
Science of the Total Environment 772 (2021) 145019

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
A study over 33 years shows that carbon and nitrogen stocks in a
subtropical soil are increasing under native vegetation in a
changing climate
Ram C. Dalal a, Craig M. Thornton b, Diane E. Allen a,c, Peter M. Kopittke a,⁎
a The University of Queensland, School of Agriculture and Food Sciences, St Lucia, Qld 4072, Australia
b Department of Natural Resources, Mines and Energy, Rockhampton, Qld 4700, Australia
c Department of Environment and Science, Dutton Park, Qld 4102, Australia
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Wemeasured SOC stocks in a subtropi-
cal soil at 0–0.3 m depths for 33 years.

• SOC stocks increased under native vege-
tation by 5.85 Mg C ha−1 over 33 years.

• Climate change actually increased SOC
stocks in the clay Vertisol.

• It is likely that increases in CO2 concen-
trations increased biomass productivity.

• Soil total nitrogen stocks increased by
0.57 Mg N ha−1 over 33 years.
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Soil plays a critical role in the global carbon (C) cycle. However, climate change and associated factors, such as
warming, precipitation change, elevated carbon dioxide (CO2), and atmospheric nitrogen (N) deposition, will af-
fect soil organic carbon (SOC) stocks markedly – a decrease in SOC stocks is predicted to drive further planetary
warming, althoughwhether changes in climate and associated factors (including atmospheric N deposition)will
cause a net increase in SOC or a net decrease is less certain. Using a subtropical soil, we have directly examined
how changes over the last three decades are already impacting upon SOC stocks and soil total nitrogen (STN)
in a Vertisol supporting native brigalow (Acacia harpophylla L.) vegetation. It was observed that SOC stocks in-
creased under native vegetation by 5.85 Mg C ha−1 (0.177 ± 0.059 Mg C ha−1 y−1) at a depth of 0–0.3 m over
33 years. This net increase in SOC stocks was not correlated with change in precipitation, which did not change
during the study period. Net SOC stocks, however, were correlatedwith an increasing trend inmean annual tem-
peratures, with an average increase of 0.89 °C. This occurred despite a likely co-occurrence of increased decom-
position due to higher temperatures, presumably because the increase in the SOC was largely in the stable,
mineral-associated fraction. The increases in CO2 from 338 ppmv to 395 ppmv likely contributed to an increase
in biomass, especially root biomass, resulting in the net increase in SOC stocks. Furthermore, STN stocks increased
by 0.57 Mg N ha−1 (0.0174 ± 0.0041 Mg N ha−1 y−1) at 0–0.3 m depth, due to increased atmospheric N depo-
sition and potential N2 fixation. Since SOC losses are often predicted in many regions due to global warming,
these observations are relevant for sustainability of SOC stocks for productivity and climate models in semi-
arid subtropical regions.
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1. Introduction

Organic carbon (C) and nitrogen (N) are the integral components of
soil organic matter (SOM), which is essential for agricultural sustain-
ability and terrestrial environmental stability. Of particular interest,
soil is also an important sink for C, with soils storing ca. 2344 Gt of or-
ganic C in the top 3 m (ca. 1500 Gt in the top 1 m) (Jobbágy and
Jackson, 2001; Scharlemann et al., 2014) and exceeding that in the at-
mosphere (870 Gt C in 2018) and vegetation (600 Gt C) combined
(Crowther et al., 2016; Scharlemann et al., 2014).

The stock of soil organic C (SOC) at any given time represents the net
change in organic C inputs and outputs, with changes in environmental
conditions or land management practices potentially altering the SOC
stocksmarkedly (Kopittke et al., 2017). For example, an increase in tem-
perature increases the rate of SOC decomposition (Davidson and
Janssens, 2006), but a concomitant increase in CO2 concentrations
may increase biomass productivity (Fensham and Fairfax, 2005; Pan
et al., 2011; Peng et al., 2017), and hence increase inputs of organic C
to soils (Oren et al., 2001). Also of interest, it is known that atmospheric
N deposition has increased by an order of magnitude over the last
100 years (Galloway et al., 2008; Ren et al., 2017). Importantly, this in-
creased deposition of N into soils can potentially decrease the loss of
SOC and may even result in an increase in SOC (de Vries et al., 2014;
Peterson and Melillo, 1985), especially as microbial necromass (Liang
et al., 2019) although potentially N2O emissions may increase in N-
rich, high precipitation, ecosystems such as humid tropical rainforest
(Dalal and Allen, 2008). Thus, both the inputs and outputs of organic C
to soil are influenced by climate change and associated environmental
factors, including increasing temperatures, variable precipitation, ele-
vated CO2 concentrations (CO2 fertilization), and increasing atmo-
spheric N deposition (de Vries et al., 2014; Hungate et al., 2007).

Despite its critical importance, there remains considerable
uncertainty as to whether changes in climate and associated factors
(including atmospheric N deposition) will cause a net increase in
SOC or a net decrease. Certainly, it would appear likely that the
magnitude of change in SOC with climate change will vary consider-
ably around the world, largely depending upon latitude and other
factors (Crowther et al., 2016). We are unaware of any studies for
tropical and subtropical soils that provide a decades-long time series
of field SOC compared to changes in climate and environmental
conditions, specifically under native vegetation, showing how
changes in climate and environmental conditions over the last few
decades have already impacted upon SOM.

In the present study, for the first time, we examine how climate
change and associated factors are already affecting SOC stocks under na-
tive vegetation in a subtropical soil. We examined the SOC stocks and
soil total nitrogen (STN), and their natural abundances down to 0.3 m
depth, over a 33-year period (1981–2014) in a Vertisol, supporting un-
disturbed, native,mature brigalow (Acacia harpophylla L.) C3 vegetation.
We examined the stable isotopic composition (δ13C and δ15N) as this
provides insights into C and N cycling, including information on their
input sources. For example, a decrease in δ13C of the C3 vegetation
with decreasing mean annual precipitation over time indicates water
stress (Robinson, 2001). Therefore, the objectives of this study
were to: 1) ascertain the trends in SOM stocks (SOC and STN) and
SOC fractions over a period of 33 years; 2) quantify the accompany-
ing changes in the natural abundance δ13C and δ15N of SOM and
infer their sources; and 3) characterize any possible relationships
between SOM and climate change factors during this period. These
factors include mean annual values for air temperature and precipi-
tation, as well as atmospheric CO2 concentration and N deposition.
It was predicted that SOC stocks in all fractions would decrease
over the 33 year experimental period given that rates of SOC decom-
position increase at elevated temperatures, and that any increased
productivity from CO2 fertilization would not be sufficient to counter
the increased rate of SOC decomposition.
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2. Materials and methods

2.1. Sampling site

The study site is located at 24.81°S and 149.80°E (Queensland,
Australia) at an altitude of 151mabove sea level in a subtropical climate
(Fig. 1). At this site, the native vegetation has never been harvested or
removed and remains undisturbed. Mean annual precipitation is
720 mm and annual potential evaporation is 2100mm. The meanmax-
imum temperature is 33.1 °C in January and mean minimum tempera-
ture is 6.5 °C in July (Cowie et al., 2007). The main soil types at the
site are Grey Vertosols/Dermosols and Sodosols (Isbell, 2002), being
Vertisols/Mollisols and Alfisols in Soil Taxonomy. Vertisols andMollisols
occupy 70% of the catchment area and Alfisols occupy the remaining
30%. Clay contents of the dominant soil (Vertisol) vary from 36%
(0–0.1 m) to 44% (0.2–0.3 m), and respective pH of 6.7 and 8.1, SOC
from 2.36% to 0.84%, and soil total N (STN) from 0.177% to 0.067% [see
Table 1, also see Thornton and Shrestha, 2020]. The dominant native
vegetation at the site is brigalow (Acacia harpophylla L.) which is a C3
vegetation. Other species include belah (Casuarina cristata L.) and
blackbutt (Eucalyptus cambageana L.) which are also C3 vegetation. A
detailed description of the site is available from Cowie et al. (2007).

2.2. Soil sampling

Soil sampling was typically conducted during the dry months of
winter and spring (minimum biological activity) over a period of
33 years, in 1981, 1983, 1985, 1987, 1990, 1994, 1997, 2000, 2008,
and 2014 at threemonitoring sites supporting undisturbed, mature, na-
tive vegetation. The three permanent 20 m × 20 m monitoring sites
(forming three replicates) are contained within the 16.8 ha ‘Catchment
1’ of the Brigalow Catchment Study. Each of these three replicates had
similar aspect, slope, and vegetation (Cowie et al., 2007). Establishment
of the three 20m×20m replicateswas done using double stratification.

From each of the three replicates at each sampling year, five samples
were taken down to 0.3mdepth by a hydraulic-driven corer (0.05mdi-
ameter) and divided into 0–0.1 m, 0.1–0.2 m, and 0.2–0.3 m depths.
These five samples were bulked for respective depths, thus yielding
one composite sample for each of the three depths for all three of the
replicate sites. Hereafter, data are presented for depths of 0–0.1,
0.1–0.3, and 0–0.3 m.We include data for 0–0.3 m given that this is rec-
ommended by IPCC (2006). Soil cores from each depth were used for
bulk density measurements. Bulk density was calculated as the mass
of 105 °C oven-dry soil per volume of core sampled. Since the soils did
not contain gravel, no corrections in bulk density were required.

Soil samples were dried at 40 °C, ground to pass <2 mm sieve, and
stored at room temperature until analysis. Soil samples were analysed
for soil pH, particle size distribution, and SOC fractionation
(<0.25 mm) using mid-reflectance infrared spectrometer (MIR). For
total C and N (see below), soil samples were ground <0.1 mm in a
ring mill. All the soil samples were analysed simultaneously at the
same point in time (i.e. after 33 years), with each parameter measured
using the same instrument and the same operator. This was to ensure
that the overall results were directly comparable.

2.3. Soil analysis for organic carbon, N and δ13C and δ15N

Total SOC, STN, and natural abundance 13C and 15N values of the soil
samples were determined using an Isoprime isotope ratio mass
spectrometer (IRMS) coupled to a Eurovector elemental analyser
(Isoprime-EuroEA 3000, Milan, Italy). The analytical precision for the
measurement of 13C and 15N were ±0.02‰ and ±0.01‰, respectively.
Samples containing inorganic carbonates were pre-treatedwith HCl be-
fore analysis. Total SOC and STNwere also determined using TruMac CN
(LECO Corporation, St Joseph, MI, USA), with the values presented for
SOC and STN hereafter being these values. Samples containing



Fig. 1.Map showing the study site in Queensland, Australia.
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carbonates were pre-treated with HSO3 rather than HCl to avoid dam-
age to the instrument. The isotope ratios were expressed using the
‘delta’ notation (δ), with units of ‘per mil’ or ‘parts per thousand’ (‰),
relative to the marine limestone fossil Pee Dee Belemnite standard
(Craig, 1953) for δ13C, using the following relationship:

δ13C ‰ð Þ ¼ Rsample=Rstandard−1
� �� 1000 ð1Þ

where R is the molar ratio of 13C/12C of the sample or standard.
3

Samples containing approximately 50 μg N were weighed into
8 × 5 mm tin (Sn) capsules and analysed against a known set of
standards. The isotope ratios were expressed using the ‘delta’
notation (δ), with parts per thousand (‰), relative to Nair

standards (Peterson and Fry, 1987) for δ15N using the following
relationship:

δ15N ‰ð Þ ¼ Rsample=Rstandard−1
� �� 1000 ð2Þ



Table 1
Bulk density, clay content, pH, organic C, total N of theVertisol at the study site (1981). See
Thornton and Shrestha (2020).

Depth
(m)

Bulk density
(Mg m−3)

Clay content
(%)

pH Organic C
(%)

Total N
(%)

0.0–0.1 1.19 36 6.6 2.0 0.16
0.1–0.2 1.24 40 7.5 1.4 0.11
0.2–0.3 1.43 44 8.1 0.69 0.06

Fig. 2. (a)Mean annual precipitation, (b)mean annual temperature (MAT), and (c) carbon
dioxide (CO2) concentration, from 1981 to 2014 (CSIRO, 2020).
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where R is the molar ratio of the heavy to light isotope (i.e. 15N/14N) of
the sample or standard.

2.4. Soil organic matter fractionation

The SOC fractions of soil samples were estimated using MIR on
Thermo Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific Inc.,
MA, USA), which was calibrated before and during measurements
using 312 standard soil samples. The detailed procedure of spectra anal-
ysis, including partial least-squares regression (PLSR), for estimating
different fractions are given by Baldock et al. (2013). Briefly, 10 g soil
sample (<2 mm) was dispersed in 40 mL solution of 5 g L−1 sodium
hexametaphosphate and sieved to separate the >50 μm coarse fraction
and the ≤50 μm fine fraction using an automated fractionation process.
Using 13C nuclear magnetic resonance (NMR) spectroscopy, the resis-
tant organic C (ROC) content was determined. The particulate organic
C (POC) content was determined as the non-ROC in the coarse fraction
whilst themineral-associated organic C (MAOC)was determined as the
non-ROC in the fine fraction.

2.5. Soil bulk density and calculation of stocks

Average soil bulk density values, interpolated across the entire dura-
tion of the study, were 1.21 ± 0.01 Mg m−3 at 0–0.1 m, 1.31 ±
0.01 Mg m−3 at 0.1–0.2 m, and 1.46 ± 0.02 Mg m−3 at 0.2–0.3 m. For
the 0–0.1 m layer, the bulk density values ranged from 1.16 to
1.27 Mg m−3, with corresponding values being 1.28 to 1.35 Mg m−3

for 0.1–0.2 m, and 1.37 to 1.58 Mg m−3 for 0.2–0.3 m. The cumulative
amounts of SOC and total N for 0–0.1 m, 0–0.2 m, and 0–0.3 m depths
were, therefore, corrected for equivalent soil mass using the polynomial
relationship (r2 > 0.99) between the amount of soil carbon and soil
mass (soil depth × bulk density) (Dalal et al., 2005a) at the minimum
soil mass for each depth (Pringle et al., 2011). The minimum soil mass
values were 1101 Mg ha−1 for 0–0.1 m, 2287 Mg ha−1 for 0–0.2 m,
and 3682 Mg ha−1 for 0–0.3 m. Using these same values for equivalent
soil mass, similar corrections were made for the stocks of the SOC frac-
tions and STN.

2.6. Aeolian dust deposition

An aeolian dust sample was collected from the site in sufficient
amount to analyse for total C, N, and natural abundance 13C and 15N
values. Two replicate samples were collected inMarch 2020 and imme-
diately analysed as outlined above. The amount of aeolian dust deposi-
tionwas estimated for the site fromMcTainsh and Lynch (1996) and the
amounts of C andNwere then calculated from the annual amount of ae-
olian dust (31 Mg km−2 y−1) and the concentrations of C and N in the
aeolian dust.

2.7. Statistical analysis

The datawere transformedwhere necessary to obtain normal distri-
bution before statistical analysis. The results were analysed using one-
way analysis of variance (ANOVA) and are presented as mean values
with standard error of themeans. The relationships between the period
of monitoring and SOC and SOC fractions, and STN values were
4

evaluated using Pearson correlations and regression analysis
(Snedecor and Cochran, 1967). All linear regression models were
assessed at alpha= 0.05. The data were plotted using SigmaPlot v. 13.0.

3. Results

3.1. Changes in climate during the monitoring period

Mean annual precipitation varied from a minimum of 312 mm in
1993 to a maximum of 1350 mm in 2010, although it showed no
trend over time during the entire period (Fig. 2a). It was also noted
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thatmean annual precipitation during themonitoring period from1981
to 2014 (680 mm) was similar to the longer-termmean annual precip-
itation from 1962 to 2016 (720 mm). Mean annual temperature, calcu-
lated using SILO PPD (scientific information for land owners patched
point data, a database of Australian climate data), increased by
0.028 °C y−1 [mean annual temperature (°C) = 0.028 year + 24.7 °C,
R2 = 0.19, P < 0.01, n = 33], or an increase of 0.89 °C (Fig. 2b). The at-
mospheric CO2 concentration at the international atmosphere monitor-
ing site in the southern hemisphere, Cape Grim (40.68°S, 144.68°E),
Tasmania (Australia), the closest atmosphere monitoring site to the
study site, increased from 338 ppmv (720 Gt C) in 1981 to 395 ppmv

(841 Gt C) in 2014 (CSIRO, 2020) (Fig. 2c), an increase of 57 ppmv CO2

or additional 121 Gt C in the atmosphere during themonitoring period.

3.2. Soil organic carbon stocks and natural abundance δ13C values

The soil organic C stocks at 0–0.1 m depth predicted from the linear
regression were 28.2 Mg ha−1 in 1981 and 29.9 Mg ha−1 in 2014
(Fig. 3a), representing an increase of 0.055 Mg C ha−1 y−1 at 0–0.1 m.
The corresponding values from the linear regression for the SOC stocks
at 0.1–0.3 m depths were 26.7 Mg ha−1 in 1981 and 30.6 Mg ha−1 in
2014 (Fig. 3a), representing an increase of 0.12 Mg C ha−1y−1. The cu-
mulative SOC stocks at 0–0.3 m depths were 54.8 Mg ha−1 in 1981
and 60.6 Mg ha−1 in 2014 (Fig. 3a), representing an increase of
0.17 Mg C ha−1 y−1 (P < 0.05). However, the natural abundance δ13C
values of SOC showed no significant trends at any of the three depth in-
tervals considered (Fig. 3b).

3.3. Soil organic carbon distribution in different soil fractions

The size of the POC fraction at a depth of 0–0.1 m remained essen-
tially similar although the MAOC fraction tended to increase at a
Fig. 3. Changes in (a) soil organic C (SOC) stocks at depths of 0–0.1 m, 0.1–0.3 m, and
0–0.3 m, and (b) natural abundance SOC-δ13C values at a natural brigalow vegetation
site over a 33-year period. Data are the arithmetic mean of three replicates ± standard
error of the mean.
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depth of 0–0.1 m during the monitoring period (Fig. 4a). The amount
of the ROC fraction at 0–0.1 m remained similar during the monitoring
period.

At a depth of 0.1–0.3 m, the MAOC fraction increased linearly at
the rate of 0.139 ± 0.039 Mg ha−1 y−1 whereas the POC and ROC
fractions showed no significant trend during the monitoring period
(Fig. 4b). At a depth of 0–0.3 m, the MAOC fraction increased linearly
at the rate of 0.183 ± 0.038 Mg C ha−1 y−1 (Fig. 4b). In contrast, the
POC and the ROC fractions remained constant during the monitoring
period (Fig. 4c).

3.4. Soil total nitrogen stocks and natural abundance δ15N values

Soil total N stocks estimated from the linear regression at a depth of
0–0.1 m were 2.0 Mg ha−1 in 1981 and 2.3 Mg ha−1 in 2014,
representing a significant increase of 0.0077 Mg N ha−1 y−1 (Fig. 5a).
At 0.1–0.3 m depth, STN stocks were 2.15 Mg ha−1 in 1981 and
2.5 Mg ha−1 in 2014, representing a linear increase of 0.0097 Mg ha−1

y−1 (Fig. 5a). At a depth of 0–0.3 m depth, the STN stocks predicted by
the linear regression were 4.18 Mg ha−1 in 1981 and 4.75 Mg ha−1 in
2014, representing an increase of 0.017 ± 0.0040 Mg N ha−1 y−1
Fig. 4. Changes in soil organic C (SOC) fractions at (a) 0–0.1m depth, (b) 0.1–0.3m depth,
and (c) 0–0.3 m depth for a natural brigalow vegetation site over a 33-y period. The C
fractions are particulate organic C (POC), the mineral-associated C (MAOC), and
resistant organic C (ROC). Data are the arithmetic mean of three replicates ± standard
error of the mean.



Fig. 5. Changes in (a) soil total N (STN) stocks at 0–0.1 m, 0.1–0.3 m, and 0–0.3 m depths,
(b) natural abundance STN-δ15N values, and (c) C:N ratio at a natural brigalow vegetation
site over a 33-y period. Data are the arithmetic mean of three replicates ± standard error
of the mean.

Fig. 6. Changes in soil organic C (SOC) stocks at 0–0.3 m depths at a natural brigalow
vegetation site over a 33-year period compared to (a) mean annual temperature,
(b) annual precipitation, and (c) carbon dioxide concentration. Data are the arithmetic
mean of three replicates ± standard error of the mean.
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(Fig. 5a). The natural abundance δ15N values of STN linearly increased
from 4.6 ± 0.6‰ in 1981 to 5.6 ± 0.3‰ in 2014 at 0–0.1 m depth, cor-
responding to a significant increase of 0.03 ± 0.005‰ δ15N y−1

(Fig. 5b). However, at 0.1–0.3 m and 0–0.3 m depths, the δ15N value
showed no significant trends across the monitoring period (Fig. 5b).

3.5. Soil C:N ratio

The soil C:N ratio decreased at 0–0.1 m depth across the monitoring
period, fromanaverage value of 13.4±0.6 in 1981 to 13.1±0.4 in 2014
(P < 0.05, Fig. 5c). A similar trend was observed for the C:N ratio at
0.1–0.3 m and 0–0.3 m depths, although these changes in the C:N
ratio were not significant (Fig. 5c). From the linear rates of increase in
the SOC and STN stocks (Figs. 3a and 5a), we calculated the ΔSOC:
ΔSTN ratios, which were 7.1 at a depth of 0–0.1 m, 12.1 at a depth of
0.1–0.3 m and 10.2 at a depth of 0–0.3 m.
6

3.6. Relationship between SOC stocks and environmental factors

The SOC stocks at 0–0.3 m depths showed significant (P < 0.05) in-
crease with increasing mean annual temperature (P < 0.05, Fig. 6a).
However, the SOC stocks (0–0.3 m) were not affected by mean annual



R.C. Dalal, C.M. Thornton, D.E. Allen et al. Science of the Total Environment 772 (2021) 145019
precipitation (Fig. 6b). Soil organic C stocks (0–0.3 m) increased signif-
icantly (P < 0.05) with increasing atmospheric CO2 concentrations,
from a stock of 55.2 ± 3.9 Mg ha−1 at a CO2 concentration of 338
ppmv in 1981 to a stock of 62.5 ± 8.5 Mg ha−1 at a CO2 concentration
of 395 ppmv in 2014 (P < 0.05, Fig. 6c).

3.7. Aeolian dust deposition

The aeolian dust sample was found to have an average total C con-
centration of 5.3%, a total N concentration of 0.57%, a δ13C value of
−20.5‰, and a δ15N value of 6.0‰. Accordingly, the C:N ratio for the ae-
olian dust was 9.24.

4. Discussion

4.1. SOC stocks increased over time as climate and environmental condi-
tions changed

In this study, we observed that the rates of SOC stock change across
themonitoring period (1981–2014)were 0.055±0.026Mg C ha−1 y−1

at a depth of 0–0.1 m, 0.122 ± 0.052 Mg C ha−1 y−1 at a depth of
0.1–0.3 m, and 0.177 ± 0.059 Mg C ha−1 y−1 at a depth of 0–0.3 m in
a native Brigalow forest of subtropical Queensland, Australia (Fig. 2a).
Across the entire soil depth (0–0.3 m) using the guidelines from IPCC
(2006), almost all of this increase in the SOC stock occurred due to a
marked increase in the MAOC (Fig. 4b) in the 0.1–0.3 m depth where
the clay content is higher (44%), with this being a stable SOC fraction.
Presumably this increase occurred due to increased inputs (see below)
rather than a redistribution of existing SOC. Our observation here that
SOC stocks are increasing over time under native vegetation is of critical
importance given the role of soil as an important sink for C. Further-
more, it is noted that for many soils, models generally predict that
SOC stocks will decrease over time due to climate change [for example,
see Crowther et al., 2016]. In our present study, in which we observed
changes over three decades in a subtropical (low latitude) soil in a
semi-arid region, we observed that SOC stocks increased. These direct
measurements are in general agreement with predictions that losses
in SOC are likely to be greatest in high latitude soils and lowest in low
latitude soils (Crowther et al., 2016; Smith, 2012). Given that climate
change (increasing temperatures, variable precipitation), and associ-
ated factors (elevated CO2 concentrations, and increasing atmospheric
N deposition) can impact upon both inputs and outputs of SOC, it is nec-
essary to consider the likely mechanisms by which SOC increased
over time.

4.2. Possible environmental control factors of SOC stocks

It is necessary to first understand what might cause the net increase
in SOC stocks in this subtropical soil (Fig. 3a). This increase in SOC stocks
could be due to increased biomass productivity, either from changes in
precipitation or due to CO2 fertilization (Lenka and Lal, 2012), as persis-
tent increase in C sinks has been observed in the World's forests (Pan
et al., 2011). However, we found no significant relationship between
mean annual precipitation and SOC stocks (Fig. 6b) or SOC δ13C at either
0–0.1 m or 0.1–0.3 m depths. Biomass C input to the soil was primarily
fromC3 vegetation. The vegetation δ13C signature is an indicator of long-
termplantwater availability (Ehleringer, 1993), and thus the lack of any
significant trend in annual precipitation observed at this site may not
have had a significant effect on changes in biomass δ13C, and hence,
on SOC δ13C values (Ehleringer et al., 2000).

Thus, changes in precipitation could not account for the observed
changes in SOC stocks. Rather, we contend that the increase in SOC
stocks was due, at least in part, to increasing atmospheric CO2 concen-
trations (Fig. 6c), although further studies are required to verify this. In-
deed, across the monitoring period, atmospheric CO2 concentrations
increased from 338 to 395 ppmv (Fig. 2). This elevated CO2 can increase
7

SOC stocks by increasing plant biomass, especially in C3 vegetation
(Lenka and Lal, 2012). Furthermore, especially with increased N avail-
ability, SOC stocks can also increase at elevated CO2 because of increases
in the root:shoot ratio, primarily by increasing fine root production
(Cusack et al., 2010; Schulte-Uebbing and de Vries, 2018). These previ-
ous observations that elevated CO2 can increase SOC stocks are consis-
tent with our findings in which we observed a consistent increase in
the SOC stock over time, especially in the stabilised MAOC at
0.1–0.3 m depth (Figs. 3a and 4b). Thus, it remains possible that the in-
crease in SOC stocks observed under native vegetation (Fig. 3) is due to
the CO2 fertilization effect. However, further work is required to verify
this hypothesis, including studies with direct measurements of changes
in biomass production considering the fact that a large and persistent
carbon sink has been observed in the world's forests (Pan et al., 2011).
It is also important to note that although increasing CO2 concentrations
would be expected to result in the values for SOC-δ13C becoming more
positive, since atmospheric-δ13C are simultaneously becoming more
negative over time [decreasing from −7.6 in 1981 to −8.4 in 2014,
Graven et al., 2017], with these two effects potentially opposing each
other and resulting in no net change in the SOC-δ13C (Fig. 3b). However,
further work would be required to confirm this hypothesis regarding
the SOC- δ13C.

Although precipitation showed no trend in the present study (and
could not account for changes in net SOC stocks), other previous studies
have found that increases in precipitation are important in controlling
SOC stocks. Indeed, some studies have found that increases in precipita-
tion appear to be more important than increases in temperature
(Garten et al., 2009; Hungate et al., 2007; Longbottom et al., 2014).
For example, in a grassland soil in semiarid northern China, it was
found that variations in soil respiration, microbial respiration, and mi-
crobial biomass were positively related to fluctuations in precipitation
(Liu et al., 2009). In contrast, however, other studies have suggested
that decreases in precipitation may have little effect on SOC stock
since it lowers soil CO2 efflux and slows down cycling in coarse organic
matter (Chen et al., 2018).

It should also be considered whether the increase in SOC stocks
could be attributed to the input of C from aeolian dust. The C inputs
from aeolian dust correspond to an input of 0.017 Mg C ha−1 y−1. In
contrast, the increase in SOC stock across the monitoring period was
found to be 0.177 ± 0.059 Mg C ha−1 y−1 at a depth of 0–0.3 m. Thus,
C inputs from aeolian dust could only account for ca. 10% of the total in-
crease in SOC stocks observed at a depth of 0–0.3 m.When considering
the trend in SOC increase only at 0–0.1 m depth, which equated to
0.055 ± 0.025 Mg C ha−1 y−1, aeolian dust accounts for almost 30% of
the total increase in SOC stocks at 0–0.1 m depth.

4.3. Why did increasing temperature not cause a net decrease in SOC
stocks?

Across the 33 yearmonitoring period,we found that temperature in-
creased by 0.89 °C (Fig. 2) as did net SOC stocks at all depths (Fig. 3a).
However, this increase in temperature was expected to cause a net de-
crease in SOC due to enhanced mineralization. Therefore, our hypothe-
sis that increase in temperature results in SOC loss is rejected. Indeed, it
is known that SOC decomposition followsMichaelis-Menten andArrhe-
nius models, with SOC decomposition increasing by a factor of two for
every 10 °C increase in temperature (Davidson and Janssens, 2006).
Thus, why did increasing temperature not cause a net decrease in the
SOC stock due to increasing decomposition? In this regard, it is note-
worthy that much of the increase in SOC stock was due to an increase
in theMAOC in the 0.1–0.3mdepth (Fig. 4b). Given that theMAOC frac-
tion is considered to be relatively stable, SOC decomposition may have
been inhibited. In other words, SOC loss may be minimal as a conse-
quence of increasing temperature (Conant et al., 2011; Giardina and
Ryan, 2000), although this is not universally accepted. For example,
Karhu et al. (2019) found that whilst the mechanisms by which SOC
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are stabilised within the soil affect its temperature sensitivity, the tem-
perature sensitivity was unrelated to the age of the MAOC. This uncer-
tainty is evident in the ‘carbon quality-temperature hypothesis’, which
states that more recalcitrant SOM should have higher temperature sen-
sitivity, but the effect of temperature on themore recalcitrant SOC frac-
tions remains unclear (Reynolds et al., 2017). In this regard, Conant et al.
(2011) reviewed the effect of climate on SOC stocks and observed that
the impacts of climate warming on SOC stocks have shown contradic-
toryfindings fromfield and controlled climate experiments. Specifically,
given that SOC mineralization relies upon many factors (such as tem-
perature, physical protection of the SOC, and so forth), studies need to
ensure that they consider these multiple factors in tandem so that
they are reflective of field conditions (Conant et al., 2011).

4.4. Does increasing atmospheric N deposition also play a role in
increasing SOC?

It is also necessary to consider the potential role of increasing atmo-
spheric N deposition, with atmospheric N deposition increasing sub-
stantially as global synthetic N use (agriculture and other industries)
has increased in the last 70 years (Ackerman et al., 2019; Galloway
et al., 2008; Liu et al., 2013; Ren et al., 2017). Atmospheric bulk N depo-
sition, mostly wet deposition of NH4

+-N and NO3
−-N, has been reported

to vary from 4 kg N ha−1 to 60 kg N ha−1. Althoughwe did not measure
total N deposition in the present study, Hunter and Cowie (1989) esti-
mated a total N deposition rate at this site of 17 kg N ha−1 y−1

(0.017MgN ha−1 y−1), accounting for bothwet deposition and dry de-
position as well as organic and inorganic forms of N (Kjeldahl diges-
tion). Of this, we calculated that the aeolian dust contained 0.57% N,
and assuming a deposition rate of 31 Mg km−2 y−1 (McTainsh and
Lynch, 1996), this corresponds to 0.0018 Mg N ha−1 y−1 (i.e. approxi-
mately 10% of the estimated total N deposition at this site at 0–0.3 m
and 22% at 0–0.1 m depth). However, this aeolian dust deposition rate
was not measured at our study site and hence care needs to be taken
in this regard.

The increase in N deposition observed globally over the last 70 years
can potentially result in increases in STN stocks (Chang et al., 2019;
Tipping et al., 2017). Indeed, in the present study, we found that both
SOC and STN increased from 1981 to 2014 under native vegetation
site. For example, at 0–0.1 m depth, SOC increased by 0.055 Mg C
ha−1 y−1 and STN by 0.0077 kg N ha−1 y−1; while at 0–0.3 m depth,
SOC increased at the rate of 0.177 Mg C ha−1 y−1 and STN increased
at the rate of 0.0174 Mg N ha−1 y−1 (Figs. 3 and 5), with a C:N ratio of
10.2. Accordingly, we found a significant increase in SOC stocks with in-
creasing STN stocks for all three depths (Fig. 7). Addition of N to the soil
allows for an increase in the retention of plant C within the MAOC
Fig. 7. Relationship between soil organic C (SOC) stocks at depths of 0–0.1 m, 0.1–0.3 m,
and 0–0.3 m and changes in soil total N (ΔSTN) stocks for a natural brigalow vegetation
site over a 33-y period.
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fraction given that the MAOC pool has a relatively fixed stoichiometry
(Finn et al., 2016). Usingmeta-analysis, de Vries et al. (2014) estimated
an average soil C response of 9.1 kg C for each kg of N; our value of
10.2 kg C for each kg of N is close to their estimated value.

It is possible that this additional N deposition (and the concomitant
increase in STN)made an important contribution to the observednet in-
crease in SOC stocks (Tipping et al., 2017). This results in additional SOC
storage or reduced SOC decomposition, especially in the stabilised SOM
(Ramirez et al., 2010; Tan et al., 2017; Zak et al., 2017), thereby main-
taining C and N stoichiometry of the MAOC fraction (Finn et al., 2016).
We also noted that soil δ15N values increased at 0–0.1 m depth as the
monitoring period increased (Fig. 5b), which suggests proteins/amino
acids as theN source (Ostle et al., 1999), likely as the N-transformedmi-
crobial biomass products (Robinson, 2001) or necromass (Liang et al.,
2019). These observations are in agreement with Kopittke et al.
(2018) who found that N-rich microbial biomass products provide
newMAOC onmicroaggregates. However, it is also possible that this in-
crease in δ15N values was due in part to an increase in discrimination
during nitrification and denitrification, or to greater abiotic losses of
NOx and NH3. It is also noteworthy that although elevated CO2 can in-
crease SOC stocks through increased biomass production in natural eco-
systems, N limitations can restrict this increased biomass production
and the concomitant increase in SOC stocks (Liu et al., 2013; Luo et al.,
2004; Oren et al., 2001). It is useful to consider the potential source of
this additional N. The STN- δ15N at 0–0.1mdepth increased significantly
(0.03‰ y−1, Fig. 5b), and an increase in the STN stock of about
0.250 Mg N ha−1 (Fig. 5a). The origin of this N was less likely from N2

fixation source/s, which would have resulted in decrease in δ15N values
due to N2 fixation (N2 air, δ15N = 0). However, N2 fixation cannot be
completely ruled out given that N transformations result in an increased
δ15N value and N2 fixation results in a decreased value (Robinson,
2001), thus the net change in δ15N value depends on the magnitude of
both of these processes. In this context, Dalal et al. (2005b) estimated
that a native, mature acacia (Acacia aneura L.) fixed as much as
25 kg N ha−1 y−1 in a semi-arid region of Australia. The likely source
of at least a portion of this N is from thewet and dry deposition of atmo-
spheric N. Indeed, the sample of deposited aeolian dust at the site had a
δ15N value of 6.05‰. Using a mixing model (Balesdent and Mariotti,
1996; Robinson, 2001), 22.4% of the increase in STN at 0–0.1 m is attrib-
uted to the aeolian dust N. Furthermore, soil δ15N enrichment could also
occur due tomicrobial N transformation processes during SOM turnover
(Robinson, 2001) although this should have been accompanied by δ13C
enrichment, which remained essentially similar (−23.0±0.2‰) during
themonitoringperiod. However, given that δ15N values of the deposited
atmospheric N and total N deposition were measured only in one year,
further work is required to understand the role of amount and nature of
N deposition on SOC and STN stocks.

Thus, overall, our data show that over a period of 33 years, net SOC
stock increased by 5.85 Mg C ha−1 (0.177 ± 0.059 Mg C ha−1 y−1) at
a depth of 0–0.3 m in a subtropical native brigalow forest. This net in-
crease in SOC stocks may be due to the increase in CO2 from 338 ppmv

to 395 ppmv contributing to increased biomass productivity, as has
been observed for world's forests (Pan et al., 2011), although further
work is required in this regard. Total annual precipitation could not ac-
count for the net increase in SOC stocks. Interestingly, although temper-
ature is known to increase the rate of SOC decomposition, the
temperature increase of 0.89 °C in this experiment did not cause a net
decrease in SOC. Instead, we observed that most of the increase in the
SOC stockwas due to an increase inMAOC, and given that this C fraction
is relatively stable, itwas likely that the loss of this additional SOCdue to
increasing temperature may be minimal. Furthermore, the compara-
tively low precipitation at this site would have reduced the magnitude
of the increase in SOC decomposition caused by this increasing temper-
ature. Finally,we also found that STN stocks increasedby0.57MgNha−1

(0.0174± 0.004Mg N ha−1 y−1) at 0–0.3 m depth over themonitoring
period, likely due to increasing atmospheric N deposition and N2
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fixation. It is possible that this additional N accretion to SOM may slow
soil microbial respiration, resulting in reduced SOC decomposition, con-
tributing to an increase in STN and SOC stocks. The results of this study
for a subtropical, semi-arid region highlights how global predictions of
ecosystem response to climate change, which are biased towards soil
in the northern hemisphere, require further study and optimization
for soils in subtropical Australia.

5. Conclusion

We examined the trend in SOC dynamics in a semi-arid subtropical
region for a period of 33 years. There was no trend in mean annual pre-
cipitation but the mean annual temperature increased by 0.89 °C, and
atmospheric CO2 concentration increased by 57 ppmv during this pe-
riod. We found that SOC stocks increased from 54.8 ± 3.9 Mg C ha−1

in 1981 to 60.6 ± 8.4 Mg C ha−1 in 2014; the corresponding increase
in STN stocks was from 4.18 ± 0.38 Mg N ha−1 and 4.75 ±
0.54 Mg N ha−1 at 0–0.3 m depth. It is possible that CO2 fertilization
may have increased biomass productivity (Fensham and Fairfax, 2005;
Pan et al., 2011; Peng et al., 2017), and C inputs, which were stabilised
in mineral associated organic C, possibly due to N inputs from not only
N2 fixation, but also from both wet and dry atmospheric N deposition,
although further studies are required. These factors and processes may
have reduced the adverse effect of global warming on SOC decomposi-
tion and loss since N accretion slows down the turnover of C inputs
and stabilises C in stable SOC fraction. These findings are relevant for
productivity as well as global climate models, which should consider
SOC dynamics and CO2 feedback in a regional context. Further observa-
tions on long-term SOC dynamics in different regions, especially in
semi-arid tropical and subtropical natural ecosystems are warranted.

CRediT authorship contribution statement

Ram C. Dalal: Conceptualization, Methodology, Formal analysis,
Investigation, Data curation, Writing – original draft, Writing – review
& editing. Craig M. Thornton: Conceptualization, Methodology, Formal
analysis, Investigation, Data curation, Writing – original draft, Writing –
review & editing. Diane E. Allen: Conceptualization, Methodology,
Formal analysis, Investigation, Data curation, Writing – original
draft, Writing – review & editing. Peter M. Kopittke: Data curation,
Writing – original draft, Writing – review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

Many staff have contributed to the design and execution of this
study. We thank H Pauli, J Rosser, A Webb, P Lawrence, R Bryant, A
Dowling, H Hunter, N Cocaris, J. Kalnins, R Scarborough, R Pushmann,
R Gillespie, D Sinclair, B Kitchen, A Key, P Hansen, G Thomas, E
Anderson, P Back, D Miles, W Burrows, M Nasser, A Lloyd, A Barnes, M
Jeffery, T James, N Purvis-Smith, B Radford, B Cowie, D Reid, staff of
the Department of Environment and Science (K Catton and A Woods),
Chemistry Centre (F Oudyn, D Yousaf) and staff of the former
Department of Primary Industries Brigalow Research Station. Funding:
The study was funded by the Queensland Department of Natural
Resources, Mines and Energy (Australia).

References

Ackerman, D., Millet, D.B., Chen, X., 2019. Global estimates of inorganic nitrogen deposi-
tion across four decades. Glob. Biogeochem. Cycles 33, 100–107.
9

Baldock, J.A., Hawke, B., Sanderman, J., Macdonald, L.M., 2013. Predicting contents of car-
bon and its component fractions in Australian soils from diffuse reflectance mid-
infrared spectra. Soil Research 51, 577–595.

Balesdent, J., Mariotti, A., 1996. Measurement of soil organic matter turnover using 13C
natural abundance. In: Boutton, T.W., Yamasaki, S. (Eds.), Mass Spectrometry of
Soils. Marcel Dekker Inc, New York, pp. 83–111.

Chang, R., Zhou,W., Fang, Y., Bing, H., Sun, X., Wang, G., 2019. Anthropogenic nitrogen de-
position increases soil carbon by enhancing new carbon of the soil aggregate forma-
tion. Journal of Geophysical Research: Biogeosciences 124, 572–584.

Chen, X., Deng, Q., Lin, G., Lin, M., Wei, H., 2018. Changing rainfall frequency affects soil
organic carbon concentrations by altering non-labile soil organic carbon concentra-
tions in a tropical monsoon forest. Sci. Total Environ. 644, 762–769.

Conant, R.T., Ryan, M.G., Ågren, G.I., Birge, H.E., Davidson, E.A., Eliasson, P.E., et al., 2011.
Temperature and soil organic matter decomposition rates – synthesis of current
knowledge and a way forward. Glob. Chang. Biol. 17, 3392–3404.

Cowie, B.A., Thornton, C.M., Radford, B.J., 2007. The Brigalow Catchment Study: I. Over-
view of a 40-year study of the effects of land clearing in the brigalow bioregion of
Australia. Soil Research 45, 479–495.

Craig, H., 1953. The geochemistry of the stable carbon isotopes. Geochim. Cosmochim.
Acta 3, 53–92.

Crowther, T.W., Todd-Brown, K.E.O., Rowe, C.W., Wieder, W.R., Carey, J.C., Machmuller,
M.B., et al., 2016. Quantifying global soil carbon losses in response to warming. Na-
ture 540, 104–108.

CSIRO, 2020. Cape Grim Baseline Air Pollution Station. CSIRO Oceans and Atmosphere and
the Australian Bureau of Meteorology. http://www.bom.gov.au/inside/cgbaps/.

Cusack, D.F., Torn, M.S., Mcdowell, W.H., Silver, W.L., 2010. The response of heterotrophic
activity and carbon cycling to nitrogen additions and warming in two tropical soils.
Glob. Chang. Biol. 16, 2555–2572.

Dalal, R.C., Allen, D.E., 2008. Greenhouse gas fluxes from natural ecosystems. Aust. J. Bot.
56, 369–407.

Dalal, R.C., Harms, B.P., Krull, E., Wang, W.J., 2005a. Total soil organic matter and its labile
pools following mulga (Acacia aneura) clearing for pasture development and
cropping 1. Total and labile carbon. Soil Research 43, 13–20.

Dalal, R.C., Harms, B.P., Krull, E., Wang, W.J., Mathers, N.J., 2005b. Total soil organic matter
and its labile pools followingmulga (Acacia aneura) clearing for pasture development
and cropping. 2. Total and labile nitrogen. Soil Research 43, 179–187.

Davidson, E.A., Janssens, I.A., 2006. Temperature sensitivity of soil carbon decomposition
and feedbacks to climate change. Nature 440, 165–173.

de Vries, W., Du, E., Butterbach-Bahl, K., 2014. Short and long-term impacts of nitrogen
deposition on carbon sequestration by forest ecosystems. Curr. Opin. Environ. Sus-
tain. 9-10, 90–104.

Ehleringer, J.R., 1993. Carbon and water relations in desert plants: an isotopic perspective.
In: Ehleringer, J.R., Hall, A.E., Farquhar, G.D. (Eds.), Stable Isotopes and Plant Carbon-
water Relations. Academic Press, San Diego, pp. 155–172.

Ehleringer, J.R., Buchmann, N., Flanagan, L.B., 2000. Carbon isotope ratios in belowground
carbon cycle processes. Ecol. Appl. 10, 412–422.

Fensham, R.J., Fairfax, R.J., 2005. Preliminary assessment of gidgee (Acacia cambagei)
woodland thickening in the Longreach district, Queensland. The Rangeland Journal
27, 159–168.

Finn, D., Page, K., Catton, K., Kienzle, M., Robertson, F., Armstrong, R., et al., 2016. Ecolog-
ical stoichiometry controls the transformation and retention of plant-derived organic
matter to humus in response to nitrogen fertilisation. Soil Biol. Biochem. 99, 117–127.

Galloway, J.N., Townsend, A.R., Erisman, J.W., Bekunda, M., Cai, Z., Freney, J.R., et al., 2008.
Transformation of the nitrogen cycle: recent trends, questions, and potential solu-
tions. Science 320, 889–892.

Garten, C.T., Classen, A.T., Norby, R.J., 2009. Soil moisture surpasses elevated CO2 and tem-
perature as a control on soil carbon dynamics in a multi-factor climate change exper-
iment. Plant Soil 319, 85–94.

Giardina, C.P., Ryan, M.G., 2000. Evidence that decomposition rates of organic carbon in
mineral soil do not vary with temperature. Nature 404, 858–861.

Graven, H., Allison, C.E., Etheridge, D.M., Hammer, S., Keeling, R.F., Levin, I., et al., 2017.
Compiled records of carbon isotopes in atmospheric CO2 for historical simulations
in CMIP6. Geosci. Model Dev. 10, 4405–4417.

Hungate, B.A., Hart, S.C., Selmants, P.C., Boyle, S.I., Gehring, C.A., 2007. Soil responses to
management, increased precipitation, and added nitrogen in ponderosa pine forests.
Ecol. Appl. 17, 1352–1365.

Hunter, H.M., Cowie, B.A., 1989. Soil fertility and salinity. In: Lawrence, P.A., Thorburn, P.J.
(Eds.), Changes in Hydrology, Soil Fertility and Productivity of Brigalow Catchments
Following Clearing. Queensland Department of Primary Industries, Biloela, Australia.

IPCC, 2006. IPCC guidelines for national greenhouse gas inventories. In: Eggleston, H.S.,
Buendia, L., Miwa, K., Ngara, T., Tanabe, K. (Eds.), Prepared by the National Green-
house Gas Inventories Programme, Kanagawa, Japan, 2006.

Isbell, R.F., 2002. The Australian Soil Classification. CSIRO Australia, Collingwood, Victoria.
Jobbágy, E.G., Jackson, R.B., 2001. The distribution of soil nutrients with depth: global pat-

terns and the imprint of plants. Biogeochemistry 53, 51–77.
Karhu, K., Hilasvuori, E., Järvenpää, M., Arppe, L., Christensen, B.T., Fritze, H., et al., 2019.

Similar temperature sensitivity of soil mineral-associated organic carbon regardless
of age. Soil Biol. Biochem. 136, 107527.

Kopittke, P.M., Dalal, R.C., Finn, D., Menzies, N.W., 2017. Global changes in soil stocks of
carbon, nitrogen, phosphorus, and sulphur as influenced by long-term agricultural
production. Glob. Chang. Biol. 23, 2509–2519.

Kopittke, P.M., Hernandez-Soriano, M.C., Dalal, R.C., Finn, D., Menzies, N.W., Hoeschen, C.,
et al., 2018. Nitrogen-rich microbial products provide new organo-mineral associa-
tions for the stabilization of soil organic matter. Glob. Chang. Biol. 24, 1762–1770.

Lenka, N.K., Lal, R., 2012. Soil-related constraints to the carbon dioxide fertilization effect.
Crit. Rev. Plant Sci. 31, 342–357.

http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0005
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0005
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0010
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0010
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0010
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0015
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0015
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0015
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0015
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0020
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0020
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0020
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0025
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0025
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0025
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0030
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0030
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0035
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0035
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0035
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0040
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0040
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0045
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0045
http://www.bom.gov.au/inside/cgbaps/
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0055
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0055
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0055
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0060
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0060
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0065
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0065
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0065
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0070
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0070
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0070
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0075
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0075
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0080
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0080
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0080
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0085
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0085
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0085
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0090
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0090
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0095
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0095
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0095
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0100
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0100
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0100
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0105
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0105
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0110
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0110
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0110
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0110
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0115
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0115
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0120
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0120
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0120
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0125
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0125
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0125
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0130
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0130
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0130
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0135
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0135
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0135
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0140
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0145
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0145
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0150
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0150
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0155
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0155
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0155
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0160
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0160
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0165
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0165


R.C. Dalal, C.M. Thornton, D.E. Allen et al. Science of the Total Environment 772 (2021) 145019
Liang, C., Amelung, W., Lehmann, J., Kästner, M., 2019. Quantitative assessment of micro-
bial necromass contribution to soil organic matter. Glob. Chang. Biol. 25, 3578–3590.

Liu, W., Zhang, Z., Wan, S., 2009. Predominant role of water in regulating soil and micro-
bial respiration and their responses to climate change in a semiarid grassland. Glob.
Chang. Biol. 15, 184–195.

Liu, X., Zhang, Y., Han, W., Tang, A., Shen, J., Cui, Z., et al., 2013. Enhanced nitrogen depo-
sition over China. Nature 494, 459–462.

Longbottom, T.L., Townsend-Small, A., Owen, L.A., Murari, M.K., 2014. Climatic and topo-
graphic controls on soil organic matter storage and dynamics in the Indian Himalaya:
potential carbon cycle–climate change feedbacks. CATENA 119, 125–135.

Luo, Y., Su, B., Currie, W.S., Dukes, J.S., Finzi, A., Hartwig, U., et al., 2004. Progressive nitro-
gen limitation of ecosystem responses to rising atmospheric carbon dioxide. BioSci-
ence 54, 731–739.

McTainsh, G.H., Lynch, A.W., 1996. Quantitative estimates of the effect of climate change
on dust storm activity in Australia during the Last Glacial Maximum. Geomorphology
17, 263–271.

Oren, R., Ellsworth, D.S., Johnsen, K.H., Phillips, N., Ewers, B.E., Maier, C., et al., 2001. Soil
fertility limits carbon sequestration by forest ecosystems in a CO2-enriched atmo-
sphere. Nature 411, 469–472.

Ostle, N.J., Bol, R., Petzke, K.J., Jarvis, S.C., 1999. Compound specific δ15N‰ values: amino
acids in grassland and arable soils. Soil Biol. Biochem. 31, 1751–1755.

Pan, Y., Birdsey, R.A., Fang, J., Houghton, R., Kauppi, P.E., Kurz, W.A., et al., 2011. A large
and persistent carbon sink in the world’s forests. Science 333, 988–993.

Peng, D., Zhang, B., Wu, C., Huete, A.R., Gonsamo, A., Lei, L., et al., 2017. Country-level net
primary production distribution and response to drought and land cover change. Sci.
Total Environ. 574, 65–77.

Peterson, B.J., Fry, B., 1987. Stable isotopes in ecosystem studies. Annu. Rev. Ecol. Syst. 18,
293–320.

Peterson, B.J., Melillo, J.M., 1985. The potential storage of carbon caused by eutrophication
of the biosphere. Tellus B 37B, 117–127.

Pringle, M.J., Allen, D.E., Dalal, R.C., Payne, J.E., Mayer, D.G., O’Reagain, P., et al., 2011. Soil
carbon stock in the tropical rangelands of Australia: effects of soil type and grazing
pressure, and determination of sampling requirement. Geoderma 167-168, 261–273.

Ramirez, K.S., Craine, J.M., Fierer, N., 2010. Nitrogen fertilization inhibits soil microbial res-
piration regardless of the form of nitrogen applied. Soil Biol. Biochem. 42, 2336–2338.
10
Ren, H., Chen, Y.-C., Wang, X.T., Wong, G.T.F., Cohen, A.L., DeCarlo, T.M., et al., 2017. 21st-
century rise in anthropogenic nitrogen deposition on a remote coral reef. Science 356,
749–752.

Reynolds, L.L., Lajtha, K., Bowden, R.D., Johnson, B.R., Bridgham, S.D., 2017. The carbon
quality-temperature hypothesis does not consistently predict temperature sensitivity
of soil organic matter mineralization in soils from two manipulative ecosystem ex-
periments. Biogeochemistry 136, 249–260.

Robinson, D., 2001. δ15N as an integrator of the nitrogen cycle. Trends Ecol. Evol. 16,
153–162.

Scharlemann, J.P.W., Tanner, E.V.J., Hiederer, R., Kapos, V., 2014. Global soil carbon: under-
standing and managing the largest terrestrial carbon pool. Carbon Management 5,
81–91.

Schulte-Uebbing, L., de Vries, W., 2018. Global-scale impacts of nitrogen deposition on
tree carbon sequestration in tropical, temperate, and boreal forests: a meta-
analysis. Glob. Chang. Biol. 24, e416–e431.

Smith, P., 2012. Soils and climate change. Curr. Opin. Environ. Sustain. 4, 539–544.
Snedecor, G.W., Cochran, W.G., 1967. Statistical Methods. Iowa State University Press,

Ames, Iowa.
Tan, W., Wang, G., Huang, C., Gao, R., Xi, B., Zhu, B., 2017. Physico-chemical protection,

rather than biochemical composition, governs the responses of soil organic carbon
decomposition to nitrogen addition in a temperate agroecosystem. Sci. Total Environ.
598, 282–288.

Thornton, C.M., Shrestha, K., 2020. The Brigalow Catchment Study: VI. Clearing and burn-
ing brigalow (Acacia harpophylla) in Queensland, Australia, temporarily increases
surface soil fertility prior to nutrient decline under cropping or grazing. Soil Research
https://doi.org/10.1071/SR20088.

Tipping, E., Davies, J.A.C., Henrys, P.A., Kirk, G.J.D., Lilly, A., Dragosits, U., et al., 2017. Long-
term increases in soil carbon due to ecosystem fertilization by atmospheric nitrogen
deposition demonstrated by regional-scale modelling and observations. Sci. Rep. 7,
1890.

Zak, D.R., Freedman, Z.B., Upchurch, R.A., Steffens, M., Kögel-Knabner, I., 2017. Anthropo-
genic N deposition increases soil organic matter accumulation without altering its
biochemical composition. Glob. Chang. Biol. 23, 933–944.

http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0170
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0170
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0175
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0175
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0175
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0180
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0180
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0185
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0185
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0185
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0190
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0190
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0190
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0195
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0195
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0195
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0200
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0200
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0200
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0200
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0205
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0205
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0205
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0210
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0210
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0215
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0215
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0215
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0220
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0220
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0225
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0225
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0230
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0230
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0230
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0235
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0235
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0240
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0240
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0240
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0245
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0245
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0245
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0245
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0250
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0250
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0250
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0255
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0255
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0255
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0260
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0260
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0260
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0265
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0270
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0270
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0275
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0275
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0275
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0275
https://doi.org/10.1071/SR20088
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0285
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0285
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0285
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0285
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0290
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0290
http://refhub.elsevier.com/S0048-9697(21)00085-1/rf0290

	A study over 33 years shows that carbon and nitrogen stocks in a subtropical soil are increasing under native vegetation in...
	1. Introduction
	2. Materials and methods
	2.1. Sampling site
	2.2. Soil sampling
	2.3. Soil analysis for organic carbon, N and δ13C and δ15N
	2.4. Soil organic matter fractionation
	2.5. Soil bulk density and calculation of stocks
	2.6. Aeolian dust deposition
	2.7. Statistical analysis

	3. Results
	3.1. Changes in climate during the monitoring period
	3.2. Soil organic carbon stocks and natural abundance δ13C values
	3.3. Soil organic carbon distribution in different soil fractions
	3.4. Soil total nitrogen stocks and natural abundance δ15N values
	3.5. Soil C:N ratio
	3.6. Relationship between SOC stocks and environmental factors
	3.7. Aeolian dust deposition

	4. Discussion
	4.1. SOC stocks increased over time as climate and environmental conditions changed
	4.2. Possible environmental control factors of SOC stocks
	4.3. Why did increasing temperature not cause a net decrease in SOC stocks?
	4.4. Does increasing atmospheric N deposition also play a role in increasing SOC?

	5. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References




