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A B S T R A C T

Tropical soils are critical terrestrial carbon reservoirs with abundant biodiversity that respond rapidly to en-
vironmental change. Globally, the expanding conversion of natural tropical forest to plantations in recent
decades, to meet economic demands, has markedly influenced the cycling of soil organic carbon (SOC) pools;
however, the mechanisms underlying the changes in SOC dynamics are poorly understood. In this study, we
examined the SOC dynamics and soil microbial communities at five adjacent tropical forest sites characterized
by different logging and plantation practices over the past few decades on Hainan Island, China, by applying
natural abundance radiocarbon (14C) and phospholipid fatty acid (PLFA) analysis. At a> 35-year rubber
plantation site and a> 50-year eucalyptus plantation site, an abnormal up-profile decrease in radiocarbon
abundance was observed in the upper 30 cm soil layer. This could be indicative of continued soil organic matter
decomposition long after forest–plantation conversion, and was consistent with the SOC inventories in the upper
30 cm soil layer at the two sites being significantly lower than those of NF. Both the SOC apparent radiocarbon
ages and SOC inventory at a eucalyptus plantation site in which tillage was stopped 20 years ago were similar to
those of NF, indicating that a recovery process had occurred. The soil microbial biomass was generally lower at
the plantation sites than at the NF site. Both the radiocarbon abundance and SOC inventories in the upper 30 cm
soil layer showed positive correlations with the soil microbial biomass, suggesting that microbes may have
played a key role in the fate of SOC. This study provided evidence that forest–plantation conversion may fa-
cilitate the dissimilation of SOC, and also demonstrated that radiocarbon can serve as a powerful tool for as-
sessing the potential changes of soil carbon dynamics resulting from forest-to-plantation conversion.

1. Introduction

Forest conversion from natural forest (NF) to plantation is in-
creasing globally. The proportion of planted forests increased from 4%
to 7% of all forests worldwide, from 1990 to 2015 (FAO, 2018). Forest
conversion significantly influences soil properties and biochemical
processes (Ross, 1993; McGrath et al., 2001; Pabst et al., 2013), po-
tentially leading to decreased fertility, soil erosion, reduced biodi-
versity, and frequent occurrences of pests and diseases (Liu et al.,
2017).

One emerging concern related to forest-to-plantation conversion is

the influence of the anthropogenic activity on the fate of soil organic
carbon (SOC). Changes in forest cover, which affect the carbon in-
ventory, may increase the exportation of carbon from soils to the at-
mosphere and hydrosphere (Foley et al., 2005), in turn influencing the
SOC sequestration and thus the likelihood of mitigating global climate
change and food security (Lal, 2004).

The fate of SOC influenced by the anthropogenic activity is parti-
cularly important in tropical regions, wherein millions of hectares of
forest are cleared annually for agriculture, pasture, cultivation, and
timber (Abood et al., 2015; Guillaume et al., 2015; Laumonier et al.,
2010; Margono et al., 2014; Wilcove and Lian, 2010). Additional
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knowledge of the mechanisms and magnitude of the response of the
SOC pool in tropical soils to forest–plantation conversion is urgently
needed (Van der Kamp et al., 2009). Although some studies have in-
dicated that loss of surface and subsurface SOC has occurred during NF
conversion to agriculture in humid tropical regions, such as Indonesia
(Noordwijk et al., 1997; Don et al., 2011), there have been few studies
on the influence of forest–plantation conversion on the fate of SOC in
other tropical regions.

The fate of forest SOC is often difficult to predict due to the effects of
various factors driving SOC mineralization, such as forest type, climate,
and soil properties (IPCC, 2007). It is important to understand and
quantify the effects of these factors on carbon flux between the soil and
atmosphere, and on feedbacks within the global carbon cycle (Mahecha
and Schmidtlein, 2010). Earth system models (ESMs) have been used to
ascertain the role of tropical soils in the carbon balance following for-
est–plantation conversion, but simulated carbon dynamics have not yet
been systematically tested against observations (Trumbore et al., 1995;
Schmidt et al., 2011). A reduction of the SOC inventory has frequently
been observed in agriculturally modified soils, attributed mostly to
reduced annual input of plant residues, increased decomposition, and
accelerated soil respiration. Increases in soil temperature, aeration,
moisture, and mechanical stirring have been suggested as the factors
driving reduction of the SOC inventory (Harrison et al., 1993). Soil
organic matter (SOM) persists not only because of its intrinsic proper-
ties, but also due to physicochemical and biological influences from the
surrounding environment that modify the probability and rate of de-
composition (Schmidt et al., 2011). This highlights the key role of soil
microbes in the cycling of SOC (Figuerola et al., 2015).

Natural abundance radiocarbon (14C) is useful for tracking the fate
of SOC, but data on soil radiocarbon are still limited. Radiocarbon is a
cosmogenic radionuclide with a half-life of 5,730 years, which makes
the 14C/12C ratio a useful parameter reflecting the rates of SOM de-
composition and radioactive decay (Trumbore, 2000). The thermo-
nuclear weapons testing conducted in the early 1960s nearly doubled
the 14C/12C ratio in the atmosphere, producing a “bomb peak” that has
since served as a global isotopic tracer for carbon exchange among
different carbon reservoirs (Levin and Hesshaimer, 2000). Radiocarbon
serves as a “clock” indicating the amount of time that carbon has spent
in the ecosystem, and can be helpful for quantifying carbon residence
time in undisturbed systems. Therefore, by reference to natural abun-
dance radiocarbon, the source and turnover rate of SOC can be calcu-
lated, enabling evaluation of the forest–plantation conversion occurring
at the decadal scale on SOC dynamics. Previous studies on soil radio-
carbon have provided evidence that SOC sequestration may be sub-
stantially overestimated by many ESMs (He et al., 2016), and that fast
cycling SOC pools would be more sensitive to environmental changes
than slow cycling SOC pools (Harrison et al., 1993; Trumbore, 1993;
Trumbore et al., 1999; Mathieu et al., 2015). In natural soil horizons,
radiocarbon analysis has indicated decreasing radiocarbon abundance
from the surface to the deep soil, which may be attributable to different
biochemical processes through which soil microbe by-products are
produced, and to the stabilization of SOM (Trumbore, 2009).

Through radiocarbon analysis, this study examined the potential
influence of forest–plantation conversion on the fate of SOC in a tro-
pical region. Hainan Island was the field study location. With an area of
3.22 million hectares, Hainan Island is the largest tropical island in

Fig. 1. Location and forest type of sampling forest sites in Hainan Island (The map is based on Google Earth).
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China. Widespread forest conversion, from natural tropical forests to
rubber tree and eucalyptus plantations, has taken place since the 1960s,
and there is a good record of the logging and plantation activities
conducted over the decades, which is ideal for the purposes of this
study.

2. Materials and methods

2.1. Study area

Hainan Island is located in a typical tropical monsoon climate re-
gion. It is the only major island in the Indo-Burma biodiversity hotspot
(Zhai et al., 2012), showing very high levels of overall diversity and
floral endemism. After World War II, the island became the biggest
rubber production area in China due to its geographical advantages
(Hainan Provincial Bureau of Statistics, 2018). Rubber tree and eu-
calyptus are planted on a large scale. With a 30-year life cycle, most
first-generation rubber trees were generally replaced by second-gen-
eration trees, which will be further replaced by the third generation
(Fig. 1). To harvest rubber latex, local people make annual cuts on
rubber tree trunks at 30° from the horizontal (rubber tapping) to create
a latex vessel. The tapping usually starts from 6 years after plantation
and lasts for 30 years until felling. Therefore, the tap marks left on the
trunk can help confirming the age of rubber trees.

Our study area is one of the earliest rubber plantation areas in the
northwest of Hainan Island (19°26′–19°27′ N, 109°38′–109°39′ E), c.a.
10 km from the centre of Danzhou City (Fig. 1). The annual average
temperature, precipitation, and relative humidity are 23.5 °C,
1705 mm, and 83%, respectively (Donghai et al., 2006). The soil in the
studied region is classified as Ultisol by the US Soil Taxonomy system
and Latosol by Chinese geographic classification system, i.e. a mineral
soil including argillic horizon, showing reddish dark brown on the
surface, presenting strong acidic. The annual average soil temperature
was over 8 °C (Matson et al., 1999; Uexküll and Mutert, 1995).

2.2. Experimental design

According to the logging and plantation history, five forest sites
were selected for measuring natural abundance radiocarbon, SOC in-
ventory and soil microbial communities. Among the five sites (Fig. 1),

• NF is at a naturally formed secondary forest growing where a pri-
mitive forest had been logged in the 1950 s, dominate by Psychotria
L;

• RU_15 yr is at a ‘newly’ planted first-generation rubber tree forest
for 15 years, in place of a logged natural secondary forest, and is
referred here as a> 15-year rubber plantation site.;

• RU_35 yr is at a second-generation rubber tree forest, in place of a
logged first generation rubber plantation, and is referred as a> 35-
year rubber plantation site;

• EU_50 yr is at a forest with sustaining eucalyptus forest for 50 years,
on the basis of a logged natural secondary forest, and is referred
as> 50-year eucalyptus plantation site;

• EU_RF is at an eucalyptus forest abandoned 20 years ago, featuring
an unmanaged eucalyptus mixed with natural invading native
broadleaf species (Psychotria L. et al.), and is referred as as a re-
covering eucalyptus plantation site.

2.3. Soil sampling and physicochemical properties

The field sampling was carried out in January 2015. At each forest/
plantation site, five replicated soil profiles in a range of 10 × 10 m area
were collected. Three soil pits (~1 m depth) were hand dug using a
clean stainless steel spade. Soils from the O (0–10 cm), A (10–30 cm), B
(30–50 cm), and C (50–100 cm) horizons were distinguished and col-
lected, respectively. At sites where the upper-layer soil (O and A

horizons) was thicker than 30 cm along the 1 m excavated profile, only
the upper 30 cm soil layer (O and A horizons) were collected; whereas
samples from the upper 30 cm layer (O and A horizons) and subsurface
soil (B or C horizon) were collected at the rest sites. Upon soil collec-
tion, superficial litter, large roots and nonorganic materials if any were
hand removed. Soil samples were sealed in plastic bags, ice-cooled in
portable cool boxes, and immediately transported to the laboratory.

After passing through a 2 mm sieve, a portion of the upper 30 cm
soil layer (O and A horizons), with the most abundant microbes and
representing the active SOC pool, were employed for SOC inventory
and microbial analysis, respectively. Specifically, about 10 g soil sample
from the O and A horizons (0–30 cm) from each soil profile were stored
at 4 °C for soil PLFA analysis within 2 days. The remaining soils were
dried at 30 °C to a constant weight. A well-mixed ~ 20 g of O and A
horizons (0–30 cm) soils was ball-milled to homogenise for chemical
analysis. The soil samples were characterised for soil density, moisture,
SOC, total nitrogen (TN), total phosphate (TP) and soil pH, respectively,
following existing lab protocols. Briefly, soil density was measured
using a bulk density ring approach; moisture was by conventional dry-
wet weight method; SOC and TN were analysed with a Vario EL III
elemental analyser (Elementar, Germany); TP was analysed with a Seal
continuous flow auto-analyser (type AA3) with soil being digested in
sulphuric acid/hydrogen peroxide reagent; soil pH was measured using
a PHSJ-4F pH meter (Rex Electric Chemical, Shanghai, China) with soil
being dissolved in KCl solution (1.0 M) at a ratio of 1:2.5 (m/v).

2.4. PLFA analysis

PLFA extraction was performed following the Bligh–Dyer method
(Bligh and Dyer, 1959). The retrieved PLFAs were trans-methylated in
mild alkaline methanol to yield their fatty acid methyl esters (FAMEs)
for gas chromatographic (GC) separation. Briefly, the dried phospho-
lipid fractions were dissolved in 1 mL MeOH/toluene (1:1, v/v), fol-
lowed by adding 1 mL KOH in methanol (0.2 M, freshly prepared), and
incubated in a water bath at 37 °C for 15 min. Then the liquid phase was
split by adding 2 mL hexane/chloroform (4:1, v/v) solution, 0.3 mL
acetic acid, and 2 mL milli-Q water. The upper organic phase was
transferred to a test tube. The bottom phase was washed again with
2 mL hexane/chloroform (4:1, v/v) solution. The supernatant was
combined in the same test tube, and then evaporated under nitrogen
stream until dry.

Qualitative analyses of FAMEs was mainly performed using the GLC
reference standard GRS617 prepared by Brian Nutter (Nu-Chek-Prep,
Elysian Township, MN, USA) with a combination of pure fatty acid
standards (Supelco 37 Component FAME Mix and 26 component
Bacterial Acid Methyl Ester Mix 47080-U; Sigma, Deisenhofen,
Germany). In addition, a pure C19:0 FAME purchased from Dr.
Ehrenstorfer (Germany) was dissolved in hexane and used as an internal
standard for the quantification of FAMEs. Microbial biomass was cal-
culated as the sum of all peaks (µg PLFA/g soil) of PLFAs identi-
fied < 20.5 carbon atoms long (Vestal and White, 1989; Zelles, 1999).
PLFAs representing broad taxonomic groups such as fungi and Gram-
positive, Gram-negative, methanotrophic, and anaerobic bacteria have
been used successfully to describe soil microbial community composi-
tions, particularly where the influence of plant compounds and waxes
were removed (Frostegård et al., 2011; Ruess and Chamberlain, 2010;
Zelles, 1997). Here, we calculated the specific PLFA biomarkers and
their relative abundances to represent various bacterial and fungal
groups: 15:0 iso (Kaur et al., 2005; Zelles, 1997, 1999) (Gram-positive
bacteria), 16:0 10-methyl (Ratledge, 2008) (actinobacteria); 16:1 w7c
(Ratledge, 2008; Zelles, 1999) (Gram-negative bacteria), 16:1 w5c
(Olsson, 1999; Olsson et al., 1995) (arbuscular mycorrhizal fungi), 18:1
w9c (Bardgett et al., 1996; Frostegård et al., 2011) (saprotrophic fungi),
18:2 w6,9c (Frostegard and Baath, 1996; Joergensen and Wichern,
2008; Kaiser et al., 2010) (saprotrophic fungi) and 19:0 cyclo (Vestal
and White, 1989) (anaerobic, gram-negative bacteria).
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2.5. SOC inventory estimation

We estimated only the carbon inventories in the upper 30 cm soil
layer of all soil profiles. The amounts of SOC stored in soil were cal-
culated by measured SOC content and bulk density (BD) in the soil
horizons, as shown in Eq. (1) (Torn et al., 2009).

= × ×g

SOC inventory(g C/cm )

BD(g soil/cm ) (g SOC/ soil) depth(30 cm)

2

3 (1)

2.6. Radiocarbon analysis of SOC

To minimize the cost for radiocarbon analysis, we measured only
soil-layer composite samples, which were carefully prepared by mixing
the same-layer samples from the five replicated soil profiles, on the
basis of equal SOC mass contribution at each forest/plantation site.
Even this experimental design does not include necessary replicates to
make generalisable inference about land-use influence on the SOC dy-
namic, the radiocarbon analysis of soil-layer composite samples from
the five forest sites can provide useful information about the forest-to-
plantation conversion influence. The sub-soil mass in composite soil
was calculated to meet the detection limit of radiocarbon analysis
(~100 μg carbon) and SOC content. Thus, a radiocarbon data would
represent an average of the five replicated sub-soils. Combustion and
graphitisation of soil samples were performed in Guangzhou Institute of
Geochemistry (GIG) using published procedures (Ding et al., 2010). The
graphitised samples were measured at the AMS facility in the State Key
Laboratory of Nuclear Physics and Nuclear Technology, Peking Uni-
versity, with a precision above 0.5‰.

Radiocarbon abundance is reported as Δ14C values per mille (‰)
relative to the 14C activity of the oxalic acid standard with 1-σ mea-
surement uncertainty (Reimer et al., 2004; Stuiver and Polach, 2006).
Negative Δ14C values corresponded to radiocarbon levels before 1949,
and positive Δ14C values indicated the contribution of radiocarbon
derived from atmospheric nuclear weapons testing in the 1950s and
1960s.

2.7. Statistical analysis

Redundancy analysis (RDA) was performed by the “Bioenv” func-
tion in the “vegan” package (vegan v2.4–4) of R software (R
Development Core Team, Vienna, Austria), using UniFrac weighting
and the normalised distance matrix with default parameters.
Correlation analysis was conducted using SPSS for Windows (ver. 20.0;
SPSS Inc., Chicago, IL, USA). One-way ANOVA and multivariate ana-
lysis of variance (MANOVA) were used to examine the significance of
differences and variability at the 95% confidence level (P < 0.05),
respectively.

3. Results and discussion

3.1. Abiotic soil properties

Detailed soil density, moisture, pH, SOC, TN, TP, SOC to TN (C/N)
ratio are shown in Figs. 2 and S1. Among the five forest sites, the abiotic
parameters of soil moisture (12–18%), pH (3.8–4.5), SOC (0.8–1.5%),
and total phosphorus (TP; 0.016–0.060%) showed significant differ-
ences (Fig. 2), whereas soil density (1.3–1.6 g/cm3), TN (0.10–0.12%),
and the C/N ratio (8–13) were similar (Fig. S1). There results were in
general agreement with those reported in previous studies of tropical
forest soils in China, including soils on Hainan Island (Liu et al., 2017;
Xiankai et al., 2015).

The>15-year rubber plantation site (RU_15 yr) showed higher soil
moisture values than the other sites (18% vs. 12–15%) (Fig. 2). This
may be attributable to the higher soil density and leaf area index (LAI;

Wu et al., 2009) at the RU_15 yr site, as the rubber plantation is cur-
rently in its vigorous growth stage. Regarding soil pH, the rubber
plantation sites were more acidic (pH 3.7–4.0) than the NF site (pH 4.2)
and the eucalyptus plantation sites (pH 4.4–4.5). The RU_35 yr and
EU_50 yr sites (0.8%) had significantly lower SOC levels than the NF,
RU_15 yr, and recovering eucalyptus plantation (EU_RF) sites
(1.1–1.5%), indicating greater soil erosion with longer plantation time.
The soil at RU_35 yr (0.06%) had significantly higher TP than the soil at
the other sites (0.02–0.03%), which may be related to the large amount
of phosphate fertilizer applied in the latter stages of rubber plantation.

3.2. Soil microbial biomass and structures

Microbially regulated SOC pathways are expected to affect the cy-
cling of SOM (Smith et al., 2014; Trumbore, 2009), and the composi-
tions and concentrations of phospholipid fatty acids (PLFAs) have been
employed widely as indicators of microbial structure and mass in soil.
The PLFA-derived soil microbial community biomass for the different
forest sites, including total bacteria, fungi, Gram-positive bacteria,
Gram-negative bacteria, and microbes, are compared in Figs. 2 and 3.

The fungi-to-bacteria (F/B) ratio showed significant differences
among the five forest sites (Fig. 2), but the Gram positive-to-Gram ne-
gative bacteria (GP/GN) ratio did not (see Fig. S1). The F/B and GP/GN
ratios are indicative of the microbial community structure in soil. The
F/B ratio at RU_35 y (1.0) was significantly higher than the ratios at the
other forest sites (0.4–0.6), suggesting that a longer rubber plantation
time may result in distinct changes in the microbial community struc-
ture.

The total soil microbial biomass, and that of each microbial com-
munity, showed similarities among the five forest sites (Fig. 3). The soil
microbial biomass at plantation sites EU_50 yr, RU_15 yr and, espe-
cially, RU_35 yr was obviously lower than that of the NF. After cessation
of tillage for 20 years, the microbial biomass at EU_RF was higher than
that at the other plantation sites, and approximately equal to half the
biomass of site NF. It can be concluded that, in rubber and eucalyptus
plantations in tropical areas, loss of microbial biomass will occur over
time. Even after cessation of tillage for 20 years, the microbial biomass
in the eucalyptus plantations was not comparable with that in the NF.

A redundancy analysis (RDA) was applied to explore the potential
environmental factors driving microbial change. Environmental para-
meters, i.e., longitude, latitude, mean annual temperature (MAT), and
mean annual precipitation (MAP), as well as soil abiotic parameters
(density, moisture, pH, SOC, TN, C/N, and TP), were included as
variables in the RDA analysis, and PLFA patterns were used to represent
the microbial structure. As shown in Fig. 4, soil pH, SOC content and TP
displayed significant correlations with PLFA concentrations, suggesting
that forest–plantation conversion altered the soil microbial biomass and
structure through modification of soil pH, SOC content and TP
(Rodrigues et al., 2013; Wang et al., 2017).

3.3. SOC inventories

As shown in Fig. 5, the SOC inventories in the upper 30 cm soil layer
of the long-term plantation sites (RU_35 yr and EU_50 yr) were lower
than the inventory of the NF. This may be attributable to either en-
hanced decomposition of surface SOM or to artificial removal of soil
protective cover (litter layer and canopy) by the continuous planting
practice, which consequently reduced the carbon input to surface soil
(Guillaume et al., 2015; Islam and Weil, 2000; Sidle et al., 2006). The
SOC inventory at site EU_50 yr was lower than that at RU_35 yr, im-
plying that accelerated SOC consumption due to more amended che-
mical fertilizer (Batjes, 1996) and longer plantation time of the eu-
calyptus plantation may result in more intensive carbon loss from the
surface soil.

However, the SOC inventory in the upper 30-cm soil of EU_RF was
comparable with the inventory in the NF. This indicates that the SOC
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inventory in the abandoned eucalyptus forest may have recovered to its
natural state after cessation of tillage for 20 years. At site RU_15 yr, the
SOC inventory in the upper 30 cm soil layer was comparable with that
of NF, which may be attributable to application of organic fertilizer
during the early stages of rubber plantation.

The SOC inventories in subsurface soils (B and C horizons) did not
show significant differences between the plantation sites and NF (Fig.
S2). Although forest–plantation conversion could introduce nutrients to
the deep soil, via the root system, for example, there was little apparent
effect on the soil intrinsic properties or SOC inventories of the subsur-
face soil in our study.

3.4. SOC dynamics inferred by radiocarbon

The measured SOC radiocarbon abundances of soil profile samples
from the five forest sites are depicted in Fig. 6. Each soil sample was

generated by mixing five replicate samples obtained from the same
forest site. Generally, the SOC Δ14C values in all samples ranged from
–102‰ to 94‰.

In the upper 30 cm soil layer, the radiocarbon abundance was ty-
pical of that of modern carbon (6–94‰), consistent with previous re-
ports of surface soil radiocarbon abundance measured elsewhere
(Marin-Spiotta et al., 2008; Trumbore, 2000).

The SOC radiocarbon abundance data showed two distinct patterns.
As shown in Fig. 6, the SOC Δ14C values at sites NF and RU_15 yr dis-
played an up-profile increase in the A–O horizons. However, at sites
RU_35 yr, EU_50 yr, and EU_RF, the Δ14C values decreased toward the
top of the profile. In the subsurface soils (30–100 cm), the SOC Δ14C
values at all five sites showed similar up-profile increases in the C–B
horizons, as occurs naturally (Trumbore, 2009).

Organic carbon in soil can be divided into fast- and slow-turnover
pools. Previous studies indicated that the fast-cycling carbon pool,

Fig. 2. Moisture, pH, SOC, TP and F/B ratios in the upper 30 cm soil layer at five forest sites.
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characterized by a high 14C/12C proportion and arising from modern
carbon input, constitutes a larger proportion of surface versus subsur-
face soil (Harrison et al., 1993; Trumbore, 1993; Trumbore et al.,
1999). In our study, this was indicated by the decrease in radiocarbon
with soil depth at site NF.

It has been noted that soil carbon disturbed by land-use change falls
mainly into the fast-cycling “active” carbon pool in upper-layer soils,
due to translocation of fresh and ancient carbon or the mixing of fast
and slow carbon pools in the surface soil (Don et al., 2009; Wang et al.,
1999). Accordingly, SOC Δ14C values at plantation sites are expected to
be homogenous in upper-layer soils. In our study, the SOC Δ14C values
at the two long-term plantation sites (RU_35 yr, EU_50 yr) were not
homogenous as expected. Actually, they showed an opposite trend in
the upper 30 cm soil layer, which was distinctly different from those at
site NF. This suggests that the decrease of SOC sequestration in the
upper 30 cm soil layer at the plantation sites was influenced not only by

physical mixing (e.g., tillage) of SOM during long-term plantation, but
also by microbial activities accelerating the decomposition of fast-cy-
cling fresh SOM. It should be noted that the SOC Δ14C value and the
SOC radiocarbon age calculated by the Δ14C value in the O horizon
were close to those in the A horizon at site EU_RF. This implies a natural
recovery of SOC sequestration in the upper 30 cm soil layer after the 20-
year cessation of tillage at the abandoned site. Lastly, at site RU_15 yr,
the two samples in the upper 30 cm soils displayed similar SOC
radiocarbon ages calculated from the Δ14C value; this may be due to the
effect of physical mixing, considering the earlier forest–plantation
conversion.

3.5. Role of microbes in SOC dynamics

To explore the potential mechanisms of the SOC dynamics modified

Fig. 3. Comparison of soil microbial biomass at the five forest sites.

Fig. 4. Bioplot of redundancy analysis, with en-
vironmental factors, of the upper 30 cm soil samples
based on microbial composition from the five sites.
Soil PLFA data were fitted onto the RDAs ordination.
Each point represents a profile from the same site.
Vectors only indicate environmental variables that
were significantly correlated with the ordination
(p < 0.05).

Fig. 5. SOC inventories in the upper 30 cm soils (O and A horizons) at the five
forest sites.
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by forest-plantation conversions, statistical analysis was carried out
using the dataset of soil abiotic/biotic parameters, SOC inventories and
radiocarbon abundance as a whole (Table 1, Table S1).

As shown in Table 1 (see also Fig. S3), the SOC inventories in the
upper-layer (O and A horizon) soils were significantly positively cor-
related with soil moisture, pH, and SOC content (p < 0.01), suggesting
that soil moisture and soil pH are good indicators of SOC inventory (Liu
et al., 2017). For subsurface soil, more positive Δ14C indicates younger
or more recently produced carbon is being transported to and seques-
tered into subsoils. A significant positive correlation between pH and
Δ14C was observed (see Table S1), which is indicative of the importance
of pH in maintaining/nourishing subsurface SOC.

The microbial biomass indices and microbial structure parameters
(F/B and GP/GN) were significantly correlated with the SOC in-
ventories in the upper 30 cm soil layer (O and A horizons) (p < 0.05).
In the topsoil (O horizon), the soil biomass indices showed significant
positive correlations with the Δ14C of SOC (p < 0.01 for fungi,
p < 0.05 for other biomasses; Table 1). This suggests that sequestra-
tion/capture of bomb radiocarbon (higher Δ14C) in topsoil may occur

with the development of soil microbes, especially fungi, which are more
sensitive to changes in the ecological environment than other microbial
communities (Apostel et al., 2013; Veresoglou et al., 2012). The
changes in SOC radiocarbon abundance and inventories in the various
soil horizons may have been driven by microbial processing of SOM in
environmental carbon pools, with preferential enrichment of microbial
products (Rillig et al., 2001; Six et al., 2000).

In summary, strong associations among intrinsic soil properties,
microbial parameters, biomasses, and radiocarbon abundances were
seen across the five field sites in this study, which are representative of
different forest–plantation conversion scenarios on a tropical island.
Soil carbon dynamics changed in response to forest cover change, a
process in which the soil microbes played an essential role.

4. Conclusions

To the best of our knowledge, this study is the first to provide
vertical profiles of radiocarbon abundance for sites of forest–plantation
conversion. We found an abnormal up-profile decrease, compared to
NF, in radiocarbon abundance in the upper 30 cm soil layer at sites
RU_35 yr and EU_50 yr. We attribute this phenomenon to faster SOM
decomposition in the upper 30 cm soil layer long after forest–plantation
conversion, which was supported by the lower SOC inventories. Both
the SOC apparent radiocarbon age and SOC inventory at a eucalyptus
plantation site where tillage had ceased 20 years prior implied potential
recovery toward the NF condition. We also found a positive relationship
between microbial biomass and both SOC inventory and radiocarbon
abundance, which suggests enhanced microbe-mediated decomposition
of SOM after forest–plantation conversion. This study demonstrated
that radiocarbon is a powerful tool for assessing the changes in soil
carbon dynamics caused by forest–plantation conversion.
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