 89 0 11
PS 2016 SF MT 17 ± 7 1725 10.6 ± 0.3 36.8 ± 0.7 47.4 ± 0.6 88 0 12
PS 2016 ID MT 15 ± 7 1525 2.3 ± 0.3 29.3 ± 0.5 31.7 ± 0.5 100 0 0

VL 2015 LT MT 21 ± 7 975 35.9 ± 0.4 0.4 ± 0.0 36.3 ± 0.5 97 0 3
VL 2015 SF MT 25 ± 3 600 0 ± 0.0 28.6 ± 0.3 28.6 ± 0.3 100 0 0
VL 2015 ID MT 24 ± 4 650 9.8 ± 0.4 20.1 ± 0.3 30.0 ± 0.3 100 0 0
VL 2016 LT MT 20 ± 10 1275 39.8 ± 0.8 9.5 ± 1.0 49.2 ± 0.9 45 4 51
VL 2016 SF MT 19 ± 9 800 0.7 ± 0.1 26 ± 0.8 26.7 ± 0.8 63 0 38
VL 2016 ID OMT 19 ± 9 1800 22.8 ± 0.7 39.7 ± 0.7 62.5 ± 0.7 96 0 4

3.2. Soil Surface Total Respiration, Soil Temperature, and Soil Moisture

At Paajasensalo, the mean SRtot of the three disturbed treatments was lower than that of the LT
treatment, although only significantly so in the case of the SFo treatment (Table 2). At Viitalampi,
the disturbed treatment mean SRtot was also lower than that of the LT treatment, but none of the
differences were significant. After adjusting SRtot for soil temperature, the differences in mean values
between treatments were reduced, but LT and SFo still significantly differed from each other at
Paajasensalo (Table 2). Adjusting the respiration values for soil temperature did not change the pattern
in SRtot among the treatments at Viitalampi.

Table 2. Treatment mean total soil surface respiration (SRtot) and soil-temperature-adjusted soil
surface total respiration values (SRtot_ST adj.), soil temperature (ST) and soil moisture (SM; non-trenched
collars 2015–2017 data only), and heterotrophic soil respiration (SRh) and soil-temperature-adjusted
heterotrophic soil respiration (SRtot_STadj; 2017 data from trenched collars only) for the Paajasensalo
and Viitalampi study sites. Values are linear mixed-effects model adjusted means. Treatment means
followed by the same subscript letter are not significantly different (p = 0.05; Scheffe’s post hoc tests).
LT = living trees, SFd = storm damaged, tree detritus, SFo = storm damaged, open-vegetated, ID = trees
killed by I. typographus.

LT SFd SFo ID

Paajasensalo
SRtot (mg CO2 m−2 s−1) 0.28 a 0.23 ab 0.18 b 0.22 ab

SRtot_STadj. (mg CO2 m−2 s−1) 0.24 a 0.22 ab 0.17 b 0.20 ab
ST (◦C) 10.7 a 10.2 b 10.2 b 10.5 ab

SM (% vol/vol) 13.3 a 18.3 b 22.8 bc 26.0 c
SRh (mg CO2 m−2 s−1) 0.14 a 0.13 ab 0.10 b 0.12 ab

SRh_STadj. (mg CO2 m−2 s−1) 0.15 a 0.15 a 0.12 a 0.13 a
Viitalampi

SRtot (mg CO2 m−2 s−1) 0.22 a 0.18 a 0.21 a 0.20 a
SRtot_STadj. (mg CO2 m−2 s−1) 0.20 a 0.17 a 0.19 a 0.17 a

ST (◦C) 10.5 a 10.3 a 10.6 a 11.0 b
SM (% vol/vol) 20.1 a 26.1 a 26.3 a 26.3 a

SRh (mg CO2 m−2 s−1) 0.11 a 0.14 a 0.12 a 0.11 a
SRh_STadj. (mg CO2 m−2 s−1) 0.12 a 0.15 a 0.12 a 0.11 a
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Mean soil temperatures were slightly lower, but significantly so only at SFd and SFo for the disturbed
treatments compared to the LT treatment at Paajasensalo (Table 2). At Viitalampi, mean soil temperatures
were significantly highest in the case of the ID treatment. The mean soil moisture content at Paajasensalo
was significantly higher for the three disturbed treatments compared to the LT treatment. At Viitalampi,
the disturbed treatment mean soil moisture was also higher than the LT treatment mean value, but not
significantly so (Table 2). The mean SRtot, temperature, and moisture of plots established in 2015 and 2016
as well as those of the to-be-trenched and intact collars are presented in Table S1.

The seasonal patterns in SRtot, soil temperature, and soil moisture contents for the three study years are
shown in Figure 3. At Paajansensalo, the LT treatment had higher SRtot values compared to the disturbed
treatments during the mid-summer to autumn months, whereas the differences between treatments were
not that visible in the early summer periods (Figure 3a). At Viitalampi, no clear differences in the seasonal
pattern of SRtot among the treatments were observed (Figure 3b). However, at both Paajasensalo and
Viitalampi, SRtot followed the seasonal pattern in soil temperature (Figure 3c,d). The seasonal pattern in
soil moisture in each year was similar at both Paajasensalo and Viitalampi. At Paajasensalo, soil moisture
was consistently the highest in the ID treatment and lowest in the LT treatment throughout each year
(Figure 3e). While the treatment differences in soil moisture at Viitalampi during 2015 were similar to
those at Paajasensalo, the differences evened out during 2016 and 2017 (Figure 3f).

Figure 3. Monthly means and standard deviations for soil surface total respiration (a,b), soil temperature
(c,d), and soil moisture (e,f) of each treatment in Paajasensalo (left) and Viitalampi (right). Values are
based on measurements from the intact collars on plots established in 2015, i.e., the data set is consistent
throughout 2015–2017. LT = living trees, SFd = storm dead tree detritus, SFo = storm open-vegetated,
and ID = trees killed by I. typographus.
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3.3. Heterotrophic and Autotrophic Soil Respiration

At Paajasensalo, the mean SRa values from the disturbed plots were 23% (SFd), 39% (SFo), and 57%
(ID) of the mean value from LT. At Viitalampi, the mean SRa value from the SFd treatment was 45% of
the mean value in LT, whereas the mean values from the SFo microsite and ID plot were 195% and
124%, respectively, of the mean value of LT. The mean SRh at Paajansensalo was lowest in SFo (70% of
the mean in LT) (Figure 4) and differed significantly from LT. The respective soil-temperature-adjusted
mean respiration values, however, did not differ significantly from each other (Table 2). At Viitalampi,
the highest mean SRh was found in SFd (124% of mean in LT), but the mean did not differ significantly
from those of other treatments (Table 2).

Figure 4. Means of autotrophic (SRa) and heterotrophic (SRh) soil surface respiration, based on the
measurements in May–Sept 2017, of each treatment (one weekly mean value per treatment) in plots
established in 2015 for (a) Paajasensalo and (b) Viitalampi. LT = living trees, SFd = storm dead tree
detritus, SFo = storm open-vegetated, ID = trees killed by I. typographus.

The proportion of SRa relative to SRtot at Paajasensalo was 51% for LT, 20% for SFd, 36% for SFo,
and 40% for ID treatment. The corresponding proportions at Viitalampi were 31% for LT, 14% for
SFd, 45% for SFo, and 36% for ID. This resulted in a shift in SRtot towards SRh at disturbed plots with
exception of the SFo microsite and ID plot in Viitalampi, where the proportions of SRa were higher
than at the LT plot.

3.4. Relationships between Variables

Combining data from both sites, the plot mean (treatment mean in SF) SRtot was significantly
and positively correlated with the basal area of living trees (Table 3). SRa or SRh, however, were not
significantly correlated with the basal area of living trees or that of all trees. Neither did soil temperature
correlate with the tree stand variables, but soil moisture showed a significant negative correlation
with both basal areas of living and all trees (Table 3). Using soil-temperature-adjusted SRtot values for
correlations did lower the correlations. Across both sites, treatment and plot mean soil temperature
also showed a significant positive correlation with soil total respiration (Table 3), as it did inside each
treatment (Table S2). Mean soil moisture, on the contrary, showed significant negative correlations
with SRtot and SRh across both sites and treatments (Table 3) but showed weaker correlations inside
each treatment (Table S2).
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Table 3. Spearman’s correlation coefficients between various plot mean soil surface respiration and
soil temperature, soil moisture, and stand basal area. BAL = living, BAD = dead, and BAtot = all trees,
ST = soil temperature, SM = soil moisture, SRtot = soil surface total respiration, SRtot_STadj. =

temperature-adjusted soil surface total respiration (Aug–Oct 2016 and May–Oct 2017 data, n = 16). SRa

= autotrophic respiration, SRh =measured, and SRh_STadj. = soil-temperature-adjusted heterotrophic
respiration (May–Oct 2017 data, n = 8).

BAL BAD BAtot ST SM

SRtot 0.55 * −0.41 0.40 0.54 * −0.67 **
SRtot_STadj. 0.43 −0.36 0.31 - −0.69 **

SRa 0.14 −0.12 0.17 - -
SRh 0.02 0.17 0.12 −0.29 −0.83 *

SRh_STadj. 0.16 0.13 0.33 - −0.88 **
ST 0.17 −0.18 −0.01 - −0.13
SM −0.56 * 0.25 −0.59 ** −0.13 -

* = p < 0.05 and ** = p < 0.01.

4. Discussion

4.1. Soil Surface Total, Autotrophic, and Heterotrophic Respiration

We hypothesized that the loss of living trees (roots) resulting from storm damage (5–7 years
ago) and I. typographus infestation (tree mortality circa 2–4 years ago) would result in reduced SRa,
while the death of trees and roots would increase the amount of surface organic debris and soil organic
matter available for microbial decomposition and hence increase SRh. Our results went some way to
supporting this hypothesis. Thus, SRa at both the I. typographus-infested and storm-damaged plots was
lower than at the living tree plot in Paajasensalo, and the same was true for the storm-damaged SFd

microsite, but not for the storm-damaged SFo microsite and I. typographus-infested plot, at Viitalampi.
Furthermore, the lower SRa/SRtot ratios of the disturbed plots compared to the living tree plots
supported the hypothesis that disturbance results in a shift in total respiration away from SRa towards
SRh at Paajasensalo, but not at Viitalampi. Although significant differences in SRh were only found
between the SFo and LT treatments in Paajasensalo, the values at disturbed treatments were mainly
lower in Paajasensalo and higher in Viitalampi in comparison to LT. As a result of these patterns in SRa

and SRh, significant differences (lower) in SRtot compared to living tree plots were only associated
with the storm-damaged open microsites at Paajasensalo.

The higher-than-expected level of SRa at the Viitalampi SFo microsite and ID plot might have been
due to a response of ground vegetation cover and/or the remaining living trees to changes brought about
by the tree mortality. As the ground vegetation at the Viitalampi SFo microsite was observed to be more
developed than at the other plots, the higher-than-expected SRa value was however probably due to
the inclusion of the associated autotrophic respiration. The ID plot was also damaged by a storm which
broke and felled 50% of the beetle-killed standing dead trees, resulting in increased light to the forest
floor and subsequent development of the ground vegetation, which is typical especially after wind
disturbance [27]. The effect of developing ground vegetation after disturbance (bark beetle, storm and
clearance) has been implicated in increased autotrophic soil respiration observed in a study carried out
in Norway spruce stands in Austria [50]. In addition, the productivity of the remaining living trees at
the ID plot may have been stimulated by an increase in light, water, and nutrient availability after
the death of surrounding trees by I. typographus, as was shown in a study on mountain pine beetle
(Dendroctonus ponderosae Hopkins) attack on lodgepole pine stands in British Columbia [8], and resulted
in increased SRa. Also, seedlings which were growing at all plot types may have contributed to
some extent to the SRa at the disturbed treatment plots. However, rather than stimulating growth,
mechanical damage to the remaining living trees caused by the storm-felled trees may have hampered
their growth [56], resulting in the lower SRa in SFd plot compared to the ID plot at Paajasensalo. That
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there was still relatively high SRa in the SFd microsite in Viitalampi in spite of there being no living
mature trees, may be because some of the respiration measurement points also had living ground
vegetation, which would have contributed to the SRa component.

That the difference in SRh rates between treatments was weaker than expected may be related to
the length of time since tree mortality. Following tree mortality, the C/N and lignin/N ratios of the
needle litter decrease [20,22], while litterfall [21] and the mortality of fine roots and ectomycorrhizal
fungi [19,57] increase, all of which could potentially stimulate decomposition and SRh. With time after
disturbance, the more easily decomposable compounds would be utilized, leaving more recalcitrant
debris and lowering the rate of decomposition [24]. The SRh rates at our disturbed plots may thus
have been considerably higher in the first weeks, or even years, following the death of the trees,
i.e., before our measurements started. Nevertheless, small branches and twigs on the SFd microsites
were probably a sufficiently good substrate for decomposition, keeping SRh rates relatively high even
seven years after the storm. However, such an effect could be expected to be less visible in the case
of managed forests where trees are cleared away after disturbance. Increasing ground vegetation
growth accompanied with lowering heterotrophic respiration can considerably mitigate C emissions
already three to six years after storm and beetle disturbance and clearing of damaged trees [50]. In our
study, the higher SRa at the SFo microsite in comparison to LT at Viitalampi and lower (although not
significantly) SRh at SFo microsite in comparison to SFd at both sites could indicate such a pattern.
However, we have no data to support this possibl effect.

On a larger spatial scale with greater variability in tree mortality, forest structure and composition,
and disturbance-created microhabitats, different or more notable effects in soil surface respiration
after the two disturbance types could possibly be found. Although our disturbed study plots on
average had a similar dead tree basal area, storm- and I. typographus-induced tree mortality patterns
across the study forests were rather heterogeneous, varying from individual to stand-level tree decease.
Noteworthy also is that at our sites, trees were not cleared away after the events, which would be
expected to lead to differing response and recovery patterns of C balance compared to managed forests,
due to differences in, e.g., litter quantity, incoming radiation, and ground vegetation changes [13,27].

4.2. Relationships between Basal Area, Soil Microclimate, and Respiration

Although we hypothesized that respiration would be related to the amount of dead tree biomass
resulting from the disturbances, SRtot was more strongly correlated to the basal area of living trees than
to that of the dead trees. The weaker correlations with dead tree basal area are probably because much
of the dead fine root biomass, needles, and small branch detritus that decompose much faster than
the bigger tree parts [58,59] had already decomposed by the time of our respiration measurements.
Also, since detritus for decomposition is also supplied by the living trees, SRh cannot be attributed to
dead trees only; therefore, correlations with basal area likely were relatively weak.

As we had hypothesized, soil temperature and moisture conditions differed among the treatments.
The higher soil moisture contents in the disturbed plots compared to the living tree plots in Paajasensalo
are likely related to a reduction in transpiration resulting from tree mortality. The effect of tree mortality
on transpiration and soil moisture contents was also clearly indicated by a significant negative correlation
between soil moisture content and living tree basal area. However, in Viitalampi, the diminishing
soil moisture differences between treatments during the study period may be related to the dense
herbaceous ground vegetation further developing during the study and potentially enhanced tree
growth taking up moisture from the soil. Soil temperature did not differ so clearly between treatments
as moisture, but the higher soil temperatures recorded in Viitalampi ID treatment compared to other
treatments may be explained by an increase in light (radiation) conditions brought about by the storm
felling of dead trees, as discussed earlier.

To assess the extent to which soil surface respiration were determined more by soil temperature
than by plant metabolism and the supply of detritus (living and dead basal area), we examined
temperature-adjusted respiration values. However, adjusting respiration for temperature had little
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effect on the treatment mean respiration rates, indicating that treatment differences in soil surface
respiration were determined more by differences in plant metabolism and the supply of detritus than
by differences in soil temperature per se.

Collar-wise correlations between soil moisture and SRtot were generally poor, which is why we
were not able to examine the effect of soil moisture on respiration differences between treatments.
There were, however, clear differences in mean soil moisture contents between treatments, and plot-wise
mean SRtot and SRh rates were strongly and significantly correlated to plot mean soil moisture contents,
indicating that disturbance-driven effects on soil surface respiration are related to changes in soil
moisture conditions. However, as basal area and soil moisture were also strongly correlated, it is
not possible to determine whether differences in respiration were due to differences in basal area or
soil moisture.

5. Conclusions

We found no consistent effect of either storm or I. typographus disturbances (tree mortality) on
SRtot and SRh. However, SRa was lower and SRtot rates showed a shift towards a greater proportion
of SRh in the disturbed forest areas, except at the SFo microsite and ID plot at Viitalampi, where SRa

was higher than expected. These higher-than-expected SRa values may have been related to the
development of ground vegetation and growth stimulation of remaining living trees. Soil surface
respiration was found to be related to basal area (living trees) and soil moisture and temperature
conditions, factors which would further relate to plant metabolism, the supply and availability of
organic matter for decomposition, forest floor light (radiation) conditions, and stand transpiration.

Despite the mainly similar effects of the two disturbances on soil C dynamics found in this
study, the influence of the disturbances on tree mortality patterns, stand structure and composition,
and created microsites differs over larger areas. Since storm and bark beetle disturbances are predicted
to become more common in the future, their effects on forest C dynamics may become even more
complex and considerable. Therefore, for future research, studies concentrating on several disturbances
and their effects on forest C fluxes and C balance at greater spatial and temporal scales would be
important in order to clarify and estimate the potential effects of disturbances on forest C dynamics.
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Figure S1: Example photos of plot types, Figure S2: Example photos of soil surface respiration measurement points,
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Abstract: In karst landscapes, soil CO2 is a key factor in weathering processes and carbon cycling,
where its distribution and migration characteristics directly affect fluxes in carbon source–sink
dynamics. We measured the CO2 emission and dissolution rates of carbonate tablets in calcareous
soil developed from limestone and red soil developed from clastic rock, in karst and non-karst
subtropical forests, in Guilin, southwest China between 2015 and 2018, to analyze their CO2 transfer
characteristics and source–sink effects. The results showed similar average soil respiration rates
between calcareous soil and red soil, with an average CO2 emission flux of 1305 and 1167 t C km−2 a−1,
respectively. Carbonate tablet dissolution rates were bidirectional with increasing depth and were
greater in red soil than calcareous soil, averaging 13.88± 5.42 and 7.20± 2.11 mg cm−2 a−1, respectively.
CO2 concentration was bidirectional with increasing soil depth, reaching a maximum at the base
of the soil–atmosphere interface (50–60 cm), and the bidirectional gradient was more distinctive in
red soil. Change in the carbon isotope value of soil CO2 was also bidirectional in calcareous soils,
for which the overall average was 0.87%� heavier in calcareous than red soil. The carbon sink in
calcareous soil in karst regions was estimated to be 11.97 times that of red soil in non-karst regions,
whereas its role as a carbon source is just 1.12 times that of red soil, thus indicating the key role of
karst soil in the reduction of atmospheric CO2.

Keywords: subtropical forest; calcareous soils; red soils; soil CO2; carbon source–sink

1. Introduction

As the largest carbon pool of the terrestrial ecosystem, the amount of total carbon stored in
soil (2300 Pg) is about two times and three times higher than the amount stored in the atmosphere
(750 Pg) and in living biomass (650 Pg), respectively [1]. Global soil CO2 emission rates are now up to
approximately 98 ± 12 Pg a−1, which is an order of magnitude greater than total annual CO2 emissions
from human activities (6.8 Pg a−1); thus, small fluctuations in soil CO2 emissions can greatly affect
concentrations of atmospheric CO2 [2,3].

Notably, soil CO2 is soluble in water and readily forms carbonic acid, which can react with some
types of bedrock (e.g., carbonate rock) to consume soil CO2 and act as an important carbon sink of
atmospheric CO2 [4]. China has a karst area of 3.44 million km2 [5], and the net recovery of atmospheric
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CO2 from the weathering of carbonate rocks (karstifiction) can reach 36 million t C a−1 [6], accounting
for 48% of China’s forest carbon sink (75 million t C a−1) [7] between 1981 and 2000. The karst area of
eight provinces in southwest China totals 1.12 million km2, of which the bare karst area, depicted as
carbonate rock exposed to the atmosphere directly, is 460,000 km2 [5].

According to previous studies, the karstification that occurred in the soil–rock interface has
affected the carbon isotope value (δ13C) of CO2 from soil respiration and its distribution in the soil
profile [8–12]. The CO2 concentration in the limestone soil profile has a bidirectional gradient, with
CO2 concentration peaks typical in the middle layer [8–11]. In contrast, the CO2 concentration in the
red soil profile has a unidirectional gradient; that is to say, the deeper the red soil layer, the higher the
CO2 concentration [9]. However, unidirectional gradients with depth have also been recorded from
60 cm depths in limestone and dolomite soil profiles [12]. In the non-karst soil profile, the bidirectional
gradient of CO2 distribution was also reported [13,14]. The CO2 concentration and amount of CO2

emitted from soil respiration in limestone soil are both lower in karst areas than those of red soil in
non-karst areas [9]. The δ13C value of CO2 from soil respiration in the karst area is 4%� heavier than that
of the non-karst area [9]. This difference may be related to consummation and absorption of soil CO2

in the carbonate rock dissolution at the soil–rock interface of karst regions [9]. In the soil–atmosphere
interface layer, the δ13C value of soil CO2 (δ13C-CO2) decreased with an increase in soil depth; whereas,
below the soil–atmosphere interface layer, the δ13C-CO2 is basically unchanged in a karst soil [15].

Analysis of the δ13C may be used to explore the source of CO2 in soil. If the karstification effect is
sufficiently large enough to influence soil CO2 concentration distribution, it should first arouse the
CO2 isotope’s response to the soil profiles, because the CO2 dissociated from bicarbonate formed by
karstification is one of the sources of the soil CO2 in karst areas [12]. Therefore, to understand how it
may affect δ13C-CO2 and the release of CO2, and evaluate the CO2 source and sink effect of karst soils,
we determined the CO2 concentration and isotope value in three calcareous soil profiles, developed
from limestone found in a subtropical forest, for three years, for which red soils developed from clastic
rock of the same zone were chosen for comparison. The source of CO2 emission in calcareous soil
was collected by the chamber method, and the sink produced by karstification was calculated by the
standard carbonate tablet method.

2. Materials and Methods

2.1. Study Site

The study area was located near Maocun village, about 30 km southeastof Guilin
(110◦30′00”–110◦33′45′′ E, 25◦10′11′′–25◦12′30′′ N), in a typical karst peak cluster depression and
valley landscape, with a catchment of about 10 km2 (Figure 1). The climate in the area is mid-subtropical
humid monsoon, hot and humid summer, characterized by spatio–temporal variations in rainfall;
the annual average temperature is 19.64–20.39 ◦C, and the annual average rainfall is 1160–1378 mm
(Figure S1). The geology of karst areas consists of Upper Devonian Rongxian Formation (D3r) pure
limestone. Vegetation in the studied sites was comprised of an evergreen broad-leaved forest dominated
by Cyclobalanopsis glauca, Loropetalum chinense, Alchornea trewioides, and Nephrolepis auriculata, whose
soil type was brown calcareous soil of the primosol order in the genetic soil classification of China
(GSCC) [16], with a depth of 0.2–1 m. The geology of non-karst areas comprises iron clastic rock
(D2

1). Vegetation in this studied site was comprised of an evergreen broad-leaved forest, dominated by
Castanopsis fargesii, Schima superba, Itea chinensis, and a small amount of Miscanthus spp.; the soil type
was red soil of the ferralosol order in GSCC [16], with a depth of >1 m [9].
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Figure 1. Land use of study area and location of study sites.

2.2. Soil Physicochemical Properties

For each layer (10, 20, 30, 40, 50, 60, 80, and 100 cm) in the 1-m deep soil profiles, we recorded
water volume concentration, conductivity, and temperature using a WET sensor and HH2 moisture
meter (Delta, Wakefield, UK); the corresponding range and resolutions are 0–100%, 0.1%, 0–300 mS m−1,
1.0 mS m−1 and–5–+50 ◦C, 0.1 ◦C. Soil pH was measured by a US IQ150 (0.00–14.00, 0.01) soil in situ
acidity meter on 24 March 2015. The water volume concentration, conductivity, and temperature
of the surface calcareous soil and red soil were measured monthly for one year (Table 1; Figure 2).
Soil organic matter was determined by the potassium dichromate volumetric method.

Table 1. Properties at different depths in calcareous and red soils.

Depth
(cm)

pH
Organic

Matter (%)
Water

Content (%)
Conductivity

(mS m−1)

Soil Temperature
(◦C)

Calcareous
soil (KP1)

10 7.32 4.57 ± 0.05 26.7 92 16.3
20 7.29 2.57 ± 0.03 22.6 106 16.4
30 7.35 1.92 ± 0.04 23.4 112 16.1
40 7.27 1.78 ± 0.03 22.3 115 16.1
50 7.25 1.89 ± 0.08 22.2 118 16.0
60 7.13 2.02 ± 0.05 20.8 123 16.0
80 7.21 1.34 ± 0.01 26.2 117 15.8
100 7.24 0.86 ± 0.00 32.2 116 15.7

Red soil
(NKP1)

10 5.48 4.02 ± 0.03 21.9 12 17.1
20 5.96 3.67 ± 0.05 23.3 16 16.6
30 5.33 3.15 ± 0.05 20.3 12 16.6
40 5.40 2.72 ± 0.03 22.0 13 16.8
50 5.48 2.01 ± 0.08 19.5 11 17.0
60 5.36 1.65 ± 0.00 18.1 10 17.4
80 5.69 1.14 ± 0.01 16.2 7 17.6
100 6.39 1.04 ± 0.06 10.7 7 17.5

Data are the mean ± standard deviation (SD). N = 3.
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Figure 2. Temperature, water volume concentration and conductivity in the calcareous and red soils.

2.3. Soil CO2 Concentrations and Emissions

We installed a CO2 collection pipe in the calcareous (KP1) and red (NKP1) soil profiles in March
2015; two additional profiles in each soil type were included in January 2016 (KP2, KP3, and NKP2,
NKP3), and monitoring points were separated by 5–50 m. Monthly monitoring continued from
April 2015 to March 2018.

CO2 concentrations in the eight soil layers were measured and recorded monthly
(April 2015–March 2018) using a self-made soil collection pipe, comprising a 100 mL test tube in
which gas was collected using a vacuum pump (GAS-TECQ Kitagawa, Japan). If CO2 concentration
>2.6%, we collected 50 mL of gas, and CO2 concentration was doubled to give a concentration per
100 mL of gas.

Soil respiration CO2 was collected from relatively flat ground, from which litter and weeds were
removed to control for photosynthesis and the respiration of plants; the bare ground was immediately
covered with a metal cylinder (25 cm diameter, 32 cm high), and the lower, open end of the cylinder
was embedded 2 cm below the soil surface. A rubber tube was embedded in the soil within the cylinder
and exposed to the atmosphere; a water stop clip was used to seal the end of the tube exposed to the
atmosphere. Monthly atmospheric samples (April 2015–March 2018) were taken from the profiles
at about 2 m above ground level to calculate background CO2 levels; 1 h later, 200 mL of gas in the
cylinder was continuously collected using a 100 mL medical syringe and injected into a vacuumed
aluminum foil gas sampling bag. CO2 concentration (ppm) was determined using an Agilent SP1
7890-0468 meteorological chromatograph (Agilent, Santa Clara, CA, USA) at the Ministry of Natural
Resources/Guangxi Key Laboratory of Karst Dynamics, Guilin, Guangxi. Air pressure and temperature
were simultaneously recorded. Sampling was done between 09:00 and 11:00, when soil respiration rates
tend to reflect daily averages [17], to minimize diurnal variations in emissions. Soil CO2 concentration
and respiration in KP1 and NKP1 were sampled 33 times, and 23 times from the remaining profiles.

The δ13C-CO2 was measured from the eight layers in the soil profiles in June and December 2015,
and July 2017, where we used a vacuum to extract soil CO2 into sealed aluminum bags. The δ13C-CO2

analysis was completed at the isotope laboratory of the Chinese Academy of Agricultural Sciences,
Beijing, China using a MAT253 mass spectrometer. Samples were collected from KP1 and NKP1 three
times, and once from the remaining profiles.

2.4. Dissolution Rate of Carbonate Rock

The rate was acquired through the standard carbonate tablet method [18]. Carbonate tablets were
determined from high purity, 4 cm diameter × 0.3 cm thick calcareous tablets that were washed and
subsequently dried at 70 ◦C to constant weight after cooling, through a repeated dry-weigh process.
In March 2015, in KP1 and NKP1, three tablets were placed 150 cm above the ground, at the soil surface,
and inserted at the 20, 50, and 100 cm soil layers. In June, September, and December 2015, and March
2016, the tablets were recovered, analyzed, and re-buried following the washing and drying process
described above.
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2.5. Data Analysis

The units of CO2 measurement (ppm) were converted to mg m−3 using:

CO2 =
M

22.4
× ppm× 273

273 + T
× Ba

101325
(1)

where M is the molecular weight of the gas; ppm is the measured volume concentration; T is the
atmospheric temperature (◦C); and, Ba is atmospheric pressure (Pa).

Soil respiration rate (VR; mg C m−2 h−1) was calculated as:

VR =
(C1 −C0) ×V

S× h
× 12

44
(2)

where C1 is CO2 concentration in the cylinder (mg m−3); C0 is the corresponding background CO2

concentration (mg m−3); V is the sampling box volume (m3); S is the area of sampled soil (m2); and, h
is the monitoring time (h).

Annual soil CO2 emission flux (F; t C km−2 a−1) was calculated as:

F =

∑n
i=1 Vn × (Tn − Tn−1) × 24× 10−3

(Tn−T1)
365

(3)

where Vn is the nth measured soil respiration rate (mg C m−2 h−1); Tn − Tn−1 and Tn − T1 are the nth
and (n−1)th, the nth and 1st sampling intervals (d), respectively.

The annual dissolution rate of the carbonate tablet (ER; mg cm−2 a−1) was calculated as:

ER = (W1 −W2) × 1000× T
365× S

(4)

where W1 is the initial weight of the tablet (g); W2 is the weight after embedding (g); T is the embedding
duration (d); and S is the tablet surface area (about 28.9 cm2).

CO2 recovery in calcareous soil (CRC; t C km−2 a−1) was calculated according to the stoichiometric
coefficient ratio of the carbonate dissolution reaction:

CaCO3 + CO2 + H2O↔ Ca2+ + HCO3
− (5)

CRC = ER× 97%× 12
100
× 10 (6)

where ER is the annual dissolution rate of the carbonate tablet (mg cm−2 a−1); 97% is the purity of the
standard carbonate tablet.

The dissolution rate of carbonate rocks in calcareous soil is 23.8 times that of clastic rocks in red
soil at the study site [19]. According to the clastic rock dissolution reaction:

2CO2 + 3H2O + CaSiO3 = Ca2+ + 2HCO3
− + H4SiO4 (7)

the CO2 recovery in red soil (CRR; t C km−2 a−1) was calculated this way:

CRR =
CRC
23.8

× 2 (8)

We used one-way analysis of variance (ANOVA) to analyze the differences in soil respiration
rate, CO2 concentration, and δ13C-CO2 among the soil layers between the two soil types at p = 0.05.
A Pearson correlation analysis was used to test for association between CO2 concentration and δ13C-CO2

in different layers. Analyses were performed in Statistical Package Social Science (SPSS ver. 20.0; IBM
Crop., Armonk, NY, USA).
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3. Results

3.1. Soil Respiration Rate and Flux

There was a single peak in the soil respiration rate in one year of the karst and non-karst
soil profiles, and soil respiration rates varied among the three calcareous soil profiles (range:
9.02–437.33 mg C m−2 h−1, average: 134.84 mg C m−2 h−1), where they were greater in KP2 than KP1;
there were no differences among the red soil profiles (range: 23.21–361.42 mg C m−2 h−1, average:
137.93 mg C m−2 h−1) (Figure 3). No difference in the mean soil respiration rate was found between
the two soil types, but the variation was greater in calcareous soil. The average CO2 emission flux
in calcareous soil and red soil was 1305 and 1167 t C km−2 a−2 (Table S1), being 12% higher in
calcareous soil.

Figure 3. Respiration rates in the calcareous and red soils.

3.2. Variation in CO2 Concentration among Soil Layers

Consistent with changes in soil respiration rate, the seasonal variation in soil CO2 concentration in
the layers tended to be unimodal, and concentrations were universally greater in summer and autumn
than in winter and spring; an anomaly was the low value recorded in July 2015 and August 2016
(Figure 4). Overall, CO2 concentrations were greatest and most variable in KP2, and lowest in KP1.
There were no differences in CO2 concentrations among the three red profiles.
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(a) 

(b) 

Figure 4. Soil CO2 concentrations at 10–40 cm (a) and 50–100 cm (b) depths in calcareous and red soils.

Soil CO2 concentration in the calcareous soil and red soil profiles varied with depth, where it
tended to be higher at 50–60 cm and lower in the upper and deeper layers; this pattern was clearer in
the red soils (Figure 5). The mean CO2 concentrations in the three calcareous soils were 11% greater
than in the red soils (Table S2).

29



Forests 2020, 11, 219

Figure 5. Summary statistics of overall mean soil CO2 concentrations in calcareous and red soils.
Open square: average; vertical line: median; box: upper and lower quartiles; horizontal lines: 1st and
99th percentiles; ×: minimum and maximum values. N = 168.

3.3. Changes in δ13C-CO2 among Soil Layers

In the calcareous soils, there was a bidirectional gradient of δ13C-CO2 with a depth in KP1 and
KP3, and values at 60 cm were lighter than those of either the upper or deeper layers; the δ13C-CO2

values were lightest in KP2 and heaviest in KP1, with respective averages of −26.28%� and −24.24%�
(Figure 6). In the red soils, δ13C-CO2 decreased with a depth of up to 50 cm, but it remained stable
from 50 cm to 100 cm. The mean value of three plots for all layers was 0.87%� heavier in calcareous soil
than red soil (Table S3).

Figure 6. δ13C-CO2 values in different depth layers of the calcareous and red soils.

3.4. Dissolution Rates of the Carbonate Tablets in Different Layers

The dissolution rates of carbonate tablets were greater in the two soil types than in the air above
the profiles, and their rates were greatest in the summer (Figure 7). The rates were bidirectional with
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increasing depth and were greater in red soil than calcareous soil, except in calcareous soil during
summer. There was no difference in the mean rates in the air above the calcareous and red soils, with
averages of 2.50 ± 0.91 and 2.03 ± 1.07 mg cm−2 a−1, respectively. The corresponding rates in the soil
were 7.20 ± 2.11 and 13.88 ± 5.42 mg cm−2 a−1, being 48% lower in calcareous soil (Table S4).

Figure 7. Dissolution rates in calcareous and red soils.

4. Discussion

4.1. Bidirectional Gradient of Soil CO2 Concentrations and CO2 Emissions in Red and Calcareous Soil Profile

Wang [13] and Dai [14] found that soil concentrations of CO2 increased with a greater depth (up to
50 cm) but then diminished below 60 cm, due to the low associated organic carbon content. In our
study, soil CO2 concentrations in the two soil types had a bidirectional gradient trend, though this
was more pronounced in the red soil, where the maximum values were recorded in the 50–60 cm
layer. Soil organic matter (SOM) on the surface of calcareous soil was clearly higher than that of red
soil (Table 1), but it exhibited the opposite trend deeper in the profile. Additionally, there is only a
single trend of a gradually decreasing SOM content in red soil, while calcareous soil has a tendency to
increase slightly at 50–60 cm. Therefore, the distribution of SOM should be a major reason why the
concentration of CO2 in deep layers of red soil decreases faster than in calcareous soil.

Our experiment showed that the diffusion input of atmospheric CO2 was greater until the 50–60 cm
layer, indicating that the thickness of the soil–atmosphere interface layer was 50–60 cm, while soil CO2

in deeper layers was probably controlled by oxidative decomposition of organic matter. It is likely that
the physical structure of soil particles and porosity, clay content, and soil flooding may also affect the
thickness of the soil–atmosphere interface layer [20–22].

The annual soil respiration flux varies greatly in southwest China, ranging from 4.5 t C ha−1 a−1

(450 t C km−2 a−1) in Yaji, Guilin, Guangxi, to 150 mg C m−2 h−1 (1314 t C km−2 a−1) in Qingmuguan,
Chongqing [9,23–25]. The results of our study are close to the largest value in those studies. The results
were four to six times greater than those of typical meadow and dryland systems in a temperate
continental monsoon climate zone (2.8–4.8 t C ha−1 a−1= 280–480 t C km−2 a−1) [22], perhaps due to
lower temperatures in the temperate zone. Soil temperature, which is a key driver of soil respiration, is
exponentially related to soil CO2 [26].

Soil moisture also drives the soil respiration rate, and directly and indirectly regulates soil CO2

emissions. It is believed that soil respiration increases with increasing soil moisture, until it reaches a
threshold, after which it declines [20]. For example, when soil moisture is >60% in shallow soil, CO2

flux rapidly decreases, due to the restriction of gas transport by the moisture [21], and a soil water
content of 25–45% is optimal for microbe activity [27]. Soil moisture in the profile of calcareous soil
was horizontally and vertically higher than that of the profile of red soil (Table 1, Figure 2), which may
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have been responsible for the higher CO2 concentration and respiration characterizing the calcareous
soil profile.

4.2. Soil CO2 Concentration and δ13C-CO2 Affected by Karstification

Consistent with our results, the CO2 produced in soil had a lighter mean δ13C value of −21 ± 1.5%�
than CO2 with heavier isotopes in the surface atmosphere did (−9.82%�) [15], indicating a greater
exchange of soil and air CO2 at the soil–atmosphere interface. Therefore, δ13C-CO2 from the
soil–atmosphere interface layer and upward gradually becomes heavier.

We found heavier δ13C-CO2 in the calcareous karst soils below 50–60 cm, due to two possible
reasons. Firstly, karstification consumes soil CO2, and lighter C is moved downward; the nearer the
bedrock, the greater the likelihood of consumption of lighter C, resulting in heavier δ13C-CO2 in the
soil. Secondly, the δ13C of the rock is 0%�, and the theoretical CO2 isotope value for bicarbonate formed
by karstification at the soil–rock interface dissociation into soil CO2 is −14%� [28]; therefore, lighter
δ13C-CO2 derived from root respiration, soil organic matter oxidative decomposition, and soil microbe
activity could be mixed with this part of CO2, resulting in a decreased overall CO2 isotope value.

The δ13C-CO2 in the red soil below 50–60 cm tended to be stable; this finding is consistent with
other studies in non-karst areas [29]. This stability with increasing soil depth may be attributed to
the composition of stable carbon isotopes of CO2 produced from the soil or the limited impacts of the
climate on the physical properties of deep soils. The lightest value of soil CO2 occurred at 50–60 cm,
both in calcareous and red soils, which further corroborated that the 50–60 cm layer was the bottom of
the soil–atmosphere interface layer.

Below the soil–atmosphere interface layer, karstification at the soil–rock interface consumes CO2

and drives the downward migration of CO2 [9]. This process may also have caused slow declines in CO2

concentration at the bottom profile of the calcareous soil, resulting in a less pronounced bidirectional
gradient than in the red soil profile. The δ13C-CO2 in calcareous soil became heavier: both the CO2

concentration and its isotopes of calcareous soil show a bidirectional gradient due to the contribution
from karstification, so a significant positive correlation arose between the CO2 concentration and its
isotopes (Figure 8). However, this was not the case in the red soil profile.

Figure 8. Association between δ13C-CO2 and the CO2 concentration in calcareous and red soils.
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4.3. Source–Sink Effect of Karst Soil Carbon Pools

In this study, the dissolution rate of the carbonate tablet in the red soil was found to be 1.93 times
that of the calcareous soil (Table 2); however, soil CO2 concentration and soil respiration rates were not
as high (1.16 and 1.42 times, respectively, for NKP1 versus KP1), possibly due to a lower soil pH in the
red soil affecting the rate of soil organic matter decomposition and erosion by soil microorganisms [30].

Table 2. The ratio of CO2 recovery to CO2 emission in calcareous soil and red soil.

Calcareous Soil Red Soil

Carbonate dissolution rate in air (mg cm−2 a−1) 2.50 2.03
Carbonate dissolution rate in soil (mg cm−2 a−1) 7.20 13.88

CO2 recovery (t C km−2 a−1) 8.38 0.70
Soil CO2 emission flux (t C km−2 a−1) 1305 1167

CO2 recovery/CO2 emission (%) 0.64 0.06

Influenced by soil temperature, water, soil CO2, soil organic matter and pH, in addition to soil
pores and other conditions [31], the dissolution rate of carbonate tablets in the soil in forests in karst
areas in southwest China vary widely, ranging from 1.99 mg cm−2 a−1 in Yaji, Guilin, Guangxi [24], to
357.93 mg m−2 d−1 (13.06 mg cm−2 a−1) in Dalongdong, Hunan [32]. The corresponding value obtained
in our study is in the middle of these (Table 2), which can be considered as a better representative.
The dissolution rate of carbonate tablets in the air is mainly controlled by the concentration of
atmospheric CO2 and rainfall intensity [18], and the difference between the data in this study (Table 2)
and that from Jinfo Mountain, Chongqing, (21.4 t km−2 a−1 = 2.14 mg cm−2 a−1) [18] is not large.

According to Table 2, CO2 recovery accounts for 0.64% of the soil carbon source for calcareous
soil. It is clear, then, that although karstification is an active weathering process, decomposition of soil
organic matter and associated CO2 respiratory emissions dominate the transport and cycling of carbon
in the soil system. Thus, karstification and its impact on the carbon cycle represent an Earth-surface
carbon transfer process.

Although the carbon source of calcareous soil was 1.12 times that of red soil, its carbon sink
effect is 11.97 times that of red soil, suggesting that karst soil contributes greatly to the reduction of
atmospheric CO2. Nonetheless, the dissolution rate of carbonate tablets in the air could be indicative of
the carbonate rock dissolution rate in bare karst areas, which is only 0.35 times that of calcareous soil.
However, due to the wide distribution of bare karst in southwest China, its carbon sink potentiality
cannot be ignored. The high carbonate dissolution rate in red soil also indicated the huge carbon sink
potential of zonal red soil-intercalated carbonate rocks.

5. Conclusions

The CO2 concentrations in calcareous and red soil layers exhibited bidirectional responses to
soil depth. The influence of the soil–atmosphere interface on CO2 exchange extended to a depth of
50–60 cm, where CO2 concentration increased with depth; below this, CO2 concentration decreases
with depth and is mainly controlled by organic matter decomposition.

Soil δ13C-CO2 in the two soils was controlled by CO2 exchange at the soil–atmosphere interface
and downward—where isotopes become lighter with depths of 50–60 cm; beyond this, δ13C-CO2

gradually became heavier in calcareous soil layers, being mainly controlled by karstification. The CO2

in the red clastic soils was derived from organic matter with stable isotopes, and so δ13C-CO2 values
were stable at depths >50–60 cm. The overall average of δ13C-CO2 was 0.87%� heavier in calcareous
soils than red soils.

There were also bidirectional differences evident in the dissolution rates of carbonate rock
in the two contrasting soils. The rates in the calcareous soil and red soil were 7.20 ± 2.11 and
13.88 ± 5.42 mg cm−2 a−1, and, thus, almost half as low (48% lower) in calcareous soil.
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Although karstification is an active weathering process, the decomposition of soil organic matter
and associated CO2 respiratory emissions dominate the transport and cycling of carbon in the system.
The soil carbon sink only accounts for 0.64% of carbon sources in the karst areas. However, the CO2

recovery in karst soil is estimated to be 11.97 times that of the clastic rock area and 1.12 times the latter
as a carbon source, indicating the key role of karst soil in reducing atmospheric CO2.
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Abstract: Understanding ecological stoichiometric characteristics of soil nutrient elements is crucial to
guide ecological restoration and agricultural cultivation in karst rocky desertification region, but the
information about the effect of the geological background on ecological stoichiometric ratios remains
unknown. Soils from different landforms, including a basin, slope, and plateau, were sampled to
investigate the spatial variance of the ecological stoichiometric characteristics of soil carbon (C),
nitrogen (N), and phosphorus (P) under different rocky desertification grades (LRD: light rocky
desertification; MRD: moderate rocky desertification; and SRD: severe rocky desertification) in a
karst graben basin of Southwest China. Soil C:N ratio was not significantly influenced by rocky
desertification grade, which was at a relatively stable level in the same landform, but soil C:P and
N:P ratios increased with increasing rocky desertification grade. This change was consistent with
increased soil organic carbon (SOC) and total nitrogen (TN) concentrations in the same geomorphic
location along with the intensification of rocky desertification, but soil P concentration remained at a
relatively stable level, indicating that P may be the limiting macronutrient for plant growth during
vegetation restoration in a karst graben area. The soil C:N ratio of slope land was larger than that of
the basin and plateau, while the soil C:P ratio and N:P ratio of the slope and plateau were significantly
larger than that of the basin. The correlations between pH and C, N, and P stoichiometry decreased
significantly when Ca was used as a control variable. In sharp contrast, the correlations between Ca
and C, N, and P stoichiometry were highly significant no matter whether pH was used as a control
variable, suggesting the important role of Ca in soil C, N, and P stoichiometry in karst graben basins.

Keywords: stoichiometric ratios; landform; rocky desertification; karst graben basin

1. Introduction

Karst, which accounts for 12% of the world’s total land area, is a calcium (Ca)-rich environment
and a unique ecological system [1]. China has approximately 3.44 million km2 of karst areas, including
buried, covered, and exposed carbonate rock areas, accounting for 15.6% of all karst areas in the
world [2]. The karst ecosystem is extremely fragile, and it is ranked as the four fragile eco-environmental
zones in China along with loess, desert, and cold desert [3]. Due to the fragile ecological environment,
complex human-land system, and unreasonable social and economic activities, the rocky desertification
widely occurs in the southwest karst region of China (Figure S1) [4]. Noticeably, the karst graben
basin is a unique geomorphological form, more fragile than other karst regions in the Southwest
China, due to the obvious differences in the topography and climate between basins and mountainous
areas in graben basins. Furthermore, geographical environment factors (e.g., hydrology, climate,
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and soil) are complex and vegetation site conditions are poor, all of which induce serious rocky
desertification [5,6]. Thus, rocky desertification control has become an important part of China’s social
and economic construction. In addition, vegetation after rocky desertification control is characterized
by simple structure, poor stability, and weak resistance. However, the theoretical research of karst rocky
desertification restoration lags far behind the practice of rocky desertification control, which seriously
limits the restoration and reconstruction of rocky desertification.

It has been widely accepted that the eco-stoichiometry in terrestrial ecosystems plays an important
role in biogeochemical cycle research, because it can be used to evaluate the equilibrium and coupling
relationships of the main components of an ecosystem [7,8]. Among various elements, soil carbon
(C), nitrogen (N), and phosphorus (P) are considered to be the most important components, because
the soil C:N:P stoichiometric ratio can reflect soil fertility, plant nutritional status, and the coupling
changes between these elements can also affect the growth and distribution of vegetation [9]. In the
past several decades, the ratios and relationships among soil C, N, and P have been extensively studied
to indicate whether plant growth is limited by these nutrients [10]. The stoichiometric ratio of soil C,
N, and P is strongly influenced by soil type, vegetation community characteristics, climatic condition,
and vegetation development stage [11,12]. Noticeably, soil is highly heterogeneous in time and space,
especially for karst landform. With the development of rock desertification grades, except for plant loss
(i.e., the reverse succession of plant communities), the changes in soil quality (e.g., physical, chemical,
and biological properties) and quantity have also been significantly taken place [13,14]. In general,
the positive succession of plant communities facilitates soil nutrient accumulation, while the reverse
succession of plant communities exacerbates soil degradation [15], which can be further enhanced
with an increasing rocky desertification grade [16–18]. However, the response of soil physical and
chemical properties during the evolution of rocky desertification can show the different patterns as
follows: With the increasing rocky desertification grade, the aggregation effect of bare rocks becomes
more and more obvious, and the input of soil total N (TN) and soil organic carbon (SOC) is increased
through atmospheric sedimentation nutrients and the karst process, while soil erosion becomes weak
due to the less soil that can be lost, and subsequently soil nutrient loss is weak, which may improve
soil nutrients and physical properties in a rocky desertification environment [16]. Thus, it is possible
that soil quality varies with the grade of rocky desertification. Noticeably, soils that widely exist in
different landforms in the karst graben basin also have different physical and chemical properties.
Therefore, soil stoichiometry may be simultaneously affected by rocky desertification and topography.
However, the existing reports mainly focus on the spatial distribution characteristics of soil nutrients
and changing patterns during rocky desertification evolution [19]. There is no systematic study on
the relationships, ratios between soil C, N, and P elements, and the affecting factors under different
rocky desertification in different landforms in the karst graben basin. In addition, calcareous soil
developed on carbonate rock is characterized by high pH, magnesium (Mg), and Ca materials in a karst
region [2,20], which may lead to the obvious differences in the eco-stoichiometry of soil C, N, and P
compared to other soil types. We hypothesized that the karst geological background, especially soil pH,
Mg, and Ca concentrations, may play an important role in controlling soil C, N, and P stoichiometry.

In this study, soils from different landforms, including a basin, slope, and plateau, were sampled
to investigate the spatial variance of the ecological stoichiometric characteristics of soil C, N, and P
under different rocky desertification grades in the karst graben basin. In addition, other soil properties,
especially pH, Mg, and Ca concentrations, were also determined to reveal the influencing geochemical
factors for soil C, N, and P stoichiometric ratios.

2. Material and Methods

2.1. Study Area

The study site was located in Mengzi county, Hani-Yi Autonomous Prefecture of Honghe, Yunnan
Province, China (Figure 1). It is characterized by a typical karst landscape and the topography is
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dominated by mountains and basins. Rocky desertification is usually distributed in mountainous
areas with a large elevation difference and steep slopes, which results in gradient effects of water,
energy, and other factors, and then forms the vertical changes in climate, biology, soil, and so
on [21]. The development degree of rocky desertification in the graben basin area is restricted by
geological-climatic conditions, resulting in the formation of the eco-environmental characteristics of
the basin with thicker soil cover, shallow hills in the basin, slopes around the basin, and plateau areas
where rocks are exposed and rocky desertification is serious [5]. According to the characteristics of the
Mengzi karst graben basin, soil samples were collected along the basin, slope, and plateau (Figure 1).
The annual average temperature of the basin, slope, and plateau is 19.0, 15.6, and 13.7 ◦C, respectively,
and the annual rainfall of the basin, slope, and plateau is 663, 575, and 1027 mm, respectively [22].

 
Figure 1. The location of the study area.

2.2. Soil Sampling

The classification of the severity of rocky desertification referred to the method of Jiang et
al. (2014) [2], which has been classified into four categories according to the rock exposure rate
in China: (1) No rocky desertification with a rock exposure rate <30% of the land; (2) LRD (light
rocky desertification with a rock exposure rate ranging from 30% to 50%); (3) MRD (moderate rocky
desertification with a rock exposure rate ranging from 50% to 70%); and (4) SRD (severe rocky
desertification with a rock exposure rate >70%).

Soil samples were collected from different geomorphic sites, including the basin, slope, and plateau.
Different rocky desertification grades, including LRD, MRD, and SRD, were selected in the same
landform. The details of the sampling sites, including the vegetation and rocky desertification,
are shown in Table 1 and Figure S2.
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Table 1. Basic information of the study area and sampling sites.

Location
Latitude and

Longitude
Altitude (m) Rocky Desertification and Vegetation

Basin 103◦23′47′′ E,
23◦28′22′′ N

1363

LRD: Eucalyptus forest with short planting years and single
community structure. The rock bareness rate was ~35%.

MRD: Herbs, dominated by Miscanthus. The rock bareness
rate was ~55%.

SRD: Herbs, herb of Spanishneedles (Bidens bipinnata Linn.)
and Canadian fleabane (Conyza canadensis (Linn.) Cronq.)
was dominant specie. The rock bareness rate was >70%.

Slope 103◦26′13′′ E,
23◦27′43′′ N

1846

LRD: Artificially planted cypress forests, with high canopy
density. The rock bareness rate was ~30%.

MRD: Shrub, domained by Purpus Priver (Ligustrum quihoui
Carr.) and Euphorbiae Pekinensis Radix (Euphorbia
pekinensis Rupr). The rock bareness rate was ~50%

SRD: Ferns are the main species. The rock bareness rate
was >70%.

Plateau 103◦27′09′′ E,
23◦27′08′′ N

2086

LRD: Forest, the main vegetation types are Ligustrum quihoui
Carr. and Chinese mugwort (Artemisia argyi H. Lév.) and

Vaniot. The rock bareness rate was ~30%.
MRD: the main vegetation types are Miscanthus. The rock

bareness rate was ~50%.
SRD: Herbs, domained by Miscanthus with a small amount
of Conyza canadensis (Linn.) Cronq. The rock bareness rate

was >70%.

LRD represents light rocky desertification; MRD represents moderate rocky desertification and SRD represents
severe rocky desertification.

At least three representative plots were sampled from the LRD, MRD, and SRD area under the
same landform position, resulting in 51 soil samples. The distance between sites was beyond 100 m
under the same rocky desertification grade. At each site, 5 plots (1 m × 1 m) were randomly chosen
at 20 m intervals. Soils were obtained from the 0 to 15 cm layer after litter removal in each plot and
all subsamples were mixed into one composite sample for each site. Fresh soil was passed through a
2 mm sieve, and stones and roots were removed to improve soil homogeneity and were air-dried for
measurement of the soil’s basic properties and nutrient element concentrations.

2.3. Methods

Soil pH was determined at a 1:2.5 (w:v) soil:water ratio by a DMP-2 mV/pH detector (Quark
Ltd., Nanjing, China). SOC was measured using the K2Cr2O7-H2SO4 oxidation method; total N
concentration was measured with the Semi-Micro Kjeldahl method; total P (TP) was determined
using HClO4–H2SO4 digestion followed by a Mo–Sb colorimetric assay; and total potassium (TK)
concentration was measured with the HF-HClO4 flame photometric method [23,24]. Available P
(AvP) was determined by the NaHCO3-extraction method [25]. Soil Ca, Mg, copper (Cu), iron (Fe),
manganese (Mn), and zinc (Zn) were extracted by HNO3-HF-HClO4 and analyzed by Inductively
Coupled Plasma-Atomic Emission Spectrometry (ICP-AES). Three replicates were performed for each
soil sample.

2.4. Data Analysis

Soil nutrient stoichiometry was reported as a molar ratio because it could accurately reflect
the amount of elements in the soil [19,26]. The SOC, TN, TP, and AvP concentrations (g/kg) were
transformed to mol/kg. The C:N, C:P, C:AvP, N:P, and N:AvP ratios of each soil sample were then
calculated as molar ratios (atomic ratios) using SOC:TN, SOC:TP, SOC:AvP, TN:TP, and TN:AvP
data, respectively.
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Multiple comparisons were conducted by the Duncan method when the variance was
homogeneous or the T2 Tamhane test when the variance was not homogeneous. The correlations
between the stoichiometric characteristics and the environmental factors studied were analyzed by the
Pearson correlation test.

3. Results

3.1. General Patterns of Soil C, N, and P in the Karst Graben Basin

In total, the average values of the C:N, C:P, and N:P ratios in the studied region were lower than
those in China. However, both C:AvP and N:AvP were far higher than those in China (Table 2).

Table 2. Soil C, N, and P molar ratios in the karst graben basin.

Landform C:N C:P N:P C:AvP N:AvP

Basin 13.4 ± 3.5 a 65.8 ± 18.6 a 5.0 ± 1.3 a 42,429 ± 28,020 a 3292 ± 2181 a
Slope 15.4 ± 3.2 b 116.0 ± 26.2 b 7.8 ± 2.6 b 81,067 ± 36,628 b 5600 ± 3079 b
Plateau 13.2 ± 1.7 a 96.3 ± 39.9 b 7.2 ± 2.5 b 46,285 ± 37,982 a 3399 ± 2589 a
Average 13.6 ± 2.6 92.6 ± 37.3 6.8 ± 2.5 51,516 ± 37,650 3762 ± 2682
China [27] 14.4 ± 0.4 136 ± 11 9.3 ± 0.7 15,810 ± 1832 1114 ± 115

SOC represents soil organic carbon; TN represents total nitrogen; TP represents total phosphorus; AvP represents
available phosphorus; C:N represents the molar ratio of SOC:TN; C:P represents the molar ratio of SOC:TP; N:P
represents the molar ratio of TN:TP. C:AvP represents the molar ratio of SOC:AvP; N:AvP represents the molar ratio
of TN:AvP. Identical letters indicate no significant differences in the average values among soils under different
landforms at the 0.05 level.

Both SOC and TN concentrations in the basin were significantly lower than those in the slope and
plateau, but no significant differences were found between the slope and plateau (p < 0.05, Figure 2).
Soil TP concentration in the plateau was significantly higher than that in the slope, but the differences
in soil TP concentration between the basin and slope and between the slope and plateau was not
significant (p > 0.05).

The soil C:N ratio in the basin was significantly lower than that in the slope, while there was no
significant difference between the basin and plateau (p < 0.05). Both the soil C:P and N:P ratios in the
basin were much lower than those in the slope and plateau (p < 0.05), while no significant differences
were found in the slope and plateau (p > 0.05, Figure 2).
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Figure 2. Soil nutrient concentrations and their stoichiometry. The red short line indicates the average
value of different rocky desertification degrees in the same geomorphological location. SOC represents
soil organic carbon; TN represents total nitrogen; TP represents total phosphorus; C:N represents the
molar ratio of SOC:TN; C:P represents the molar ratio of SOC:TP; N:P represents the molar ratio of
TN:TP. LRD represents light rocky desertification; MRD represents moderate rocky desertification and
SRD represents severe rocky desertification. Identical letters indicate no significant differences in the
average values among soils under different rocky desertification in the same landform at the 0.05 level.

3.2. Soil Nutrient Concentrations and their Stoichiometry under Different Rocky Desertification

Both SOC and TN concentrations increased with the aggravation of rocky desertification among the
three landforms, while the TP concentration decreased with the aggravation of rocky desertification in
the slope and plateau and there was no obvious regularity with the aggravation of rocky desertification
in the basin (Figure 2).

The C:N ratios had no consistent regularity with the aggravation of rocky desertification among
the three landforms, and there were no significant differences among rocky desertification in the same
landform. The C:P and N:P ratios increased with the aggravation of rocky desertification among the
three landforms.

3.3. Correlations among Geochemical Variables and C, N, and P Stoichiometry

The correlation between both of SOC and TN and Ca was significant under the condition of
zero-order or with the pH value as the controlling factor. There was a simple negative correlation
between the Ca and AvP concentration (zero-order in Figure 3). However, the Pearson correlation
coefficient between the Ca and AvP concentration decreased significantly when pH was the controlling
factor. Soil pH was positively correlated with SOC and TN (zero-order), but under the condition
that Ca was the controlling factor, the partial correlation between both of SOC and TN and pH was
significantly negative. Hence, Ca was the core element affecting SOC and TN concentrations. Although
there was a negative partial correlation between Mg and SOC and TN when Ca was the controlling
factor, the correlation between Mg and the stoichiometry of C, N, and P was not significant.
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Figure 3. Partial correlation between C, N, and P and geochemical variables. Ca, Mg, Cu, Fe, Mn and
Zn represents calcium, magnesium, copper, iron, manganese, and zinc respectively; TK represents total
potassium; The color and numbers shown indicate the strength and sign of the correlation. No change
in color between controlled and zero-order = no dependency; increase/decrease of color intensity =
gain of /loss of correlation. Significance levels are denoted as follows: *, p < 0.05; **, p < 0.01.

Undoubtedly, both Ca and pH directly influenced the C, N, and P stoichiometry (Figure 4
and zero-order correlations in Figure 5). Both Ca and pH were positively correlated with C:N
and C:P (p < 0.01). However, the relationship between Ca and N:P was extremely significant and
positive (p < 0.01), while the correlation between pH and N:P was not significant (p > 0.05). Similarly,
the correlations between Ca and C:AvP, Ca and N:AvP, and pH and C:AvP were very significant
(p < 0.01). A significant positive correlation was found between pH and N:AvP (p < 0.05).
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Figure 4. The relationship between Ca, pH, and C, N, and P stoichiometry. (a): The relationship
between Ca, pH, and C:N, C:P and N:P; (b): The relationship between Ca, pH, and C:AvP, N:AvP.
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Figure 5. Partial correlation between C, N, and P stoichiometry and geochemical variables. Significance
levels are denoted as follows: *, p < 0.05; **, p < 0.01.

4. Discussion

4.1. Spatial Pattern of Eco-Stoichiometric Characteristics of C, N, and P and Analysis of Influencing Factors

It has been widely accepted that SOC in calcareous soils in the karst region of Southwest China
is significantly higher than that in other zonal soils in the same latitude [28,29], which is mainly
attributed to the shallow soil layer, high bareness rate, and low soil quantity in the karst area [16].
Most researchers also found that an increased SOC concentration is closely related to the geological
background of Ca-rich and pH-alkaline soils in the karst area [30–33]. Calcium in different forms
plays an important role in SOC protection through a chemical bonding mechanism and chemical
structure stability [34–38]. In this study, Ca was positively correlated with SOC concentration (Figure 3),
indicating the important role of Ca in maintaining the SOC pool. Furthermore, SOC and TN had a
significant positive correlation, suggesting the co-evolution process of the C and N cycle in calcareous
soil. However, the P pool was not basically affected by the changes in the C and N pools, which
resulted in the weak correlation between soil TP and SOC and TN. This indicates that P is mainly
derived from the weathering release of soil minerals, rather than from the short-term biological cycle
in this study [39]. Soil C:N, C:P, and N:P in the studied region were all lower than the average value of
China, but the values of C:AvP and N:AvP were much higher than the average value of China (Table 1),
which may be attributed to a high total P concentration but low AvP concentration in the karst soil [40].

The spatial distribution of C:N in the studied area is relatively stable, and no significant difference
was found among the three rocky desertification lands in different geomorphological locations,
suggesting that the vegetation type and rocky desertification degree have little significant effect on the
C:N ratio. This was in agreement with a previous result that the C:N ratio was relatively stable and was
insignificantly affected by climate, although C and N concentrations had great spatial variability [38,39].
Previous studies found that soil C:P and N:P ratios decreased with increasing disturbance, because
the loss of soil C and N pools was faster than the P pool. However, in this study, N:P and C:P
ratios increased with the aggravation of rocky desertification, more noticeably in the severe rocky
desertification rock region with strong disturbance. Possibly, this could be attributed to increased SOC
and TN concentrations with the aggravation of rocky desertification but the soil P concentration at a
relatively stable level (Figure 2). Some studies found that soil physical and chemical properties do
not always deteriorate with an increasing rocky desertification grade, but the degradation process
initially decreases and improves after a certain stage [16,40,41]. This may be related to the “aggregation
effect” of bare rocks in a rocky desertification environment [16], which refers to bare rock aggregated
nutrients and the karst process from atmospheric subsidence into the surrounding soil. With the
grade of rocky desertification, the aggregation effect of bare rock increases gradually. In the intensive
rocky desertification environment, this aggregation effect becomes more obvious, coupled with the
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weakening of soil erosion, and subsequently results in the improvement of soil nutrients and physical
properties, such as SOC, TN, and Ca.

4.2. Soil Ca and pH Controls on Soil C, N, and P Stoichiometry

Due to high Ca concentrations, calcareous soils developed by carbonate bedrock are characterized
by high pH [42]. Soil pH can affect the forms and transformation of C, N, and P elements in the
soil by changing the geochemical environment and microbial abundance, community, and activity.
In addition, soil with a high Ca concentration in rock desertification areas has become the most important
environmental factor affecting the local plant physiological characteristics and distribution [1]. In this
study, although the correlations between pH and C, N, and P stoichiometry were highly significant
(zero-order correlations in Figure 5), the Pearson correlation coefficients between pH and C:P, N:P,
C:AvP, and N:AvP decreased significantly when Ca was used as a control variable (Figure 5). In sharp
contrast, both zero-order correlations and the Pearson correlations between Ca and C, N, and P
stoichiometry were highly significant, when pH was used as a control variable (Figure 5).

Calcium greatly impacted soil C, N, and P stoichiometry in this study. The dominant role of
Ca in soil C, N, and P stoichiometry is intriguing, and Ca can supply several possible alternative
explanations. Firstly, Ca is the necessary metabolic component of microbial growth, and fungal and
bacterial heterotrophs may access and accumulate root Ca to form oxalates, which can be used to
maintain microbial metabolism under unfavorable soil conditions [43]. Similar results were reported
that Ca-rich species exhibited more rapid decomposition [44]. Secondly, Ca can combine with humus
to form Ca humate, which is difficult to mineralize and decompose [28], and thereby lowers the active
organic matter.

5. Conclusions

In this work, we analyzed the C, N, and P stoichiometry under different rocky desertification
grades from a basin, slope, and plateau in the karst graben basin. Our results showed that the influence
of the rocky desertification degree on soil C:N was not significant in the same landform, but soil
C:P and N:P increased with the increase of rocky desertification, which was attributed to increased
SOC and TN concentrations in the same geomorphic location along with the intensification of rocky
desertification, while the difference of P concentration in the same geomorphic location was not
significant. This indicates that the soil quality is not deteriorating with the aggravation of rocky
desertification, but has a trend of improvement. In addition, we also found that the correlations
between pH and C, N, and P stoichiometry decreased significantly when Ca was used as a control
variable. In sharp contrast, the correlations between Ca and C, N, and P stoichiometry were highly
significant no matter whether pH was used as a control variable, indicating the important role of Ca
in soil C, N, and P stoichiometry in karst graben basins. This result provides expanded guidance on
the practice of ecological restoration and agricultural cultivation in karst rocky desertification regi ns.
Forexample, when conducting ecological restoration of rocky desertification in karst graben basins,
we should consider not only the impacts of altitude and vertical climate, but also the tolerance of
species to Ca. Selecting suitable species according to local conditions are of great significance for the
promotion of ecological restoration in rocky desertification areas.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/7/601/s1,
Figure S1: Agricultural planting patterns in rocky desertification areas, Figure S2: Vegetation and rocky
desertification in three sampling sites.
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Abstract: Emissions of greenhouse gases (GHG) such as CO2 and N2O from soils are affected by
many factors such as climate change, soil carbon content, and soil nutrient conditions. However,
the response patterns and controls of soil CO2 and N2O fluxes to global warming and nitrogen (N)
fertilization are still not clear in subalpine forests. To address this issue, we conducted an eight-year
field experiment with warming and N fertilization treatments in a subalpine coniferous spruce (Picea
asperata Mast.) plantation forest in China. Soil CO2 and N2O fluxes were measured using a static
chamber method, and soils were sampled to analyze soil carbon and N contents, soil microbial
substrate utilization (MSU) patterns, and microbial functional diversity. Results showed that the
mean annual CO2 and N2O fluxes were 36.04 ± 3.77 mg C m−2 h−1 and 0.51 ± 0.11 μg N m−2 h−1,
respectively. Soil CO2 flux was only affected by warming while soil N2O flux was significantly
enhanced by N fertilization and its interaction with warming. Warming enhanced dissolve organic
carbon (DOC) and MSU, reduced soil organic carbon (SOC) and microbial biomass carbon (MBC),
and constrained the microbial metabolic activity and microbial functional diversity, resulting in a
decrease in soil CO2 emission. The analysis of structural equation model indicated that MSU had
dominant direct negative effect on soil CO2 flux but had direct positive effect on soil N2O flux. DOC
and MBC had indirect positive effects on soil CO2 flux while soil NH4

+-N had direct negative effect
on soil CO2 and N2O fluxes. This study revealed different response patterns and controlling factors
of soil CO2 and N2O fluxes in the subalpine plantation forest, and highlighted the importance of soil
microbial contributions to GHG fluxes under climate warming and N deposition.

Keywords: warming; nitrogen; greenhouse gas; soil characteristics; microbial properties

1. Introduction

Due to fossil fuel combustion and land use change, global air temperature has been increasing over
the past decades [1]. The Qinghai–Tibet Plateau region (QTP) of China is experiencing a larger increase
in temperature than other regions with an increasing rate of 0.2 ◦C per decade [2]. Accompanied with
climate warming, nitrogen (N) deposition is increasing in many places on the Earth [3]. China has
the third highest rate of nitrogen deposition, followed by North America and Western Europe due
to the industrialization and intensive agricultural activities [3,4]. Additionally, in the QTP region, N
deposition continues to increase. The climate warming and N deposition are likely to have significant
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impacts on greenhouse gases (GHG) emissions in QTP ecosystems because the high-latitude regions
are very sensitive to global change with large soil C pool, low inorganic N availability, and higher
temperature sensitivity [3].

Carbon dioxide (CO2) and nitrous oxide (N2O) are two important GHGs, which contribute to
about 60% and 6% of the global warming potential, respectively [2,5]. Many studies have investigated
the effects of warming and N deposition on soil GHG fluxes, but large uncertainties still remain. For
example, some studies found that warming leads to increase in soil CO2 emission because it accelerates
the decomposition of soil organic C (SOC) [6], but others reported that warming decreases or has no
effect on soil CO2 emission due to the loss of SOC in a long-term warming experiment [7]. Climate
warming generally increases soil N2O flux by enhancing decomposition and N mineralization [8,9],
however, it may not influence soil N2O flux or decrease it depending on the soil conditions [10]. Studies
on the effect of N fertilization or deposition on GHG fluxes also showed various results. For example,
Jassal et al. [11] found that the N application increases soil CO2 and N2O emissions in the first year,
but shifts to soil N2O uptake has no effect on soil CO2 emission in the second year. Geng et al. [12]
reported that the N addition at a low rate of 10 kg N ha−1 year−1 significantly stimulated soil CO2

emission, whereas the high rate of N addition (140 kg N ha−1 year−1) significantly inhibits soil CO2

emission in a temperate mixed forest.
The different responses of soil CO2 and N2O fluxes to global warming and N fertilization

in different environments could be determined by soil physical–chemical properties such as soil
temperature, soil inorganic nitrogen availability, and soil carbon content [13,14]. One study showed
that soil CO2 flux is positively related to soil dissolve organic carbon (DOC) and NO3

−-N, and soil
N2O flux is positively correlated with soil NH4

+-N [14]. Another study found that soil CO2 efflux is
positively correlated with soil NH4

+-N and negatively with soil NO3
−-N [12]. Thus, any changes in

these soil properties caused by warming and N fertilization could have different impacts on GHG
fluxes [15]. Indeed, Geng et al. [12] found high N addition enhances soil NO3

−-N and inhibits soil CO2

emission, while low N addition does not affect soil NO3
−-N but stimulates soil CO2 emission. Seo

et al. [16] found warming increases the labile C pool, causes a loss of soil C, and increases soil CO2

emission. Yin et al. [7] reported that warming decreases SOC and decreases soil CO2 emission.
The influences of warming and N deposition on soil microbial activity and composition may

have significant impacts on soil CO2 and N2O fluxes. Soil microorganisms are the major drivers
in the biogeochemical processes such as soil C decomposition and N mineralization [17,18]. Any
changes in soil microbial diversity and community structure may alter the C and N cycling [17]. For
instance, the fungi to bacteria ratio is negatively correlated to soil N mineralization [19]. Furthermore,
soil microorganisms can be affected by multiply factors such as climate, soil physical, and chemical
properties, and substrate quantity and quality [20,21]. Several studies reported that soil microbial
community structure and diversity are strongly impacted by warming and N fertilization, and play an
important role on controlling soil CO2 and N2O fluxes [17,22,23]. However, convincing data about the
direct link of soil GHG fluxes and soil microbial characteristics under warming and N fertilization are
still scarce.

The subalpine and alpine forest ecosystems in Eastern Tibetan Plateau, located at the high latitude
of the transition zone from the QTP to Sichuan basin, constitute the second largest biome in China and
are the main forest ecosystems in southwest China [24]. Spruce (Picea asperata Mast.) is the dominant
tree species of the plantation, which is the major forest ecosystem in this region after deforestation in
the 1950s. Past studies on climate warming and N fertilization in forests in this region mostly focused
on the soil C pool and N pool and associated processes [7,25,26]. Although soil GHG fluxes are highly
related to the soil C and N pool, these data are not directly reflecting the GHG magnitude. Direct
evidence of variations of the responses of soil CO2 and N2O fluxes and their controls is needed.

We took advantage of an eight-year field experiment with warming and N fertilization in subalpine
spruce plantation forest, and measured soil CO2 and N2O fluxes over one year using the static chamber
method. We also analyzed soil C and N contents, microbial substrate utilization patterns, and microbial

52



Forests 2019, 10, 808

functional diversity using BIOLOG microplates. We aimed to quantify the magnitude of soil CO2, N2O
fluxes in the plantation forest and the effects of climate warming and applying N fertilization on the
gas fluxes, and reveal influential factors that control soil CO2 and N2O fluxes.

2. Materials and Methods

2.1. Experimental Site

The experimental site is located at the Maoxian Ecological Station of the Chinese Academy of
Sciences, Sichuan Province, China (31◦41′ N, 103◦53′ E, 1820 m a.s.l.). The site is in a subalpine canyon
zone at the transition region from Qinghai–Tibet Plateau (QTP) to Sichuan basin, with the mean annual
temperature, total annual precipitation, and evaporation of 8.9 ◦C, 920 mm, and 796 mm, respectively.
The experiment started in March 2007 with warming and N fertilization treatments and ended in 2015.
Soil CO2 and N2O fluxes were measured for one year from 14 June 2014 to 25 June 2015, eight years
after the treatments were applied.

2.2. Experimental Set-Up and Design

To avoid the potential effects of soil heterogeneity on soil GHG fluxes, we collected the top 50
cm soil from a nearby spruce plantation forest and replaced the indigenous soil in all plots. In March
2007, 40 healthy four-year-old seedlings of spruce were randomly planted in each plot (2 m × 2 m).
The seedlings were collected from a local nursery. The experiment included four treatments: Control,
warming, N fertilization, and warming and N fertilization. A randomized block design with four
replicates (blocks) was used in this study. Artificial warming and N application started in April 2007
and continued to the end of the experiment. The heating method were described in detail in published
papers of our research team [27,28]. Ammonium nitrate solution (25 g N m−2 year−1) was added
weekly to the soil surface of fertilization treatment. The equivalent amount of water was added to
the other four pairs of plots for unfertilized treatments. In order to eliminate the potential effects of
difference in soil water on soil processes between the warmed and un-warmed plots, the warmed plots
were watered as frequently as needed and were monitored with a hand-held probe (IMKO, Ettlingen,
Germany).

2.3. Microclimate Measurements

Air temperature (20 cm above soil surface) and soil temperature (5 cm depth) were measured
using the DS1923G temperature sensor with iButton data loggers (Maxim/Dallas Semiconductor Inc.,
Dallas, TX, USA) at 60 min intervals. The warming effect decreased with the trees growth and plant
coverage. The monthly air temperature in the warmed plots was increased by an average of 2.1, 1.9,
0.3 ◦C in 2007, 2011, and 2014, respectively. The monthly soil temperature in the warmed plots was
increased by an average of 2.6, 3.6, and 0.6 ◦C in 2007, 2011, and in 2014, respectively.

2.4. Soil CO2 and N2O Fluxes Measurements

Soil CO2 and N2O fluxes were measured monthly using the static chamber method and gas
chromatography technique from 14 June 2014 to 25 June 2015 according to Cai et al. [29]. One PVC tube
base with a groove outside but without top and bottom (20 cm inside diameter, and 15 cm height) was
inserted into a 10 cm-depth soil in each plot. The removable chamber with a small silicon-sealed bent
for gas sampling and a port for measuring chamber temperature at the top of the chamber (without
bottom, 21 cm in diameter and 30 cm in height) was placed into the PVC tube base during sampling
and removed afterwards. Litter and plants were removed around the tube base before fixing it and
four replicates were set in each treatment.

Samples were taken between 10:00 a.m. and 1:00 p.m. in order to minimize diurnal variation in
fluxes. Each time, four air samples of each chamber were manually pulled into 100 mL pre-evacuated
gas collecting bags (made in Dalian, China) at 0, 15, 30, and 45 min after enclosure of the chamber, and
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were taken to the laboratory for analysis using gas chromatography (Agilent 7890A, Santa Clara, CA,
USA) within two weeks. Air temperature inside the chamber was measured with a mercury-in-glass
thermometer at the time of gas sampling. Soil temperature and moisture were measured outside
of each chamber with the DS1923G temperature sensor with iButton data loggers (Maxim/Dallas
Semiconductor Inc., Dallas, TX, USA).

Soil CO2 and N2O fluxes were calculated as the slope of linear regression between gases
concentration and time with an average chamber temperature [30]. All the coefficients of the linear
regression (r2) were greater than 0.80 in this study. Flux was calculated as:

F =
dc
dt
× p

0.082T
×M× V

A
(1)

where F is the gas flux (μg N m−2 h−1 for N2O and mg C m−2 h−1 for CO2), dc
dt is the rate of change

in gas concentration inside the chamber, p is barometric pressure at temperature T (atm), T is the air
temperature inside the chamber in K, M is the molecular weight of the gas, 0.082 is the universal gas
constant, V is the chamber volume (m3) and A is the chamber area (m2).

2.5. Soil Samples and Analysis

Soil samples (n = 4) in each treatment were collected in August and November of 2014, and
February and May of 2015. At each sampling date, we took five topsoil (0–15 cm) cores (2.5 cm
diameter) close to each chamber and then combined into one composite sample. Soil samples were
sieved through 2 mm mesh to remove visible living plant and rock, stored in an icebox at 4 ◦C, and
delivered to the laboratory for analysis.

Soil organic C (SOC) was determined using the K2Cr2O7-H2SO4 wet digestion method [31]. After
digestion with K2Cr2O7-H2SO4, FeSO4 was used to titrate the remaining K2Cr2O7 in the digestion
solution and SOC was calculated based on the consumptions of the K2Cr2O7. The dissolve organic C
(DOC) was measured using the K2Cr2O7-H2SO4 wet digestion method after extracted by deionized
water [32]. Total soil N (TN) was determined by semi-micro Kjeldahl digestion using Se, CuSO4, and
K2SO4 as catalysts [33]. Soil ammonium (NH4

+), nitrate (NO3
−), and nitrite (NO2

−)-N concentrations
were determined using Auto Analyzer 3 (AA3, Bran Luebbe, Norderstedt, Germany) after being
extracted with 2 M KCl solution (soil:water = 1:5) for 1 h [34]. Microbial biomass C (MBC) and N
(MBN) concentrations were measured with the chloroform fumigation extraction method [35]. MBC
and MBN were calculated as the difference between the C and N concentrations extracted with 2 M
K2SO4 solution of the fumigated and non-fumigated soil, respectively, and then divided an efficiency
factor K = 0.45. All the concentrations were calculated based on soil dry weight.

Microbial substrate utilization (MSU) patterns were analyzed using BIOLOG ECO plates (Biolog,
Inc., Hayward, CA, USA). Equivalent to 1.0 g dry soil from each fresh sample was first added into
99 mL distilled autoclaved water and was shaken for 20 min to ensure that all the fungal spores
are well mixed. Then, the soil solutions were settled for 30 min at 4 ◦C to remove suspended clay
particles. 150 μL supernatant was transferred to the plates and then was incubated at 25 ◦C for up
to 168 h. The OD values (absorbance at 590 nm and 750 nm, respectively) were measured at each
24 h from 48 to 168 h with a microtiter-plate reader (Biolog GenIII Microstation, Biolog company,
Hayward, CA, USA). The OD value at 590 nm subtracting the OD value at 750 nm, and then the
difference in the control was subtracted from each well’s OD to correct for background activity. To
minimize the effects of different inoculation densities, data from the 96 h reading were normalized by
h dividing the absorbency of each well by the average absorbency for the whole plate (average well
color development, AWCD) [17]. AWCD reflect the metabolic activity of soil microbes. Moreover, the
Shannon diversity index (H) and diversity index (U) were calculated to represent the diversity and
uniformity of the microbial communities.
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H = −
∑

pilnpi (2)

U =
√(

n2
i

)
(3)

where pi =
OD(i, j,t)∑

OD(i, j,t) ; and ni=OD(i, j,t)

2.6. Data Analysis

The exponential model was used to determine the sensitivity of soil GHG fluxes to soil
temperature (T):

F = aebT (4)

where F is the GHG flux, a is the value of flux at 0 ◦C, and b is the sensitivity of flux to temperature.
The flux sensitivity to temperature (Q10) was calculated as:

Q10 = e10b (5)

The cumulative global warming potential (GWP, kg CO2 hm−2) was calculated by adding
cumulative soil CO2 flux, and the cumulative GWP from N2O (cumulative N2O flux multiplied by
298) [36].

The repeated measure-ANOVA was used to analyze the effects of warming and N fertilization on
soil CO2 and N2O fluxes. A three-way analysis of variance (ANOVA) was used to test the effects of
warming, N fertilization, and sample time (season) on TOC, DOC, TN, inorganic N, AWCD, H, and U.
The ECO plates contained 31 types of carbon substrates. The microbial substrates utilization patterns
were analyzed to identify the effects of treatments and soil environment factors such as soil water,
temperature, soil DOC, SOC, and inorganic nitrogen using Canonical Correspondence Analysis (CCA)
in the CANOCO 4.5 software (Microcomputer Power, Ithaca, NY, USA).

Structural equation modelling (SEM) was performed to determine the relative importance of soil
variables to soil CO2 and N2O fluxes using the Amos 24.0 software package (IBM, New York, NY,
USA). We first tested the relationships between the CO2 and N2O fluxes and soil properties before
the SEM analysis. If the correlation was significant, that variable was put into the SEM. As microbial
substrate utilization patterns included 31 types of carbon source utilization, we selected the significant
correlations of the carbon source utilization with soil CO2 and N2O fluxes, and then used the Principal
Component Analysis (PCA) to create a multivariate functional index. The best-fit model was derived
using maximum likelihood and a chi-square test (χ2), P-values, df, and root mean square errors of
approximation (RSMEA) were used to evaluate model fitting.

3. Results

3.1. Soil Carbon, Nitrogen and Microbial Properties

Warming significantly increased soil NO3
−-N, NO2

−-N, DOC, and the ratio of MBC/MBN, but
decreased TN, SOC, MBC, and MBN (Table 1). Nitrogen fertilization significantly increased soil
NO3

−-N, TN, TOC, and the ratio of MBC/MBN, but decreased soil NO2
−-N, DOC, MBC, and MBN.

The metabolic activity of soil microbes measured as the average absorbency for the whole BIOLOG
ECO plate (AWCD), the Shannon diversity index (H), and uniformity index (U) varied seasonally
(Table 1). Warming decreased AWCD and U. Nitrogen fertilization alone had no effect on AWCD and
U but significantly affected these variables with warming. The CCA analysis identified 21 substrates
that were the most important variables in separating plots along the environmental axes among the
31 carbon substrates (Figure 1). Most of these MSU patterns were correlated with temperature, soil
DOC, and soil water. The correlation coefficient were 0.68, 0.72, −0.72 in CCA1 and −0.62, −0.18, 0.32
in CCA2 for temperature, soil DOC, and soil water, respectively.
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Figure 1. Canonical correspondence analysis (CCA) ordination biplot of treatment plot scores, Biolog
substrates, and significant environmental variables. Arrows indicate the direction and relative
importance (arrow length) of the environmental variable. Substrates with approximate correlation
coefficient >0.20 to the environmental variables are labelled. W0N0: Ambient temperature without
nitrogen fertilization; W0N: Ambient temperature with nitrogen fertilization; WN0: Warming without
nitrogen fertilization; WN: Warming with nitrogen fertilization. Environmental variables in CCA1 and
CCA2 explain 93% and 95%, respectively.

3.2. Soil CO2 and N2O Fluxes

The highest soil CO2 and N2O fluxes occurred in August and the lowest in January (Figure 2).
The mean annual CO2 and N2O fluxes were 36.04 ± 3.77 mg C m−2 h−1 and 0.51 ± 0.11 μg N m−2 h−1,
respectively (Table 2). Compared to the control (W0N0), the annual soil CO2 flux was slightly decreased
in the WN0 and WN treatments but was increased by 27.8% in the W0N treatment. Annual soil N2O
flux was increased by 8.2 times and 3.0 times in the W0N and WN treatments. Soil CO2 flux was mainly
affected by warming, while soil N2O flux was mainly affected by N fertilization and its interaction with
warming. The cumulative GWP from CO2 and N2O were 9984 ± 321 and 20.31 ± 3.02 kg CO2 hm−2,
respectively (Table 2).

Figure 2. Seasonal changes of soil CO2 (a) and N2O fluxes (b) affected by warming and nitrogen
fertilization. W0N0: Ambient temperature without nitrogen fertilization; W0N: Ambient temperature
with nitrogen fertilization; WN0: Warming without nitrogen fertilization; WN: Warming with
nitrogen fertilization.
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Table 2. Mean annual fluxes of CO2 (mg m−2 h−1), N2O (μg N m−2 h−1) (means + SE) and the
cumulative global warming potential (GWP) from CO2 and N2O fluxes (kg CO2 hm−2 year−1) as
affected by treatments.

Variables Treatment CO2 N2O

Fluxes

W0N0 36.04 ± 3.77 ab 0.51 ± 0.11 a

WN0 27.90 ± 3.14 a 0.65 ± 0.27 a

W0N 46.08 ± 5.39 b 4.68 ± 1.61 b

WN 29.07 ± 3.29 a 2.02 ± 0.32 b

GWP

W0N0 9984 ± 321 ab 20.31 ± 3.02 a

WN0 7800 ± 844 a 25.63 ± 10.33 a

W0N 12748 ± 2110 b 208.8 ± 56.37 b

WN 8002 ± 282 a 79.88 ± 8.90 b

ANOVA (F values)
Warming 8.97 * 4.52

N fertilization 1.64 17.47 **
Warming ∗N fertilization 1.27 5.34 *

Different lowercase letters represent significant differences (p < 0.05) between the treatments analyzed by
least-significant difference (LSD). Significant * p < 0.05, ** p < 0.01, *** p < 0.001.

3.3. Relationship between the Soil CO2 and N2O Fluxes and Environmental Factors

Soil CO2 and N2O fluxes increased exponentially with soil temperature across all treatments
(Figure 3). The Q10 values for CO2 flux were not significantly different among the control, W0N, and
WN0 treatments, while Q10 in the WN treatment was increased to 5.54 compared to the control (3.94).
The Q10 values for soil N2O flux was increased by N fertilization without warming but was decreased
by N fertilization with warming.

Soil CO2 flux was positively correlated with soil MBC, DOC and the microbial substrates utilization,
and negatively correlated with soil NH4

+-N. Soil N2O flux was positively correlated with the MSU
and negatively correlated with soil NH4

+-N (Figure 3).

3.4. Contributions of Soil Variables to Soil CO2 and N2O Fluxes

To quantify the relative importance of the different controlling factors on soil CO2 and N2O
fluxes, two structural equation modellings (SEMs) were constructed based on the known relationships
between soil CO2 and N2O fluxes and their key drivers in soil. The SEM showed a better fit to our
hypothesized causal relationships (χ2 = 2.82, p = 0.59, RMSEA) = 0.000, Figure 4a; χ2 = 0.81, p = 0.94,
RMSEA = 0.000, Figure 4b). The models accounted for 63% and 22% of the variance of soil CO2 and
N2O fluxes, respectively. Microbial substrates utilization patterns had dominant direct negative effect
on soil CO2 flux and positive effect on N2O (Figure 5). Soil NH4

+-N had negative effects on soil CO2

and N2O fluxes. DOC and MBC had indirect positive effects on soil CO2. In addition, soil NO3
−-N

and NO2
−-N had indirect effects on soil N2O.
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Figure 3. Relationships between the fluxes of soil CO2 and soil temperature (a), MBC (c), DOC (e),
soil NH4

+ (f) and soil microbial substrates utilization (g), and between the fluxes of soil N2O and soil
temperature (b), soil NH4

+ (d), and carbon utilization of microbial communities (h) in the different
treatments. Q10 values with different lowercase letters indicate significant difference at p < 0.05.
W0N0: Ambient temperature without nitrogen fertilization; W0N: Ambient temperature with nitrogen
fertilization; WN0: Warming without nitrogen fertilization; WN: Warming with nitrogen fertilization.
Different lowercase letters in Figure 3a represent significant differences (p < 0.05) between the treatments
using least square difference (LSD) method. Significant * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 4. Result of structural equation modelling (SEM) to assess the direct and indirect effects of soil
carbon, nitrogen, and microbial properties on soil CO2 (a) and N2O fluxes (b). Single-headed arrows
indicate the hypothesized direction of causation. Double-headed arrows represent covariance between
related variables. Arrow width is proportional to the strength of the relationship. The numbers adjacent
to arrows are standardized path coefficient, which reflect the effect size of the relationship. R2 value
represent the proportion of variance explained for each endogenous variable. Significant * p < 0.05,
** p < 0.01, *** p < 0.001.

Figure 5. Standardized total effects of soil variables on soil CO2 (a) and N2O fluxes (b) derived from
structural equation modelling (SEM). MSU: Microbial substrate utilizations; DOC: Dissolved organic C;
MBC: Microbial biomass C.

4. Discussion

4.1. Effects of Warming and Nitrogen Fertilization on Soil CO2 Flux

We found that warming decreased soil CO2 flux, while the N fertilization and its interaction
with warming had no significant effect on soil CO2 flux (Figure 2a, Table 2). These results were quite
different to some previous studies. For example, Zou et al. [5] and Xu et al. [37] found warming
increases soil CO2 flux in spruce forests, and the effect of N fertilization on soil CO2 flux varied in
forest plantations [12,38,39]. These differences were a consequence of the different soil properties and
experimental conditions among these sites, as the interactions among climate, soil organisms, and
vegetation, and the duration of experiment could influence soil CO2 flux [40].

Carbon quality and quantity could regulate the responses of soil CO2 flux to temperature. The
decrease in soil respiration could be due to the consuming of labile C [41,42]. In this study, the
experimental plots were filled with forest soil and spruce seedlings were planted in the plots. There
was very limited C input compared to the forest plantation with mature trees. Consequently, the CO2
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emission could be restricted by less carbon in the soil [7]. Indeed, SOC and MBC at the site were lower
after eight years of warming, although soil DOC was enhanced in this study. Bossio et al. [43] also
found similar results. Although SEM analysis showed that soil DOC had a positive effect on soil CO2

emission, the decreases in MBC had larger effect on soil CO2 emission than the increases in DOC
(Figures 4a and 5a). Overall, warming decreased soil CO2 emission.

Climate warming and N fertilization studies have mostly focused on the changes of microbial
processes (respiration and N mineralization) [25,26]. Few studies have investigated the direct link of
soil microbial community with soil CO2 flux. In this study, we found that microbial substrate utilization
patterns had a direct negative effect on soil CO2 flux (Figures 4a and 5a). This result suggested that
there is an association of soil microbial community composition with the response of soil CO2 flux to
warming and N fertilization, as different microbial communities had different sole substrate utilization
patterns in the BIOLOG ECO-plate analysis [44]. The CCA analysis further showed that the MSU
patterns were positively correlated with soil DOC and soil temperature in the CCA1 although they had
contrast effects in the CCA2 (Figure 3). It suggested that climate warming could enhance the activity of
the microbial community and the DOC, then reduce the quantity of SOC, and finally decrease soil
CO2 emission. A similar result was reported by Walker et al. [43] who found that permanent warming
accelerates microbial activity and causes more carbon loss from soil, and the soil carbon loss in return
reduces soil microbial biomass and constrains the influence of microbes on the ecosystem. In this
study, warming decreased the microbial metabolic activity represented by AWCD and uniformity
of microbial community. The result further suggested that warming induced a shift of microbial
community structure from bacteria to fungi. Since fungi have lower growth rates than bacteria on
BIOLOG plates, higher fungal dominance may have lower color development rate, resulting in lower
AWCD [17]. Consistently, the higher ratio of MBC/MBN in the warmed plots indicated that warming
enhanced the fungi as the microbial biomass C/N ratio has been used as an indicator of changes in
microbial community structure [45]. Since fungi have greater C assimilation efficiency compared
to bacteria, warming decreased the CO2 release [17,46]. These findings highlighted the important
contribution of soil microbial community to soil CO2 emission.

Moreover, soil carbon quality and quantity and microbes, soil N had a significant effect on soil
CO2 flux. Previous studies showed that the soil N availability affects the soil C turnover by modifying
microbial composition and activity or through its limitation on plant growth [47,48]. With sufficient
C supply, an increase in N availability could stimulate the microbial activity, and accelerate SOC
mineralization [49]. In this study, there was relatively a lack of soil C and no effect on microbial
community induced by N fertilization. As a result, N fertilization did not affect the soil CO2 flux. One
surprising finding was that soil NH4

+-N had a negative effect on soil CO2 flux in this study (Figure 4a).
The positive effect of soil NH4

+ on soil CO2 flux had been reported in temperate and subtropical
forests [12,50]. The difference between our study and the previous studies may be attributed to the
following two reasons. One reason was that spruce prefers to absorb soil NO3

−-N than soil NH4
+-N [51].

As NH4
+ was strongly absorbed and held to cation exchange sites of SOC and clay minerals, it would

lead to declines in labile C compounds and increases in complex C compounds [50,52]. Thus, soil NH4
+

had a negative effect on soil DOC as shown in the SEM (Figure 4a). The second reason was that soil
NH4

+ had a negative relationship with the microbial substrate utilization (Figure 4), tended to inhibit
soil microbial activity and community composition, and resulted in a decrease in the decomposition of
SOC [50]. Therefore, soil NH4

+ had a negative effect on soil CO2 flux in this study.

4.2. Effects of Warming and Nitrogen Fertilization on Soil N2O Flux

Previous studies showed strong positive correlations between soil temperature and N2O emission
in temperate forests [53,54], but quite weak correlations in tropical forests [55,56]. In this study, we
found that the soil N2O emission was slightly positively correlated with the soil temperature and
warming did not significantly affect soil N2O flux in the subalpine plantation forest. However, applying
N fertilization had a positive effect on soil N2O emission. These results suggested that the soil N
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condition rather than the temperature controls soil N2O emission. Consistent with our study, other
studies also found that soil N2O emission increased with N addition in forests [57,58]. The reasons
could be that high NO3

− deposition provided additional N for denitrification and thus increased
soil N2O emission. In this study, the fertilizer as NH4NO3 was added into the soil and resulted in
an increase in soil NO3

−, but the SEM indicated that the soil NH4
+ and NO2

− were the key factors
controlling soil N2O emission and soil NO3

− had little effect on soil N2O. Furthermore, N fertilization
had no effect on soil NH4

+ and decreased soil NO2
− which may result from enhanced nitrification of

soil NH4
+ and denitrification of soil NO2

− by nitrifier. The resulting increase in soil N2O emission, with
the depletion of soil NH4

+, was probably not due to plant uptake as spruce prefers to uptake soil NO3
−

than NH4
+ [51]. In theory, inorganic N, as the substrate for nitrification and denitrification processes,

should be positively correlated with soil N2O emission regardless of N forms [14,57]. However, more
soil NH4

+ decreased the soil DOC (Figure 4a) and inhibited the soil microbiomes activity (Figure 4b).
Since soil N2O emission was positively correlated with soil CO2 flux, soil NH4

+ had the negative effect
on soil N2O emission.

Soil microbe is another factor controlling soil N2O emission (Figure 4b). The analysis of SEM
showed that the soil microbial substrate utilization pattern had a positive effect on soil N2O emission,
which provided direct information that the soil microbial activity controls the soil N2O emission under
global change. Several previous studies showed that climate change can impact N transformations and
N2O emissions via indirect effects on the abundance of different microbial populations and microbial
community structure [9,59]. For instance, Cantarel et al. [9] showed a stronger correlation of N2O
fluxes with the soil denitrification activity and the nirK denitrifiers community. In this study, the
method of the BIOLOG ECO plates identified soil microbial community and functional diversity
mainly through carbon substrates, which may not be sensitive to N addition and may not directly
reflect N transformation. Thus, MSU patterns was not affected by N fertilization in this study. Future
study is needed to determine the relative importance of the specific microbial activities in nitrification
and denitrification.

Furthermore, N condition and microbes, many other soil environmental factors such as soil
moisture and soil pH may influence soil N2O emission [60]. In this study, soil moisture was not
influenced by treatments as plots were monitored and watered as frequently as needed to eliminate the
effects of soil moisture induced by warming. Seasonal variation of soil N2O flux could be influenced
by soil moisture change. Soil pH varied slightly seasonally and among different treatments, and might
not have a large influence on soil N2O emission. In addition, soil moisture and soil pH mainly affect
the soil N availability and soil microbial activity and then indirectly influence soil N2O emission [60].
Thus, soil N condition and soil microbes were the main factors controlling soil N2O emission.

5. Conclusions

Eight years after continuous warming and N fertilization in a subalpine spruce plantation forest,
we found that soil CO2 flux was decreased by warming while soil N2O flux was significantly increased
by N fertilization and its interaction with warming. Warming enhanced the DOC and MSU pattern,
reduced SOC and MBC, and further constrained the metabolic potential of soil microbes, uniformity
index of microbial communities, and finally resulted in a decrease in soil CO2 emission. For soil N2O
emission, the MSU pattern and soil NO2

− had positive effects on soil N2O flux, while the soil NH4
+

had a negative effect on soil N2O emission. Both for soil CO2 flux and N2O flux, the microbes played a
more important role than other factors. This study revealed different response patterns and controls of
soil CO2 and N2O fluxes in the subalpine plantation forest under climate warming and N deposition,
and further highlighted the important contributions of soil microbes to GHG fluxes.
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Abstract: Forest soil respiration plays an important role in global carbon (C) cycling. Owing to the
high degree of C and nitrogen (N) cycle coupling, N deposition rates may greatly influence forest soil
respiration, and possibly even global C cycling. Soil microbes play a crucial role in regulating the
biosphere–atmosphere C exchange; however, how microbes respond to N addition remains uncertain.
To better understand this process, the experiment was performed in the Castanopsis kawakamii Hayata
Nature Reserve, in the subtropical zone of China. Treatments involved applying different levels of
N (0, 40, and 80 kg ha−2 year−1) over a three-year period (January 2013–December 2015) to explore
how soil physicochemical properties, respiration rate, phospholipid fatty acid (PLFA) concentration,
and solid state 13C nuclear magnetic resonance responded to various N addition rate. Results showed
that high levels of N addition significantly decreased soil respiration; however, low levels of N
addition significantly increased soil respiration. High levels of N reduced soil pH and enhanced P and
C co-limitation of microorganisms, leading to significant reductions in total PLFA and changes in the
structure of microbial communities. Significant linear relationships were observed between annual
cumulative respiration and the concentration of microbial biomass (total PLFA, gram-positive bacteria
(G+), gram-negative bacteria (G−), total bacteria, and fungi) and the microbial community structure
(G+: G− ratio). Taken together, increasing N deposition changed microbial community structure and
suppressed microbial biomass, ultimately leading to recalcitrant C accumulation and soil C emissions
decrease in subtropical forest.

Keywords: N addition; soil respiration; microbe; subtropical forest

1. Introduction

Anthropogenic reactive nitrogen (N) production originated primarily from agricultural activities,
fossil fuel combustion, and the growing popularity of biofuels, and has increased three- to five-fold
over the past century [1]. By 2050, N deposition is projected to reach 200 Tg N year−1, especially in
forest ecosystems [1,2]. Approximately twice as much C is stored in soils compared to that in the
atmosphere. Soil respiration (Rs) is the primary pathway through which C is released from the soil
system into the atmosphere [3]. Thus, even minor changes in Rs would have significant effects on C
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cycling. Given the nature of the relationship between the C and N cycles, which are highly coupled in
terrestrial ecosystems [4,5], it is likely that increasing N deposition will greatly influence Rs.

N addition affects Rs through regulating forest productivity, microbial biomass, and activities
that are directly related to CO2 production [6]. Meta-analyses have revealed that N addition
can increase aboveground and belowground plant growth by 29% and 35.5%, respectively [7,8].
Additionally, N addition reduced microbial biomass by 20% at the global scale [9]. However, how Rs
responds to rapid N addition remains unclear and previous results have been inconclusive,
including acceleration [10], deceleration [11], and no change [9,12]. The conclusions mentioned above
are largely dependent on N-limited regions and there is a lack of subtropical studies. Subtropical systems
have high rates of CO2 exchange [13] and relatively high levels of available N in forest soils. Sun et al. [14]
suggested that the main factor driving the reduction in Rs is different in N-enriched (microbe-mediated)
and N-limited (plant-mediated) forests. However, Lee and Jose [15] also found that fine root production
is the main factor affecting Rs in tropical forests. In our previous study, N addition promoted root
biomass to utilize higher levels of P (Figure S1) [16]; however, the microbial response has not yet
been described.

Large uncertainties exist in terms of belowground C cycling because soil C dynamics are often
regulated by complicated microbial processes. N addition directly increases soil N availability and
promotes substrate utilization for microbial decomposition [17–19]. However, co-limitation with other
elements, such as P, may occur in subtropical forests. Moreover, N addition could elicit changes
in the availability of substrates, which could accentuate C limitation of soil microbes. Although N
addition increased the quantity of litter input to the soil [7,8], the quality of soil organic matter
(SOM) may decline via increasing lignin content in litter and polymerization of polyphenols [20–22].
Furthermore, chronic N addition could enhance nitrification rates, increase inorganic N concentration,
and leach base cations, eventually causing soil acidification to accompany an increase in Al3+, Mn2+,
and Fe3+ [23,24], thereby suppressing microbial activity. Therefore, the magnitude of these processes
determines the direction of Rs in response to N addition.

Previous studies have shown that the response of microbial activity to N addition gradients
is not linear, with the highest levels of microbial activity occurring at moderate N concentration,
and decreasing as N levels increase [25–27]. This tendency was observed not only in Rs but also in
forest respiration, ectomycorrhizal fungal sporocarp production, and fungal mineralization [28–30].
Different magnitudes of N addition may have different effects on Rs.

In our study, we performed a manipulative experiment designed to test the effects of N addition
on soil CO2 emissions in a subtropical forest. The response factors assessed consisted of Rs rates,
soil microbial biomass, microbial community structure, and soil C structure. Investigating the responses
of Rs and microbial traits (biomass and community structure) to N addition is critical to develop our
understanding of C cycling in subtropical forests. Hence, we hypothesized that: (1) changes in Rs
would coincide with changes in microbial traits; (2) the effects of N addition on Rs are mainly mediated
by microbial traits, rather than roots.

2. Materials and Methods

2.1. Study Site

The experiment was carried out in the Castanopsis kawakamii Hayata Nature Reserve, which is
in central Fujian Province, China (117◦28′ E, 26◦11′ N), over an almost three-year period
(January 2013–December 2015). The study site was composed of an approximately 200-year-old
undisturbed mixed stand dominated by Castanopsis carlesii Hayata and Schima superba Gardn. et Champ.,
with other less abundant species. Stand density and canopy coverage were approximately 1955 trees
ha−1 and 89%, respectively.

The climate is classified as a subtropical monsoon, with mean annual precipitation of 1552 mm,
2141 mm, and 2025 mm in 2013, 2014, and 2015, respectively. It has distinct seasons, with most
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rain falling between March and August. Mean annual temperature, potential evapotranspiration,
and relative humidity in this region were 18.7 ◦C, 1585 mm, and 79%, respectively [31]. Regional soils
are Oxisols, formed from sandstone (based on the United States Department of Agriculture Soil
Taxonomy), and are about 30–70 cm deep [32].

2.2. Experimental Design

Three N addition treatments (with four replicates each) were established in this forest, consisting
of 0 kg ha−2 year−1 (control, CT), 40 kg ha−2 year−1 (low N, LN), and 80 kg ha−2 year−1 (high N, HN).
Treatment levels were based on known background atmospheric N deposition rates in subtropical
regions of China (18–53 kg ha−2 year−1), with an average deposition rate of ~40 kg ha−2 year−1 [33].
A total of 12 plots (20 m × 20 m) were established, each surrounded by a 10-m wide buffer zone and
unshielded from natural atmospheric N deposition. The plots and treatments were set randomly.
Beginning in November 2012, a solution of ammonium nitrate (NH4NO3), and 20 L of deionized water
was distributed monthly below the canopy with a backpack sprayer, totaling 12 applications of equal
volume annually, and an equivalent volume of deionized water was sprayed on the control plots.

2.3. Soil Sample Collection

Five soil cores were collected from each subplot with a 3.5-cm-diameter corer in January 2016.
We removed the surface litterfall and collected soil samples from the A horizon (0–10 cm). Soil cores
were then kept in portable refrigerated box until being processed in the laboratory. After removal of
plant roots and stones, soil samples were sieved through a 2-mm mesh and stored at 4 ◦C prior to the
analysis of inorganic N, dissolved organic C, and N and microbial phospholipid fatty acid (PLFA)
content. Part of the soil was air-dried for measuring its pH. The remaining soil was air-dried and
ground (<150 μm) for determination of total C and total N.

2.4. Soil Respiration Rate Measurement

Soil respiration rate (Rs) was measured using an automated CO2 efflux system (LI-8100, LI-COR
Inc., Lincoln, NE, USA). Eight polyvinyl chloride (PVC) collars (diameter: 20 cm; height: 10 cm)
were fixed in each plot in August 2011. Living plants inside the collars were removed and kept for
almost 1.5 years to minimize disruption. Soil respiration was assessed once every two weeks over the
course of the experimental period. Measurements were taken between 09:00 and 12:00, as soil flux
over these hours has been shown to represent the mean of the whole day [34]. Soil temperatures and
moisture were simultaneously monitored using a hand-held long-stem thermometer (Model SK-250WP,
Sato Keiryoki Mfg. Co. Ltd, Tokyo, Japan) and a time-domain reflectometer (TDR) (Model TDR300,
Spectrum Technologies Inc., Plainfield, IL, USA), respectively. The data of monthly soil temperature
and annual moisture during study period are shown in Figures S2 and S3.

To examine the effects of N addition rate on Rs in sub/tropical forests, data were obtained from
15 peer-reviewed articles (Table S4) by searching Web of Science. The searched key words were
combinations of, “nitrogen (N) addition,” “nitrogen (N) deposition,” “soil respiration,” “subtropical
forest” and “tropical forest”. Data were selected based on the following criteria: (1) from a field study
(data from incubation studies were excluded); (2) from control and simulated N addition treatments
in multifactorial studies. Response ratios of Rs to N addition rate (RRs) were calculated using the
following equation:

RRs = ln (RT/RC) (1)

where RT is the treatment mean and RC is the control mean. Here, RRs > 0 means N addition increased
soil respiration; RRs = 0, means N addition has no effect on soil respiration; RRs < 0 means N addition
reduced soil respiration.
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2.5. Phospholipid Fatty Acid Analysis

The soil microbial community was characterized using a phospholipid fatty acid (PLFA) analysis,
as previously described by Wan et al. [35]. In brief, a solvent consisting of a 2:1:0.8 mixture of
methanol (CH3OH), chloroform (CHCl3), and phosphate buffer (pH 7.4) was used to extract 10 g of
freeze-dried soil by shaking for 2 h. The samples were centrifuged at 3500 g for 10 min, and then
the supernatant was transferred to a new tube. The remaining soil was re-extracted as described
above. The extracted solvents from both steps were combined and then evaporated to 1 mL under
N2 gas. Then, neutral glycolipids, glycolipids-, and polar lipids were separated over a silicon
hydroxide column eluted with chloroform, acetone, and methanol, respectively. Polar lipids were
methylated to form fatty acid methyl esters (FAMEs) by subjecting them to 0.2 M methanolic KOH.
Individual FAMEs were identified by Hewlett Packard 5890 gas chromatography, equipped with a
6890 series injector, a flame ionization detector, and an Ultra 2 capillary column (25 m × 0.2 mm inner
diameter, film thickness, 0.33 μm) based on their retention times and in combination with the MIDI
Sherlock Microbial Identification System (MIDI Inc., Newark, DE, USA).

Although more than 70 PLFAs, ranging from C10–C24, were identified in this experiment, only the
23 PLFAs found to be consistently present in each sample were included in the analysis. PLFAs
identified as being derived from gram-positive bacteria (G+) included i14:0, i15:0, a15:0, i16:0, i17:0,
and a17:0, whereas those identified as being derived from gram-negative bacteria (G−) included
16:1ω9c, 16:1ω7c, cy17:0, 18:1ω7c, 18:1ω5c, and cy19:0 [36,37]. The sum of the PLFAs from G+ and G−
bacteria was used to as a measure of total bacteria, and those of 10Me16:0, 10Me17:0, and 10Me18:0
were selected to measure actinomycetes. We selected 18:2ω6c and 18:1ω9c as fungi markers [38].
The PLFAs 14:0, 15:0, 16:0, 16:1ω5c, 17:0, and 18:0 were detected in both bacteria and fungi; thus,
they were used to assess the unclassified markers [39–41]. The sum of all selected phospholipids was
used to estimate the total microbial biomass and for the analysis of microbial community structure.
The G+:G− ratio was used to estimate the G+ to G− bacterial biomass (G+:G−), and the fungal: bacterial
PLFA ratio was used to estimate the ratio of fungi to bacteria (F:B).

2.6. Solid-State 13C Nuclear Magnetic Resonance Spectroscopy Analysis

Soil samples for solid state 13C cross polarization magic angle spinning (CP-MAS) nuclear
magnetic resonance (NMR) analysis were repeatedly treated with 2% hydrofluoric acid, then rinsed
with deionized water, freeze-dried, and ground into powder [42]. The powdered samples were
packed into 4-mm zirconium rotors. Solid state 13C NMR spectra were acquired on a 500 MHz Bruker
BioSpin Avance III spectrometer (Bruker BioSpin, Rheinstetten, Germany) equipped with a 4-mm
probe. The parameters used to obtain the spectra consisted of a 13 kHz spinning rate, 1 ms ramp-CP
contact time, 1 s recycle delay, and 4096 scans. Glycine was used as the external reference for chemical
shift. NMR spectra were processed using a zero filling factor of 2 and 75 Hz line broadening. The NMR
spectra were divided into seven regions representing the different chemical environments of the 13C
nucleus (Table S1). The ratios were calculated using percentage intensity values as follows [43,44]:

A/O-A ratio = alkyl C/O − alkyl C (2)

aromaticity = aromatic C/(alkyl C +methoxyl and N-alkyl C + O-alkyl C + (3)
Di-O-alkyl + phenolic C + aromatic C)

2.7. Additional Soil Analysis

Soil inorganic N was treated with 2 M KCl and analyzed using a Continuous Flow Analytic System
(Skalar san++, Skalar, Breda, Netherlands); soil organic C (SOC) and total N (TN) were determined with
an elemental analyzer (Elementar Vario EL III, Elementar, Langenselbold, Germany). Dissolved organic
C (DOC) and N (DON) were extracted from 10 g of field-moist soil by mixing the soil with 40 mL
deionized water at 20 ◦C and shaking for 30 min, then filtering the supernatant through a 0.45-μm
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filter membrane [45]. Soil pH was determined with a pH meter (STARTER 300, OHAUS, Pine Brook,
NJ, USA) in a 1:2.5 soil: water solution. Soil moisture content was measured gravimetrically by drying
for 48 h at 105 ◦C.

2.8. Statistical Analyses

Daily cumulative respiration (Rc) was calculated from Rs as follows:

Rc (g C m−2 d−1) = Rs (μmol m−2 s−1) × 3600 (s h−1) × 24 (h d−1) × 12/1,000,000 (g mol−1) (4)

Soil respiration was measured every two weeks with a total of 24 samplings/year.
Annual cumulative respiration was calculated by daily Rc multiplied by the number of sampling
interval days. Equation used was as follows:

Annual cumulative respiration =
24∑

i=1

daily Rc (i) × 15 (5)

The relationship between the Rs and soil temperatures was performed using following widely
exponential regression model [46]:

Rs = aebt (6)

where Rs is the soil respiration rate, t is the soil temperature at 5 cm depth, a and b are the
model coefficients.

The apparent temperature sensitively (Q10) was calculated as follows:

Q10 = e10b (7)

All statistical analyses were performed using SPSS v.21.0 (SPSS Inc., Chicago, IL, USA). All response
variables were tested for normality and homoscedasticity prior to statistical analyses, and data were
log-transformed when the assumptions were not met (DON, ammonium nitrogen [NH4

+-N]). One-way
analysis of variance (ANOVA) with the Tukey’s HSD test was used to evaluate the differences in soil
physicochemical properties, annual cumulative respiration, Q10, and PLFA in response to different
N-addition treatments. Linear regression model analyses were conducted to explore the relationships
among PLFA and annual cumulative respiration.

3. Results

3.1. Response of Soil Physicochemical Properties to N Deposition

No significant differences in SOC, TN, ammonium N (NH4
+-N), or nitrate N (NO3

−-N) were
detected after three years of N deposition (Table 1). Soil pH decreased with increasing N, with pH
significantly reduced (by 0.13 units) in the HN treatment. Soil DOC was significantly higher in the LN
treatment, and soil DON increased with higher N addition, with levels in the HN treatment being
significantly higher than those in the CT and LN treatments.
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Table 1. Effects of N deposition on soil physicochemical properties.

Properties CT LN HN Contrast Test

SOC (g·kg−1) 36.61(7.47) 39.18(13.03) 33.32(7.99) 0.709
Total N (g·kg−1) 2.67(0.27) 2.70(0.53) 2.54(0.32) 0.838

pH 4.08(0.06)a 3.97(0.09)ab 3.95(0.09)b 0.096
NH4

+-N (mg·kg−1) 10.79(2.50) 7.21(0.96) 9.57(4.21) 0.053
NO3

−-N (mg·kg−1) 1.37(0.32) 1.62(0.53) 1.59(0.57) 0.070
DOC (mg·kg−1) 41.93(12.36)b 66.80(3.43)a 39.88(8.03)b 0.003
DON (mg·kg−1) 49.95(5.32)b 58.66(6.98)b 132.32(12.93)a <0.001

The different letters indicate significant differences between treatments at p < 0.05. Contrast test (ANOVA) was
conducted between N treatments and the controls. Values are expressed as (mean ± standard deviation; n = 4).
CT: control treatments; LN: low N; HN: high N; SOC: soil organic carbon; TN: total N; NH4

+-N: ammonium N;
NO3

−-N: nitrate N; DOC: dissolved organic carbon; DON: dissolved organic N.

3.2. Response of Soil Respiration Rate and Temperature Sensitivity to N Addition

Monthly dynamics of Rs rate showed a strong seasonal pattern, with the highest rate observed in
July–August and the lowest in January–February for all treatments (Figure 1). Annual cumulative
Rs in the LN treatment was 15.62%, 19.16%, and 23.29% higher than in the CT treatment in 2013,
2014, and 2015, respectively, while annual cumulative Rs in the HN treatment was 11.86% and 16.68%
lower relative to the CT treatment in 2014 and 2015, respectively (Figure 2). However, during the
period of 2013 to 2015, the sensitivities of Rs to soil temperature were not significantly different among
N-addition treatments (Table 2 and Table S2).

Figure 1. Monthly dynamics of soil respiration rate under different N treatments in 2013 (a), 2014 (b),
and 2015 (c). Error bars represent standard deviation (n = 4).
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Figure 2. Annual cumulative soil respiration under different N treatments for the period of 2013–2015.
* indicates statistically significant difference at p < 0.05.

Table 2. The soil respiration sensitivities to soil temperature for the period of 2013–2015.

Treatments Q10

CT 2.07(0.11)
LN 2.09(0.36)
HN 2.00(0.12)

3.3. Response of Microbial Community to N Addition

The concentrations of G+, G−, fungi, and total PLFA were significantly decreased in the HN
treatment, but no significant differences were observed for any of the PLFA between the LN and CT
treatments (Figure 3; Table S3). The ratio of G+: G− was significantly higher in the HN treatment than
in the CT treatment (1.5 and 1.1, respectively), but no significant difference in F:B ratio was observed
among the treatments.

Figure 3. Phospholipid fatty acid (PLFA) concentrations and microbial community structure ratios
under different N addition treatments. Error bars represent standard deviation (n = 4). * indicates
significant difference between the treatment and control at p < 0.05.
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3.4. Response of Soil Chemical Characteristics to N Addition

The most dominant component was the alkyl C region (Figure 4; Table S1). Alkyl C,
aromatic C, phenolic C, and carboxyl/carbonyl C exhibited major differences in the HN treatment.
Thus, differences in these chemical shift regions caused a 9% reduction in A/O-A and a 5% increase
in aromaticity.

Figure 4. Solid-state 13C nuclear magnetic resonance spectra of soil under different N addition
treatments. The red dashed line indicates changes in the chemical shift regions.

3.5. Correlation between Annual Cumulative Soil Respiration and Microbial Biomass, Root Biomass and
Microbial Community Structure Ratio

Significant linear relationships were found between annual cumulative Rs and the concentration
of microbial biomass (total PLFA, G+, G−, total bacteria, and fungi) and the G+: G− ratio according to
linear regression. However, neither root biomass nor the F:B ratio was significantly correlated with
annual cumulative Rs in 2015 (Figure 5).
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Figure 5. Linear relationships between annual cumulative respiration in 2015 and concentrations of
PLFA, microbial community structure ratios, and root biomass.

4. Discussion

4.1. Effects of N Addition on Soil Respiration

Nitrogen deposition did not affect the seasonal patterns of Rs rates, with the highest rate observed
in July–August and the lowest in January–February (Figure 1). This seasonal pattern has been reported
in previous studies and can be ascribed to differences in mean temperature [47,48]. N addition
induced significant changes in Rs rates (p < 0.05); however, the different rates of N addition exhibited
distinct trends in terms of their effect on Rs. This discrepancy in annual cumulative respiration
among the treatments continued to diverge over time, which was consistent with results reported by
Allison et al. [28], Hasselquist et al. [30], Bowden et al. [48], and Maaroufi et al. [49]. This is because
a certain threshold for N addition exists. For instance, in a subtropical Moso bamboo forest ecosystem,
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Li et al. [6] found that a N addition rate of 60 kg N ha−1 year−1 may reflect a N saturation threshold.
When N addition rate exceed 60 kg N ha−1 year−1, N addition still increased Rs, but the positive effects
diminished. However, in our study, a significant decrease in Rs was observed in 2014 and 2015 when
N addition rate exceed 60 kg N ha−1 year−1, possibly because the bamboo plantation was N-limited
and had a high demand for N [50], unlike the natural forests examined in previous research.

Previously, there have been six meta-analyses with regard to the effects of N addition on
Rs [9–12,51,52]. However, these studies paid little attention to subtropical forests owing to the smaller
sample sizes reported. With the increasing attention paid to subtropical forests in recent years,
several studies have been carried out. We recollected a series of data from 16 study sites (including
this study) and defined <60 kg N ha−1 year−1 as a low N addition rate according to a N saturation
threshold of 50–60 kg N ha−1 year−1 for global aboveground net primary production [53]. We found
strong evidence to indicate that N addition significantly reduces Rs in subtropical forests as observed
in all examined studies (n = 58, p = 0.011; Figure 6, Table S4). However, the magnitude of N addition
rate also affected the response of Rs, which mainly showed as a high N addition rate reducing Rs
(n = 37, p = 0.046), while the response of Rs to low N addition rate varied (n = 21, p = 0.052). It is
noteworthy that N addition rate is a dominant factor affecting soil acidification and total microbial
biomass; however, Zhou et al. [54] indicated that the effect of N addition rate was ignored in several of
the previous meta-analyses, such as Janssens et al. [11], Treseder [51], and Lu et al. [52]. In particular,
in subtropical forest ecosystems, rapid N addition exacerbates the loss of NO3

− combined base cations
(K+, Na+, Ca2+, and Mg2+) through leaching, which in turn causes nutrient cations to be lost at a faster
rate than minerals can be replenished [55]. A lack of base cations can be harmful to vegetative and
microbial growth in subtropical forest ecosystems [56,57] leading to lower Rs.

Figure 6. Linear relationship between N addition rate and response ratios of soil respiration (RRs) in
subtropical systems of the present study and other regions of the world. Orange hollow points indicate
relatively low N addition (N addition rate < 60 kg N ha−1 year−1); blue points indicate relatively high
N addition (N addition rate > 60 kg N ha−1 year−1); orange line indicates linear regression between
relatively low N addition rate and RRs; blue line indicates linear regression between relatively high N
addition rate and RRs; black line indicates linear regression between N addition rate and RRs.
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In our control treatment, the Q10 value (2.07) was similar to that reported from a subtropical
rehabilitated forest (2.1) [58], but lower than those from a subtropical disturbed forest (2.3) [58],
a Moso bamboo forest (2.29) [6], a sweetgum forest (2.73) [59], and a larch forest (3.24) [14] across
the temperate zone. This is in line with the observations of Wang et al. [60], in which Q10 showed
a positive relationship with latitude in forest ecosystems. In addition, the C:N ratio is a dominant
factor for regulating Q10, owing to the shift from C limitation to nutrient limitation with increasing
latitude [60,61]. This result may support the microbial N mining theory, which suggests that microbes
decompose more SOM to obtain sufficient N at high temperature in high latitude forests with low N
availability [62].

4.2. Microbial Community and Carbon Structure under N Addition

In accordance with our first hypothesis, we found that the HN treatment reduced the concentration
of bacteria, fungi, actinomycetes, and unclassified biomarkers (Figure 3; Table S3), leading to a significant
reduction in total PLFA. Both incubation and field studies have definitively shown that Rs and
microbial biomass are consistently suppressed following N addition [11,51,63]. However, a recent
meta-analysis by Zhou et al. [54] revealed that a decrease in microbial biomass is not always associated
with N addition suppressing microbial activity. Interestingly, the companion study reported that
the C:N:P stoichiometry in microbial biomass was significantly altered in the HN treatments and
enhanced microbial P limitation [32]. Additionally, high N addition significantly reduced soil pH.
Therefore, these results collectively demonstrate that high N addition inhibits microbial growth.

Ramirez et al. [63] suggested that understanding how N addition induces change in soil microbial
communities is imperative for better understanding soil C storage dynamics. High availability of N
could alter the microbial process of SOC that is controlled by the microbial community [64,65]. In our
study, the HN treatments not only inhibited microbial biomass but also shifted microbial composition
(increased G+:G− ratio). The two different groups of Gram-stained bacteria, classified by their cell wall
compositions, have been shown to differ in their preferences regarding substrate conditions and living
strategies in a changing environment [66]. G+ are well-adapted to low SOM substrates, while G− prefer
conditions with high organic matter availability [67,68]. Increase in the G+:G− ratio under the high N
addition treatment not only indicated a low quality substrate but also an acclimation of microbes to
changes in substrate and nutrient availability.

Undoubtedly, the inhibition in microbial biomass and shift in soil microbial community structure
affected the soil C structure, to an extent. The results of the solid state 13C NMR spectroscopy
analysis showed that the relative proportions of aromatic C and phenolic C, which originate from
lignin and amino acids of peptides [43,69], increased under the HN treatment (Figure 4; Table S1).
Wang et al. [65] also observed that lignin-derived phenols accumulated in soil with long-term N addition
(22 years). There are two plausible reasons for this observation. First, that N addition significantly
increased the lignin content of the plant and litter [21], leading to lower substrate decomposition rates
with higher lignin content [70]. Second, phenolic compounds are highly resistant to degradation,
being susceptible only to a handful of fungal species that are more efficient at lignin decomposition [71].
Thus, non-preferred microbial substrates would accumulate under high N addition.

4.3. Correlation between Soil Respiration and Microbial Biomass, Root Biomass, and Microbial Community
Structure Ratio under N Addition

A significant correlation was observed between microbial traits (biomass and community structure)
and cumulative Rs rather than root biomass (Figure 5). These results supported our second hypothesis,
that microbial traits are primary factors affecting Rs under N addition, which is to say that the
decrease in Rs is mainly due to microbes. A reasonable explanation is that microbes may be subject
to co-limiting factors in subtropical forests, such as C and P, rather than N [65,72,73]. This pattern of
Rs under N addition is different in N limited ecosystems, which have often been reported to increase
Rs via root products and biomass [74]. Importantly, heterotrophic respiration dominates Rs (almost
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72%) [75], and the positive relationships were observed between root/fine root biomass and autotrophic
respiration [15,76] and microbial biomass and heterotrophic respiration [77]. Additionally, N addition
significantly increased root biomass (Figure S1) and decreased microbial biomass, which collectively
suggested that heterotrophic respiration may have decreased even further under N addition.

Decreasing microbial biomass is always accompanied by decreasing microbial diversity [78].
Microbial diversity is a vital determinant of ecological function that cannot be obtained using the PLFA
method [79]. Thus, it is necessary to employ nucleic-acid-based methods to link microbial diversity
to function. In this study, N addition inhibited microbial biomass and shifted microbial community
structure, which disrupted the microbial process of SOM, leading to a decrease in Rs and an increase
in recalcitrant C accumulation, but was also beneficial to an increase in forest soil C sequestration.
However, nutrient release from microbial decomposition will slow down as SOC storage increases.
Especially in natural forests without intensive management practices (such as fertilization), shifts in
biogeochemical cycling will alter the productivity of ecosystems.

5. Conclusions

The effects of N addition on Rs are subject to an N saturation threshold, which triggered low
N addition to increase Rs and high N addition to decrease Rs in the subtropical C. carlesii forest
investigated. High N addition increased P limitation and decreased pH. Additionally, high N addition
led to recalcitrant C accumulation, restricting microbial utilization. These processes collectively reduced
the total PLFA concentration and shifted microbial community structure (G+: G− ratio). Our results
suggest that microbial traits are dominant factors affecting Rs. As such, additional research on the
transformations in soil microbial traits in response to increasing rates of N deposition may provide
further insights into soil C emission dynamics in subtropical forests.
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Figure S1. Changes in root biomass under different N addition treatments. Values are means ± standard error
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Figure S2. Monthly soil temperature dynamics in 2013 (a), 2014 (b), and 2015 (c), Figure S3. Soil moisture under
N addition from 2013 to 2015, Table S1. Relative carbon (C) distribution (%) in different chemical shift regions
in 13C cross-polarization magic-angle spinning of soil under different nitrogen addition treatments, Table S2.
The exponential relationship between soil CO2 emission rate and soil temperature in each subplots under different
nitrogen addition treatments, Table S3 Effects of N addition on the phospholipid fatty acid biomarker concentration
(nmol g−1 soil). Error bars represent standard deviation (n = 4). The different letters indicate significant differences
between treatments at p < 0.05. G+: gram-positive bacteria; G−: gram-negative bacteria; Bacteria: sum of G+ and
G−; Unclassified: unclassified biomarkers; ACT: actinomycetes; Total: total PLFA, Table S4 Characteristics of
16 studies site. RRs: Response ratio of soil respiration.
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Abstract: Land use patterns can change the structure of soil bacterial communities. However, there are
few studies on the effects of land use patterns coupled with soil depth on soil bacterial communities
in the karst graben basin of Yunnan province, China. Consequently, to reveal the structure of
the soil bacterial community at different soil depths across land use changes in the graben basins of
the Yunnan plateau, the relationship between soil bacterial communities and soil physicochemical
properties was investigated for a given area containing woodland, shrubland, and grassland in
Yunnan province by using next-generation sequencing technologies coupled with soil physicochemical
analysis. Our results indicated that the total phosphorus (TP), available potassium (AK), exchangeable
magnesium (E-Mg), and electrical conductivity (EC) in the grassland were significantly higher than
those in the woodland and shrubland, yet the total nitrogen (TN) and soil organic carbon (SOC)
in the woodland were higher than those in the shrubland and grassland. Proteobacteria, Verrucomicrobia,
and Acidobacteria were the dominant bacteria, and their relative abundances were different in the three
land use types. SOC, TN, and AK were the most important factors affecting soil bacterial communities.
Land use exerts strong effects on the soil bacterial community structure in the soil’s surface layer,
and the effects of land use attenuation decrease with soil depth. The nutrient content of the soil
surface layer was higher than that of the deep layer, which was more suitable for the survival
and reproduction of bacteria in the surface layer.

Keywords: karst graben basin; land use pattern; bacterial community; next-generation sequencing

1. Introduction

The karst graben basin in the East Yunnan plateau is a special geomorphological formation
due to the rifts of the plateau, which were uplifted at the same time [1,2]. This area is also the main
area of the “two barriers and three belts” for China’s national ecological security. However, due to
deforestation of this area over the past several decades, the karst ecosystem has seriously degenerated,
thereby affecting soil quality, soil fertility, and ecological conditions, and resulting in abandoned bare
land. To fight against this environmental problem, the “Green for Grain” program, or the Natural
Forest Protection Project, was launched by the Chinese government in this region [3–5]. Accordingly,
the size of the degenerated areas has shrunk with the revegetation process. However, little is known
about how vegetation restoration types affect the soil bacterial community’s structure in the karst
graben basin.
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Vegetation restoration can affect soil microorganism communities, which can regulate the soil’s
biogeochemical cycles and affect the stability of the soil’s ecosystem [6–8]. Although many studies have
discussed soil microbial community structures with land use pattern changes worldwide, there are few
studies on the influence of land use patterns on the soil bacterial community’s structure in karst graben
basins. For example, Suleiman et al. compared the bacterial community in the original forest-covered
area and grassland for eight years and found that the main bacterial community composition showed
little difference [9]. Song et al. found that the number and composition of the soil microbial population
in the karst peak-cluster depression were different in farmland, grassland, scrubland, forest plantation,
secondary forest, and primary forest [10]. Ederson et al. found that there were significant differences
in the community composition among crops, pastures, and agroforestry, as well as young secondary
forest (up to 5 years old), old secondary forest (5 to 30 years old), and primary forest sites [11]. To better
explore the influence of land use patterns on the soil bacterial community structure in the Luxi county
in the Yunnan karst graben basin, the woodland, shrubland, and grassland in a given karst area
were selected. Our objectives were to (i) gain insight into the difference of soil bacterial community
structure with land use changes, (ii) inquire into the effects of land use patterns with soil depth, and (iii)
identify the key factors in determining soil bacterial communities. Our findings provide a basis for
understanding the influence of land use patterns on soil bacterial community structures in the karst
graben basin of Yunnan province, China.

2. Materials and Methods

2.1. Study Sites

Luxi county (103◦30′–104◦03′ E, 24◦15′–24◦46′ N) is located in the north Honghe Hani and Yi
Autonomous Prefecture in Yunnan province in the subtropical monsoon climate zone, which is rainy
in summer and dry in winter. The rainy season extends from May to October, and the dry season runs
from March to April. The average annual precipitation is 2026.5 mm. The average annual temperature
is 16.3 ◦C. Moreover, the rocky desertification in Luxi country is serious.

2.2. Soil Sample Collection

Sampling occurred between the wet and dry season, January 2018. Three 20 × 20 m plots were
established for each land use pattern. The minimum distance between plots was 400 m to avoid
pseudoreplication. Soil samples were collected from the surface soil (0–10 cm), named the A layer,
and the other samples were taken from the deep layer (10–20 cm), named B layer, with a split tube
auger 5 cm in diameter. At each plot, six soil cores were selected in an S-shaped pattern to form
one soil sample. A total of 18 soil samples from woodland (WL), shrubland (SL), and grassland (GL)
were collected. Soil samples were named according to the soil sampling sites (such as SL) and soil
layer (A: 0–10 cm) in that particular order (e.g., SLA). The three land use patterns were continuously
managed for 15 years. All soil samples were transported to the laboratory immediately after collection
in sterile plastic bags on dry ice and divided into two uniform portions. One portion was stored
at −80 ◦C for DNA analysis, and the other part was air dried for physicochemical analysis.

2.3. Physicochemical Analysis

Soil moisture content (moisture), soil temperature (T), and EC were measured in situ
by soil three-parameter tachometers (Delta-T Devices Ltd., Moisture Meter type HH2, UK).
Soil organic carbon (SOC) was determined by wet digestion using the H2SO4 and K2Cr2O7

method [12]. Total phosphorus (TP) was determined using the molybdenum blue colorimetric
method following HClO4 digestion [13]. Available potassium (AK) was extracted with ammonium
acetate and analyzed using a flame photometer [14]. Total nitrogen (TN) was determined by an element
analyzer [15]. Soil pH was determined by a 1:5 (m:V) soil/water ratio and measured by a corrected
desktop pH meter of Maitre-Toledo S470-B Seven Excellence [16]. Exchangeable calcium (E-Ca)
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and exchangeable magnesium (E-Mg) were determined by ammonium acetate exchange-atomic
absorption spectrophotometry [17].

2.4. DNA Extraction

DNA was extracted using the Powersoil DNA Isolation Kit (Mobio Laboratories, Inc., Carlsbad,
CA, USA). For next-generation sequencing, the V3–V4 region of 16S rRNA genes was amplified using
PCR primers 338F (ACTCCTACGGGAGGCAGCA) and 806R (GGACTACHVGGGTWTCTA AT).
The PCR products targeting the V3–V4 region of the 16S rRNA genes were purified by using
the TIANquick Maxi Purification Kit (TIANGEN Biotech (Beijing) Co., Ltd., China). Then, 16S
rRNA gene sequencing was performed on the Illumina HiSeq 2500 platform (Illumina Inc., San Diego,
CA, USA) at the MAGIENE (Guangzhou, China).

2.5. Bioinformatic Analysis and Statistical Analysis

According to the barcode sequence, the sequencing data were divided into different sample
data, and the barcode sequence was truncated. After splicing each sample with FLASH 1.2.11
software [18], the Cutadapt 1.9.1 software was employed to truncate the sequence of PCR amplified
primers and remove fragments (less than 200 bp) [19]. Using the SILVA SSURef 123 NR database
as the reference database, chimeric sequences were removed by the UCHIME 4.2 software [20,21].
Afterwards, the processed sequences were clustered with the UCLUST 1.2.22 software in operational
taxonomic units (OTUs) according to sequences with more than a 97% similarity, and the OTUs were
classified by the UCLUST 1.2.22 software alignment against the most recent SILVA (123) database [22].
The QIIME 1.9.1 software was used to perform an alpha diversity (Chao1, Simpson, Shannon,
and Observed OTUs) and beta diversity test on the OTU table [23].

SPSS 25 software (SPSS Inc., Chicago, IL, USA) for a one-way ANOVA was used to analyze
the difference soil physicochemical properties and bacterial community structure and diversity in
different land use patterns [24]. The least significant difference method was used for multiple
comparisons, and the Pearson correlation coefficient method was used for a correlation analysis.
The Origin 8.5 software was used to map the abundance of bacterial communities at the phyla level.
The OTUs whose numbers were more than 0.5% of the total OTUs were defined as the dominant
OTUs. RStudio 3.0.3 software was used to draw the heat map of the dominant OTUs and perform
a distance-based redundancy analysis (db-RDA) between the soil bacteria and soil physicochemical
parameters [25]. The similarity of the OTUs among samples was analyzed by using the Bray–Curtis
and weighted UniFrac distance algorithm of principal coordinate analysis (PCoA) [26]. The network
maps of dominant OTUs and soil physicochemical factors were drawn via the Gephi 0.9.2 software [27].

3. Results

3.1. Soil Physicochemical Parameters with Land Use Changes

It can be seen that the soil’s physicochemical properties were different in the woodland, shrubland,
and grassland (Table 1). The TP, AK, E-Mg, EC, and T in grassland were higher than those in
the woodland and shrubland. The TN and SOC in the woodland were higher than those in the shrubland
and grassland. Moreover, the soil physicochemical properties, except for some physicochemical
properties in woodland, decreased by increasing soil depth.
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3.2. Soil Bacterial Community Structure and Diversity

The dominant phyla were different in the three land use types, as well as in the A and B
layers, as seen in Figure 1. There were 13 dominant phyla in the A layer (Figure 1a). Proteobacteria,
Verrucomicrobia, and Acidobacteria were the most abundant dominant bacteria. The total proportions of
the three dominant bacteria in the A layer were woodland (80.22%), shrubland (80.07%), and grassland
(59.52%); the Verrucomicrobia in grassland were significantly fewer than those in the woodland
and shrubland; Acidobacteria, Actinobacteria, Bacteroidetes, and Chloroflexi in grassland were significantly
higher than those in woodland and shrubland (Table S1). In the B layer, the total proportions of
the three most abundant dominant bacteria were woodland (78.61%), shrubland (67.14%), and grassland
(56.03%). Among the three different land use patterns, the composition and proportions of the other
dominant phyla were different but not significant.

 
Figure 1. Comparison of the average quantitative contribution of the sequences affiliated with different
bacterial phyla from the A layer (a) and B layer (b). Sequences not classified under any known phylum
are included as unassigned bacteria. In each soil sample, the bacterial phylum with relative frequency
of less than 1% is included as others.

Moreover, the heat map clearly shows the distribution of the dominant OTUs (Figure 2).
In the A layer (Figure 2a), OTU 410 (DA101 soil group) and OTU 24 (Candidatus Solibacter) were
the dominant OTUs for the woodland; OTUs 238 and 30 (Candidatus Solibacter), OTUs 28 and 124
(Sphingomonas), OTUs 49, 69, and 27 (subgroup 6), and OTUs 58, 368, 26, and 47 (RB41) were
the dominant OTUs for grassland; and OTUs 1, 31, 2312, 9, and 823 (DA101 soil group), and OTU 12
(Acidobacteria) were the dominant OTUs for shrubland. In the B layer (Figure 2b), OTUs 163, 823, 2,
1, and 772 (DA101 soil group), and OTUs 10 and 2858 (Acidobacteriaceae) were the dominant OTUs
in shrubland. OTUs 65 and 16 (0319-6A21) and OTUs 53 and 11 (Acidobacteriaceae) were the dominant
OTUs in woodland. OTU 21 (Candidatus Xiphinematobacter), OTU 71 (Gemmatimonadaceae), and OTU 54
(Pedomicrobium) were the dominant OTUs in grassland.

The alpha diversities of the soil bacterial communities were different between the three land use
types. In the A layer, except for the Simpson index, the alpha diversity indices from grassland were
significantly higher than those from shrubland and woodland (p < 0.05), as listed in Table 2. Moreover,
there was no significant difference between shrubland and woodland (p > 0.05). In the B layer, the alpha
diversity indices of the three land use patterns were not significantly different, except for the Simpson
index. The alpha diversities decreased with an increase in soil depth, except for the Simpson index.

To investigate the effects of land use type and soil depth on soil bacterial communities, we examined
the beta diversity (Figure 3). The shrubland and woodland can be accurately clustered together,
which shows the similarity of their bacterial communities’ compositions. Compared with the A layer,
the points in the B layer were more dispersed.
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Figure 2. Heat map illustrating the mean relative frequency of the 47 most abundant operational
taxonomic units (OTUs) with abundances >0.5% in the A layer with different land uses (a). Heat map
illustrating the mean relative frequency of the 45 most abundant OTUs with abundances >0.5% in the B
layer with different land uses (b). Taxonomic assignment of the OTUs is provided at the lowest level
of classification possible according to the SILVA 123 database (D1: phylum, D2: class, D3: order, D4:
family, and D5: genus).

Table 2. Alpha diversities of the soil bacterial communities with different land use patterns.

Name Land Use Pattern Chao1 Shannon Simpson Observed OTUs

WLA Woodland 1656 ± 69 b 8.01 ± 0.23 b 0.985 ± 0.004 a 1162 ± 45 b
SLA Shrubland 1640 ± 70 b 7.69 ± 0.17 b 0.977 ± 0.004 b 1103 ± 48 b
GLA Grassland 1935 ± 75 a 8.85 ± 0.10 a 0.993 ± 0.001 a 1409 ± 25 a

WLB Woodland 1582 ± 89 a 7.80 ± 0.31 a 0.981 ± 0.005 b 1115 ± 67 a
SLB Shrubland 1565 ± 62 a 7.70 ± 0.07 a 0.982 ± 0.002 a 1030 ± 24 a
GLB Grassland 1693 ± 119 a 8.54 ± 0.37 a 0.993 ± 0.003 a 1212 ± 106 a

Note: A = 0–10 cm (A layer), B = 10–20 cm (B layer); data are the means ± standard error (means ± SE). Different
lowercase letters (a and b) in the same column represent a significant difference from the different sample points in
the same soil layer (p < 0.05).

3.3. The Relationship between Soil Physicochemical Parameters and Soil Bacteria

To assess the influence of land uses on bacterial community composition, we performed
a db-RDA on the dominant bacterial phyla. According to the db-RDA plot and Spearman’s correlations
between the soil physicochemical parameters and dominant phyla in the land use types, the first
two axes accounted for 2.86% of the variability of the bacterial community structure in the A layer.
Further, the bacterial communities were positively correlated with six soil physicochemical properties
(including SOC, TN, TP, AK, EC, and T) (Figure 4a). Verrucomicrobia were negatively correlated with
TP, T, E-Mg, AK, and EC, and positively correlated with TN and SOC. Acidobacteria were positively
correlated with EC, T, and E-Mg; Actinobacteria were positively correlated with AK, EC, T, and E-Mg;
Bacteroidetes were positively correlated with E-Mg, AK, and EC; Chloroflexi were positively correlated
with T, E-Mg, TP, AK, and EC; and Actinobacteria, Bacteroidetes, and Chloroflexi were negatively correlated
with TN and SOC (Figure 5). In the B layer, db-RDA showed that the first two axes accounted for 2.86%
of the variability of the bacterial community structure, and bacterial communities were positively
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correlated with SOC, TN, AK, and T (Figure 4b). Verrucomicrobia were positively correlated with SOC
and negatively correlated with AK, T, and E-Mg. Acidobacteria were negatively correlated with TP;
Chloroflexi were negatively correlated with TN and SOC, and positively correlated with T and E-Mg;
Actinobacteria were positively correlated with AK, TP, T, E-Mg, and EC; and Bacteroidetes were positively
correlated with AK and TP (Figure 5).

 
Figure 3. Principal coordinate analysis (PCoA) plots of soil microbial community structures based
on the Bray–Curtis and weighted UniFrac results under different land use types in the Yunnan karst
graben basin. Bray–Curtis (a); weighted UniFrac (b).

Figure 4. Cont.
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Figure 4. Distance-based redundancy analysis (db-RDA) plots revealing the relationship between
the dominant phyla (mean relative frequency >1%) and soil physicochemical parameters in the surface
layer (a) and deep layer (b). Heat map representing the relationship between the soil physicochemical
parameters and the most abundant OTUs with abundances >0.5% in the surface layer (c) and deep
layer (d). The networks revealing the co-occurring bacterial OTUs and soil properties in the surface
layer (e) and deep layer (f). The co-occurring networks are colored at the phylum level, and the size of
each node is proportional to the number of connections.

Figure 5. Spearman’s correlations showing the relationship between the soil physicochemical
parameters and dominant phyla in the three land use types. Significance levels are denoted as follows:
p < 0.05 (*) and p < 0.01 (**).

Heat maps showed that TP, T, E-Mg, AK, EC, TN, and SOC were significantly correlated with
most of the dominant OTUs, whereas pH and E-Ca were significantly correlated with some OTUs
(Figure 4c,d). In the A layer, OTUs 26, 47, 58, and 368 (RB41); OTUs 27 and 49 (subgroup 6); and OTUs 30
and 238 (Candidatus Solibacter) of Acidobacteria were significantly correlated with TP, T, E-Mg, AK, and EC
(Figure 4c). Moreover, OTUs 28 and 124 (Sphingomonas), OTU 17 (Lysobacter), OTU 54 (Pedomicrobium),
and OTU 43 (Steroidobacter) of Proteobacteria were also significantly correlated with TP, T, E-Mg, AK,
and EC (Figure 4c). In the A layer, OTUs 1, 2, 9, 31, 52, 410, 823, and 2312 (DA101 soil group) and OTUs
114 and 143 (RB41) of Verrucomicrobia and Acidobacteria were significantly correlated with SOC and TN
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(Figure 4c). In the B layer, OTU 26 (RB41) and OTUs 27 and 69 (subgroup 6) of Acidobacteria were
significantly correlated with TP, T, E-Mg, AK, and EC (Figure 4d), and OTUs 1, 2, 9, 31, 52, 410, 772,
823, and 2312 (DA101 soil group) of Verrucomicrobia were significantly correlated with SOC and TN
(Figure 4d), as confirmed by their significant relationships in Tables S2 and S3. Although representing
the relationship between soil physicochemical parameters and despite the observation that the most
abundant OTUs were different in the three land uses, these tables, on the whole, show a certain
regularity (Figure 4c,d and Figure S1). The OTU co-occurrence patterns and the relationships among soil
bacterial communities and physicochemical parameters were also investigated. Overall, the ecological
networks were markedly different among the bacterial groups at different soil depths. This network
was comprised of highly connected genera and soil physicochemical properties, thereby forming
a “small world” topology. The nodes in the network were assigned to 11 bacterial phyla (Figure 4e,f).
Among these, three phyla (Proteobacteria, Acidobacteria, and Verrucomicrobia) were widely distributed,
accounting for over 60% of all nodes. In the surface layer, OTUs 26, 47, and 58 (RB41) and OTUs 1, 2,
9, 31, 410, 823, and 2312 (DA101 soil group) of Acidobacteria and Verrucomicrobia were keystone taxa
(Figure 4e). In the deep layer, OTUs 1, 2, 9, and 2312 of Acidobacteria were keystone taxa (Figure 4f).
This study indicates that these OTUs may play key roles in maintaining the structure and function of
soil bacterial communities. It can be seen that EC, E-Mg, SOC, AK, T, and TN were the most important
soil physicochemical factors affecting the bacterial community composition in the A layer, whereas
SOC, AK, E-Mg, and TN were the most important factors in the B layer. The networks of competition
and cooperation were more complex among bacteria in the surface layer than those in the deep layer.
The correlation between bacterial communities and soil physicochemical properties decreased with
an increase of soil depth (Figure 4c–f).

4. Discussion

4.1. The Characteristics of the Soil Physicochemical Properties

Land use patterns determine the surface vegetation and soil management method, which in turn
result in a difference between soil physicochemical properties [28,29]. In our study, TP, AK, E-Mg, EC,
and the moisture in grassland were significantly higher than those in the woodland and shrubland.
However, the TN and SOC in woodland were significantly higher than those in shrubland and grassland.
It is well known that microorganisms are intimately involved in rock weathering and could use these
elements as electron acceptors and nutrients [30]. Consequently, grassland, during the early stages
of vegetation succession under the influence of microorganisms on rock weathering, had a high
concentration of AK, E-Mg, and TP compared with shrubland and woodland. However, due to
the deficient root systems and lower amount of litter in grassland, the SOC and TN were low in
the grassland. Moreover, SOC and TN are elements of soil fertility and are closely related to ecosystem
stability, environmental protection, and land use [31,32]. Compared with grassland, the litter in
woodland was high, and the root system was dense. Moreover, TN and SOC were also positively
correlated. Therefore, the contents of TN and SOC in woodland were higher than those in shrubland
and grassland. Further, soil nutrient contents decreased gradually with increasing soil depth because
the soil’s surface layer was the humus layer with rich litter, high nutrient content, a well-developed
plant root system, good ventilation, and positive hydrothermal conditions [33–36].

4.2. Distribution of Bacterial Diversity Compositions

Bacterial communities from different land use types and different soil depths were highly diverse.
In our study, soil bacterial diversity indices from grassland in the A layer and B layer were significantly
higher than those in shrubland and woodland (p < 0.05). The diversity indices of soil bacterial
communities in the three land use types decreased with increasing soil depth, which was consistent
with the changes in soil physicochemical properties. Plant community richness usually increases
during late successive stages. Moreover, increased plant community richness can significantly alter soil
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bacterial community composition and is negatively correlated with bacterial diversity [37]. An increased
plant community can supply a diverse array of resources to the soil, thereby promoting coevolutionary
niche differentiation and favoring nonantagonistic microbial communities in which antagonism plays
little role in maintaining soil community diversity [38]. The decrease in bacterial diversity with
increasing soil depth is due to the reduction in the nutrient substrates for bacteria [39]. This is consistent
with the expected depth patterns of soil bacterial diversity found in other studies [40,41].

Beta diversity was used to describe the similarities and differences in community structure.
The PCoA distance showed a pronounced influence of land use changes on soil bacterial community
structure. In our study, bacterial communities from grassland were significantly different from
those in woodland and shrubland. This shows that the rate of species replacement between
grassland and shrubland was relatively fast, possibly due to the lack of soil nutrients in grassland
and increased competition during successive stages, which intensifies the species replacement between
communities [42].

4.3. Relationships of Bacterial Communities with Basic Soil Parameters

Soil physicochemical properties determine the living environment of bacteria, which affect
soil bacterial communities [43]. Soil bacteria play an extremely important role in organic matter
decomposition, soil nutrient cycling, and ecological environment improvement [44,45]. Changes in
bacterial community compositions led us to evaluate the extent of different land uses. Then, in our study,
33 dominant phyla were found in the 18 soil samples. Proteobacteria, Verrucomicrobia, and Acrobacteria
were the most abundant dominant soil bacteria from the three land use patterns. These phyla have
also been found in different relative proportions in other ecosystems worldwide [46,47], suggesting
that they may play a fundamental role in these environments.

Proteobacteria showed no significant difference in the three land use patterns, yet their proportion
in surface soil (26.61%) was significantly higher than that in deep soil (20.95%), which could be related
to their copiotrophic living attributes. Proteobacteria belong to aerobic heterotrophic and facultative
trophic bacteria [48,49], which are able to live in soils with high organic matter content. As a result,
with an increase in soil depth, the soil nutrients decreased, and the abundance of Proteobacteria decreased.
Proteobacteria were not significantly correlated with other physicochemical factors, except for soil
moisture (Figure 5). At the same soil depth, the difference in moisture among the three land use patterns
was not significant, and the other physicochemical factors had no significant effect on the distribution of
Proteobacteria because Proteobacteria contain many subgroups with different habits, which are distributed
in different niches. The Proteobacteria’s structure is stable, and its anti-interference ability is strong.
In the surface layer, OTUs from Proteobacteria were more prevalent in grassland (Figure 2a), and most
of the OTUs were significantly correlated with TP, AK, E-Mg, EC, and T (Figure 4c). In the deep layer,
Proteobacteria were not significantly different in their land use (Figure 2b). Further, the OTUs were
not significantly correlated with the soil’s physicochemical properties (Figure 4d). These bacterial
structural differences reflect the prominent changes in particular groups. The heat map revealed that
the distribution of OTUs was strongly affected by different land uses and soil depths, and soil nutrients
appear to determine the distribution and frequency of OTUs (Figure 4c,d). Among the most frequent
Proteobacterial OTUs, six were classified at the genus level (Variibacter, Bradyrhizobium, Pedomicrobium,
Steroidobacter, Sphingomonas, Lysobacter). Interestingly, some taxonomically related OTUs from land use,
such as Proteobacteria-related OTUs (28 and 124, classified as part of the Sphingomonas group), exhibited
similar occurrence patterns. Some recent advances have demonstrated that Sphingomonas have unique
abilities in degrading refractory contaminants, serving as bacterial antagonists to phytopathogenic
fungi [50]. The genus Bradyrhizobium (OTU 4) is one of several genera of nitrogen-fixing bacteria,
which play an important role in agricultural productivity and global nitrogen cycling. Previous reports
have found that Bradyrhizobium are dominant in forest soil [51]. However, in our study, Bradyrhizobium
were found to be dominant in shrubland and woodland environments.
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Verrucomicrobia were the most widely distributed and diverse phylum of bacteria in soil habitats [49].
The proportion of Verrucomicrobia in grassland was significantly lower than that in woodland
and shrubland at different soil depths. Verrucomicrobia were distributed in various soil and aquatic
habitats, including environments with poor nutrition, eutrophication, extreme pollution, and man-made
habitats [52,53]. Verrucomicrobia may be more adaptable to oligotrophic environments in soils [54],
which are widely distributed in rhizosphere and aggregate soils. They can use a variety of carbon
compounds and may be closely related to the carbon cycle [55]. Our study found that Verrucomicrobia
were significantly positively correlated with TN and SOC (Figure 5), and significantly negatively
correlated with TP, AK, EC, and E-Mg. Because the grassland had more soil nutrients, the proportion of
Verrucomicrobia in grassland was significantly smaller than that in woodland and shrubland. Moreover,
it was found that there was a striking increase in verrucomicrobial abundances at different soil
depths (Figure 1). The slow growth rate of Verrucomicrobia may allow them to exploit the sparse
resources in subsurface soil [56]. In different soil layers, OTUs from Verrucomicrobia were enriched in
the shrubland (Figure 2a,b). Moreover, most OTUs from Verrucomicrobia were significantly correlated
with TN and SOC (Figure 4c,d). Among the most frequent Verrucomicrobia OTUs, only one (OTU 21)
was classified at the genus level (Candidatus Xiphinematobacter). Previous studies exposed the difficulty
of classifying Verrucomicrobia because the portion of culturable bacteria within the Verrucomicrobia is
quite low [57].

Acidobacteria were widespread in all types of soils with high richness [58]. In the A layer,
Acidobacteria were significantly positively correlated with EC and E-Mg (Figure 5). The proportion
of Acidobacteria in grassland was significantly higher than that in woodland and shrubland. In the B
layer, Acidobacteria had a significantly negative correlation with TP (Figure 5), though the proportion of
Acidobacteria in the three land use patterns was not significantly different. Moreover, the dominant
genera from Acidobacteria were the Blastocatella (OTU 37) and Candidatus Solibacter OTUs (21, 30,
and 238). In the surface layer, OTUs from Acidobacteria were prevalent in the three land uses, reflecting
the high adaptability of this group. In the deep layer, OTUs from Acidobacteria were more frequent in
grassland and shrubland. In addition, most OTUs were significantly correlated with TP, AK, E-Mg, EC,
and moisture. Accordingly, each abundant Acidobacteria OTU prevailed in a different niche, reflecting
the high adaptability of this group. Acidobacteria are acidophilic bacteria, which can decompose animal
and plant residues and cellulose to form organic carbon [59]. Consequently, they are more suitable
for living in a low organic carbon environment. Our study found that Acidobacteria were negatively
correlated with TOC. Moreover, there was more litter on the soil’s surface, making the surface more
suitable for the survival of Acidobacteria.

5. Conclusions

Proteobacteria, Verrucomicrobia, and Acidobacteria were the dominant bacteria, but the abundance
of bacterial communities was different. Verrucomicrobia were significantly positively correlated with
TN and SOC and significantly negatively correlated with TP, AK, EC, and E-Mg. Acidobacteria were
significantly correlated with EC, E-Mg, and TP. Different land use patterns have significant effects
on the soil’s physicochemical properties. TP, AK, E-Mg, and EC in the grassland were significantly
higher than those in the woodland and shrubland. TN and SOC in the woodland were higher than
those in the shrubland and grassland. The soil physicochemical properties decreased with increasing
soil depth, and SOC, TN, and AK were the most important physicochemical properties affecting
the composition of the bacterial community. The diversity of bacterial communities in the three
land use types decreased with an increase of soil depth, which was consistent with the trend of soil
physicochemical properties. Different land use patterns and soil depths have significant effects on
bacterial communities. Land use shapes strong effects in the soil’s bacterial community structure on
the soil’s surface layer, and the effects of land use attenuation decrease with soil depth. Compared with
deep soil, surface soil contains more nutrients that are more suitable for the growth and reproduction
of bacteria. Our study provides a basis for understanding the influence of land use patterns and soil
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depths on the bacterial community structure in the karst graben basin of Yunnan province, China.
Selecting a suitable land use according to the soil bacterial community structure of karst graben basins
has great significance. We should also consider the impacts of soil bacterial communities on land use
at different soil depths.
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Table S1: Abundance of dominant phyla in the three land use types. Table S2: Spearman’s correlations showing
the relationship between soil physicochemical parameters and dominant OTUs in the A layer. Table S3: Spearman’s
correlations showing the relationship between the soil physicochemical parameters and dominant OTUs in the B
layer. Figure S1: Heat map representing the relationship between the soil physicochemical parameters and the most
abundant OTUs with abundances >0.5% of the three land uses in different soil layers: woodland in the surface
layer (a), shrubland in the surface layer (b), grassland in the surface layer (c), woodland in the deep layer (d),
shrubland in the deep layer (e), and grassland in the deep layer (f).
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Abstract: Soil organic carbon (SOC) mineralization is closely related to carbon source or sink of
terrestrial ecosystem. Understanding SOC mineralization under plum plantation is essential for
improving our understanding of SOC responses to land-use change in karst rocky desertification
ecosystem. In this study, 2-year, 5-year, and 20-year plum plantations and adjacent abandoned land
dominated by herbs were sampled, and a 90-day incubation experiment was conducted to investigate
the effect of plum plantations with different ages on SOC mineralization in subtropical China. Results
showed that: (1) Plum plantation significantly decreased SOC content compared with abandoned
land, but there was no significant difference in SOC content among plum plantations with different
ages. Oppositely, the accumulative SOC mineralization (Ct) and potential SOC mineralization (C0)
showed different responses to plum plantation ages. (2) The dynamics of the SOC mineralization
were a good fit to a first-order kinetic model. Both C0 and Ct in calcareous soil of this study was
several- to 10-folds lower than other soils in non-karst regions, indicating that SOC in karst regions
has higher stability. (3) Correlation analysis revealed that both Ct and C0 was significantly correlated
with soil calcium (Ca), suggesting an important role of Ca in SOC mineralization in karst rocky
desertification areas. In conclusion, a Ca-rich geological background controls SOC mineralization in
karst rocky desertification areas.

Keywords: calcareous soil; plum plantation ages; organic carbon mineralization; fitting parameters;
organic carbon accumulation

1. Introduction

Due to the fragile geological and ecological conditions, rocky desertification widely occurs in the
southwest karst region of China [1], which is characterized by serious soil erosion, devoid of vegetation
and soil [2]. To effectively prevent rocky desertification, a series of ecological restorations have been
carried out to increase the forest cover and to mitigate soil erosion by the Chinese government [3].
Consequently, various land uses, including undisturbed (e.g., grassland and shrub) and man-made
(e.g., corn, woodland and fruit crop) ecosystems, have been formed in karst rocky desertification
regions. These ecological restoration measures have tremendously affected the physical, chemical,
and microbiological properties in soils [4]. Plum plantation is one of the local sustainable development
models of characteristic agriculture in karst rocky desertification areas, which can not only effectively
restore the ecological environment, but also significantly increase farmers’ income in local. In recent
years, the planting area of plum trees has been increasing continuously in the process of controlling
rocky desertification [5].
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Dynamic change of soil organic carbon (SOC) is of great significance to global C cycle and current
climate change. The quantity and intensity of carbon dioxide (CO2; an important greenhouse gas)
released by SOC mineralization through microbial decomposition can reflect the quality of soil and
evaluate soil carbon emissions into the atmosphere [6,7]. In addition, SOC mineralization is closely
related to the maintenance of soil nutrients and the formation of CO2 [8]. The CO2 emission rate
and its dynamic change process are also important indicators reflecting the change of soil quality.
Furthermore, SOC concentration at a particular time is controlled by the balance between C input from
litter and C output from SOC mineralization [9]. Investigating the SOC mineralization process is the
most effective methods to evaluate C loss or stability [10].

Vegetation type influences the rate of accumulation and mineralization of organic matter in forest
soil [11]. Some research proved that C loss from soil respiration depends on stand age. It is low
in young, high in intermediate, and low again in old stands [12,13]. Plum is one of the principal
tree species in the rocky desertification restoration area in the National Sustainable Development
Experiment and Demonstration Zone in Gongcheng county. However, there is less study about SOC
storage and SOC mineralization in plum forests in rocky desertification restoration areas. In particular,
it is not clear whether plum plantation age is the key factor controlling SOC stability and how other
factors influence SOC decomposition dynamics. In addition, calcareous soil developed on carbonate
rock is characterized by high pH and Ca materials in a karst region [1], which may lead to the obvious
differences in SOC mineralization compared to other soil types. The lack of knowledge regarding SOC
mineralization under plum plantation during karst rocky desertification restoration limits the ability
to predict how this ecosystem will respond to climate change. We hypothesized that both the karst
geological background, especially soil pH and Ca concentrations, and plantation ages may play an
important role in controlling SOC mineralization.

Therefore, we measured the distribution and mineralization of organic C in soils collected from
plum fields with different plantation ages (2 year, 5 year, and 20 year) and adjacent abandoned land in
the karst rocky desertification region of subtropical China. The main objectives of this study were to (1)
estimate SOC content, mineralization, and soil nutrients under plum plantations with different stand
ages; (2) evaluate the relative importance of soil properties affecting SOC content and mineralization;
(3) potentially assess mineralization and decomposition rates of SOC.

2. Materials and Methods

2.1. Study Area

The study site was located in the National Sustainable Development Experiment and
Demonstration Zone and also a key area of national rocky desertification control in Gongcheng
county, Guilin, Guangxi Zhuang Autonomous Region (110◦47′4′′ E, 24◦54′35′′ N) (Figure 1), which is
a subtropical monsoon climate, with an annual average temperature of 19.7 ◦C and an annual average
precipitation of 1438 mm.

The study area is a hilly and middle-low mountain landform. Its parent material is carboniferous
limestone. Karst soil is sparse and drought-prone. Because of long-term human activities, natural
vegetation is destroyed and large areas of steep slopes are reclaimed, resulting in surface rock bareness,
coupled with thin soil layer, shallow bedrock exposure, storm erosion, and a large number of rocks
gradually exposed after soil erosion. Severe rocky desertification occurs (Figure S1).
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Figure 1. The location of the study area.

2.2. Soil Sampling and Preparation

Soil samples were collected from three plum fields with 2-year, 5-year, and 20-year plantation
ages, and abandoned land was used as control. The understory of the plum plantation was dominated
by the meda villosa (Poir.) A. Camus and Digitaria sanguinalis (Linn.) Scop. The dominated plants of
the abandoned land were herbs, dominated by Miscanthus with a small amount of Conyza canadensis
(Linn.) Cronq. Fertilizer was applied four times each year, including three times of chemical fertilizer
and one time of organic fertilizer. The chemical fertilizer was compound fertilizer (including N 18%,
P2O5 18%, K2O 18%). The organic fertilizer was cattle manure (including C 413.8 g kg−1, N 2.7 g kg−1,
P2O5 1.3 g kg−1, K2O 6.0 g kg−1). Under each plum tree, an average of 2 kg of chemical fertilizer and
20 kg of organic fertilizer were applied each year. The application rate of N, P2O5, and K2O reached to
approximately 250, 100, and 240 kg ha−1 year−1, respectively.

In November 2015, three representative sites were sampled for plum plantations with different
ages and abandoned land as spatial replications, resulting in 12 soil samples. In each site, three 20 m
× 20 m plots with similar architecture and growth of plum trees, separated at least 40 m from each
other, were randomly selected. Soils of the top 0–10 cm were collected from five quadrats (1 m × 1
m) in each plot; one on each corner and one in the center were mixed to form a composite sample.
After removing animal and plant debris and stones, the collected samples were air-dried at room
temperature. The composite samples were divided into two parts. One part of the collected sample
was passed through a 2-mm sieve to carry out SOC mineralization experiment, and the other part was
grinded and passed through a 0.25-mm sieve and homogenized for soil physical and chemical property
determination, including pH, SOC, total nitrogen (TN), total phosphorus (TP), total potassium (TK),
and calcium (Ca).

2.3. Experiment Design

A laboratory incubation experiment was carried out to determine SOC mineralization. Soil
samples were incubated with a constant temperature regime at 20 ◦C, which was close to the annual
mean temperature (19.7 ◦C) in the sampled area. The incubation temperatures were controlled by
digital biochemical incubators (SPX-70B, Hangzhou Julai Instrument Co., Ltd., Hangzhou, China).
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Each soil sample (100 g dry), including three repeats, was placed in a 1000 mL incubation jar
(Figure S2). The soil moisture content was adjusted to 60% of field capacity prior to incubation.
All samples were pre-incubated at 20 ◦C for 7 days to minimize the burst of respiration due to wetting
the dry soils [10]. Then, a 50 mL beaker containing 10 mL of 0.1 mol/L NaOH solution was placed at the
bottom of the incubation jar, sealed and capped, and incubated in a 20 ◦C thermostat in darkness. Three
blank controls (no soil addition) were arranged at the same time in order to eliminate the influence of
CO2 in the air when NaOH solution was replaced every time. A total of 39 samples, including 12 soil
samples with 3 incubation replicates and 3 blank controls, were used for the incubation experiment.
Deionized water was added to the soil twice a week to keep the loss of soil water within 2% [14].
The 50 mL beaker containing 10 mL of 0.1 mol/L NaOH solution was replaced at days 2, 5, 8, 14, 20, 26,
32, 38, 44, 62, 74, and 90. The amount of CO2 released during incubation can be calculated by titrating
residual NaOH with 0.1 mol/L HCl solution.

2.4. Methods

Soil pH was determined at a 1:2.5 (w/v) soil/water ratio by a digital millivolt pH Meter-2 (DMP-2
mV/pH) detector (Quark Ltd., Nanjing, China); SOC was determined using the K2Cr2O7–H2SO4

volumetric dilution heating method; total nitrogen was determined using the Kjeldahl procedure [15];
total potassium (TK) concentration was determined with the HF–HClO4 flame photometric method; and
total phosphorus (TP) was measured using HClO4–H2SO4 digestion followed by an Mo–Sb colorimetric
assay [1]; soil calcium (Ca) was extracted by HNO3–HF–HClO4 and analyzed by inductively coupled
plasma–atomic emission spectrometry (ICP–AES). Three replicates were performed for each soil sample.

The mineralization of SOC was calculated by the following Equation (1).

Cm = CHCl × (V0 − V1) × 22/0.1 (1)

where Cm was the amount of CO2 release (mg CO2/kg soil); CHCl was the concentration of hydrochloric
acid (mol/l); V0 was the volume of hydrochloric acid consumed in blank titration (ml); V1 was the
volume of hydrochloric acid consumed in titration of samples (ml); 22 was half of the Molar mass of
CO2 (mol/kg); 0.1 was soil weight (kg).

2.5. Data Analysis

The data was fitted in an exponential model using the data analysis and graphing software
(Origin ver. 7.5; Origin Lab Corp., Northampton, MA, USA) to obtain kinetics of SOC mineralization
(Equation (2)) [16].

Ct = C0 (1 − e−kt) (2)

where Ct was the cumulative mineralization of SOC after t days; C0 was amount of potential
mineralizable SOC (mg/kg); k for constant of mineralization rate of SOC (/day).

The half-turnover period was calculated by Equation (3).

T1/2 = 1n2/k (3)

where T1/2 was half the turnover period (day).
The obtained data were statistically analyzed using the analysis Statistical Package Social Science

(SPSS ver. 20.0; IBM Corp., Armonk, NY, USA) to compare the analysis of variance. Tukey’s honestly
significant difference (HSD) was then calculated for indicating the significant differences in soil
properties and SOC mineralization (p < 0.05). Graphs were plotted using the Origin 7.5 program.
The correlations between the SOC mineralization and the soil chemical properties were analyzed by
the Pearson correlation test.
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3. Results

3.1. Soil Chemical Properties as Affectted by Plantation Age

Compared to abandoned land, plum plantation significantly decreased pH and the contents of
SOC and TN (p < 0.05) (Table 1), but there was no significant difference among plum plantations with
different ages (p > 0.05). Although C/N ratios in soils under plum plantation were lower than that
under abandoned land, the significant difference was not found between abandoned land and plum
plantations. There was no significant difference in TP contents among abandoned land and three plum
plantations (p > 0.05). The highest TK contents were found in soils under 5-year plum plantation and
abandoned land, which were significantly higher than 2-year and 20-year plum plantations. Plum
plantation significantly decreased Ca contents compared with abandoned land (p < 0.05), with the
lowest in soil under 5-year plum plantation.

Table 1. Soil properties under plum plantations with different ages.

pH SOC (g/kg) TN (g/kg) C/N TP (g/kg) TK (g/kg) Ca (%)

CK 6.60 ± 0.10 a 22.38 ± 0.53 a 1.01 ± 0.04 a 25.97 ± 1.62 a 0.49 ± 0.08 a 18.07 ± 0.05 a 0.97 ± 0.13 a

2 year 5.31 ± 0.32 b 11.87 ± 3.18 b 0.61 ± 0.18 b 22.83 ± 2.82 a 0.55 ± 0.25 a 14.56 ± 0.55 b 0.54 ± 0.23 b

5 year 5.91 ± 0.51 c 10.17 ± 3.28 b 0.74 ± 0.20 ab 17.96 ± 8.61 a 0.44 ± 0.21 a 19.47 ± 1.68 a 0.27 ± 0.10 c

20 year 5.17 ± 0.28 b 11.70 ± 5.27 b 0.66 ± 0.27 b 21.34 ± 6.50 a 0.63 ± 0.31 a 15.06 ± 1.25 b 0.40 ± 0.16 bc

Note: CK represents abandoned land; 2 year represents plum forest plantation for 2 years; 5 year represents plum
forest plantation for 5 years; 20 year represents plum forest plantation for 20 years. SOC represents soil organic
carbon; TN represents total nitrogen; C/N represents the molar ratio of soil organic carbon (SOC)/TN; TP represents
total phosphorus; TK represents total potassium; Ca represents calcium. Identical letters indicate no significant
differences in the average values among soils under different plantation ages at the 0.05 level.

3.2. Mineralization Rate of Soil Organic C under Plum Plantations with Different Ages

Soil organic carbon mineralization rate decreased with incubation time (Figure 2), and accorded
with logarithmic function y = a + bln(x) (Table 2), indicating that SOC mineralization rate would
change b% absolute value when incubation time changed by 1% unit.

Figure 2. Daily mineralization rate of soil organic carbon.
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Table 2. Regression equation of SOC mineralization rate relative to plum plantation age.

Treatment Regression Equation R2

CK y = 8.221 − 2.101ln(x) 0.734 **
2 year y = 4.499 − 1.078ln(x) 0.835 **
5 year y = 4.736 − 1.085ln(x) 0.831 **

20 year y = 4.040 − 0.971ln(x) 0.853 **

Note: y represents CO2 production rate; x represents incubation day; ** means significant correlation at 0.01 level.

Based on the decline rate of SOC mineralization (Figure 2), it can be divided into three stages.
The first stage (2–14 days) was the early stage of the incubation. The rate of CO2 production
decreased rapidly from the peak (2 days) and changed greatly. There was no significant difference
in the mineralization rate of SOC among three planting ages, but it was significantly lower than CK.
The second stage (14–62 days) was the medium stage of the incubation, and the rate of CO2 production
declined from a slow stage to a stable stage. The SOC mineralization rate of CK was higher than that in
the three planting ages. At the last stage (62–90 days), the SOC mineralization rate of CK began to be
lower than that of soils under plum plantations with different ages, and the difference was significant.

3.3. Cumulative Mineralization of Soil Organic Carbon Under Plum Plantations with Different Ages

Carbon mineralization showed a curvilinear relationship with time over the incubation period
(starting from 0 to day 90) (Figure 3). Across different plantation ages, cumulative CO2–C emission
varied from 2.29 mg CO2–C/kg soil (day 2) to 61.17 mg CO2–C/kg soil (day 90).

Figure 3. Cumulative mineralization of SOC relative to plum plantation age.

The cumulative release of CO2 increased with incubation time, but the cumulative release intensity
gradually slowed down. During the whole incubation, the cumulative release of CO2 was higher in
CK than that in plum plantations with different ages. The cumulative release of CO2 was ranked as
2-year, 20-year, and 5-year plantations.
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3.4. Parameters of Soil Organic Carbon Mineralization Kinetic Equations Under Plum Plantations with
Different Ages

The first-order kinetic equation was used to fit the cumulative mineralization of SOC under
plum plantations with different ages, and the fitting results were good (R2 > 0.90). The potential
mineralization of SOC (C0) and constant for SOC mineralization rate (k) estimated from the first-order
kinetic equation are shown in Table 3. The values of C0 ranged from 44.13 (5-year) to 67.10 mg/kg (CK),
and it was significant higher in CK than that in plum plantations (p < 0.05). The CO2–C release from
mineralization of soil potential organic C, i.e., the turnover rate (k) of bioactive organic carbon pool,
ranged from 0.043 (2-year) to 0.079 day−1 (CK), and the half-turnover period was 8.80 (CK)–16.1 day
(2-year) (Table 3). The values of k for different plum plantation ages showed the same trend with C0.
With increasing plum plantation age, soil potential mineralized C pool decreased, but soil potential
mineralized C pool increased slightly after 20-year plum plantation, although the difference was not
significant between 5-year and 20-year plum plantations (p > 0.05).

Table 3. Cumulative mineralization of SOC after the 90 days of incubation and parameters of its
kinetic equations.

Treatment Ct (mg/kg) C0 (mg/kg) k (/d) T1/2 (d) C0/SOC (%) R2

CK 73.52 ± 8.43 a 67.10 ± 7.56 a 0.079 ± 0.003 a 8.80 0.30 0.93
2-year 61.17 ± 5.56 b 57.92 ± 1.33 b 0.043 ± 0.001 b 16.1 0.49 0.96
5-year 48.09 ± 3.27 c 44.13 ± 5.71 c 0.060 ± 0.001 c 11.6 0.43 0.93

20-year 53.60 ± 4.11 c 49.85 ± 2.55 c 0.046 ± 0.002 b 15.1 0.43 0.94

Note: Ct represents cumulative mineralization of SOC; C0 represents amount of potential mineralizable SOC; k
represents constant of mineralization rate of SOC; T1/2 represents half-turnover period; C0/SOC represents ratio of
potential mineralizable organic carbon to total organic carbon in soil. Values followed by different letters in the
same column mean significance at 0.05 level.

3.5. SOC Mineralization as Affected by Chemical Properties

Many environmental factors might influence the mineralization of SOC [17]. Soil organic carbon
content was positively correlated with Ct and C0. Therefore, the difference of SOC mineralization in
plum plantations with different ages was mainly due to the difference in SOC content. The proportion
of active organic C varies with the content of SOC. Among the many factors, the Ca content and C/N
ratio significantly affect SOC mineralization (Table 4). The mineralization rate of SOC was the highest
in the abandoned land with the highest Ca content and C/N ratio.

Table 4. Correlations between the C parameters and soil property factors.

pH SOC TN C/N TP TK Ca

Ct 0.593 0.923 ** 0.690 0.974 ** −0.035 −0.079 0.959 **
C0 0.524 0.883 * 0.621 0.981 ** 0.014 −0.159 0.931 **
k 0.986 ** 0.823 * 0.983 ** 0.423 −0.627 0.741 0.733

* Significant correlation (p < 0.05); ** Extremely significant correlation (p < 0.01).

4. Discussion

4.1. Effects of Plantation Ages on Soil Chemical Properties

Plum plantation significantly reduced SOC content by about 50% compared with abandoned
land, which may be attributed to the changes in agricultural managements (e.g., the clear-cut of forest,
tillage and mineral N fertilizer). Except for the direct reduction in litter input to soil, weed control,
tillage, and mineral N fertilizer can also stimulate the decomposition of SOC, thereby lowing SOC
content. Despite applying large organic fertilizer during plum plantation, it may not counterbalance the
negative effect on SOC consumption through litter reduction and agricultural managements. However,
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SOC contents did not exhibit the obvious differences among plum plantations with different ages,
suggesting that SOC pool is maintained at the relatively stable level once grassland is converted to
plum, irrespective of plum plantation years.

The C/N value in the studied soils was relatively stable, and no significant difference was found
among plum plantations with different ages. This was in agreement with the previous result that
the C/N ratio was relatively stable and was insignificantly affected by climate, although C and N
concentrations had great spatial variability [1]. Compared with abandoned land, TP content in soil
under plum plantation did not significantly change, which was consistent with a previous study that
TP was mainly derived from the weathering release of soil minerals, rather than from the short-term
biological cycle in karst rocky desertification areas [1]. Oppositely, potassium sources in soil are
mainly derived from potassium minerals and fertilization. With the increase of plum plantation ages,
Ca content in soil decreased obviously, which may be because plum trees absorb a lot of Ca as one of
the nutrient elements in the process of growth.

4.2. SOC Mineralization and Affecting Factors

In this study, CO2 production rate is faster in the initial stage of incubation, possibly owing to the
priming effect [18]. After pre-incubation, a large number of active organic substances such as sugars
and proteins can be effectively decomposed by microorganisms in the initial stage of mineralization [8].
Greater SOC mineralization in abandoned land than plum plantations was often attributed to greater
total SOC [19] or greater labile SOC, e.g., dissolved organic carbon (DOC) and microbial biomass
C (MBC), which could stimulate the abundance and activity of microorganisms, and subsequently
accelerate SOC mineralization [20,21]. With the prolongation of incubation time, the mineralization
rate of SOC gradually decreased with decreasing decomposable organic matter. At the later stage of
incubation, the organic matter in soil was mainly composed by cellulose and lignin [18], which were
difficult to decompose and could not be utilized by microorganisms, resulting in the decline of the
mineralization rate of organic carbon. The CO2 efflux rate in this study showed a similar trend with
many research results [8,18,22]. In addition, the relationship between SOC mineralization rate and
incubation time was logarithmic function, which was consistent with previous research results [8,23,24].

The cumulative mineralization and mineralization rate of SOC under plum plantations with
different ages decreased compared to abandoned land. High CO2 emissions probably indicate high
biological activities in soil [25] and this might take place through microbial exhalation [26], as well as
the emissions of CO2 during organic matter decomposition [27]. Thus, it is no wonder to find out that
the efflux rate of CO2 from the plantation soils was lower than that in abandoned land. The long-term
application of chemical fertilizer during plum plantation is not conducive to the formation of soil
aggregates. This may exacerbate the microbial growth environment, resulting in the decrease of soil
microbial biomass [28]. It may also be that N in fertilizer combines with lignin in soil to form more
stable organic compounds [29], which then inhibits the mineralization of SOC. The mechanism of
soil characteristics affecting microbial species and activities in plum forests of different ages in karst
mountainous areas remains to be further studied.

4.3. Carbon Pool Stability and Factors that Potentially Affect SOC Decomposition

Both cumulative CO2–C emission and potential mineralizable SOC in calcareous soil of this
study was several- to 10-folds lower than that in other soils [8,13,17], similar to the results in soils of
karst regions [30], indicating that SOC in karst regions has higher stability. Both Ca and C/N were
important factors affecting SOC mineralization in this study. Soil C/N affects the abundance, activity,
and community composition of microorganisms [31]. Calcium is the necessary metabolic component
of microbial growth, and fungal and bacterial heterotrophs may access and accumulate root Ca to
form oxalates, which can be used to maintain microbial metabolism under unfavorable soil conditions.
Therefore, it has an important influence on the decomposition of SOC.
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5. Conclusions

The amount of SOC mineralization is governed by the net C content in soil. Results of this
research showed that mineralization of SOC occurred, but was somewhat several- to 10-folds lower
in karst soils, indicating that SOC in karst regions has higher stability. The higher SOC and the
consequent higher release of CO2 in this study may indicate a reversible equilibrated process between
decomposition of soil organic matter and buildup of more stable organic components at the same time.
The mineralization of SOC under plum plantation is significantly correlated with soil Ca, suggesting
an important role of Ca in SOC mineralization in rocky desertification areas. Furthermore, it was also
found that agricultural management, e.g., fertilization and weed control under plum forests, may play
an important role in SOC mineralization.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/12/1107/s1:
Figure S1. Rocky desertification in the study area; Figure S2. The sketch of the incubation device.
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