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A B S T R A C T

Soil organic carbon (SOC) is a major soil component. However, there is still much to learn regarding its spatial
and temporal distribution as well as how SOC moves through the landscape. Of particular interest is how SOC
movement is related to soil erosion and deposition. Here we examine the spatial distribution of SOC over two
large (562 and 606 km2) catchments in relation to soil erosion and deposition. We found that the spatial dis-
tribution of SOC concentration on average is stable (over an eight year period) for the two study catchments.
However, differences were found in SOC when concentrations were compared between samples collected in
2006 and 2014. The environmental tracer caesium-137 (137Cs) was used to assess erosion and deposition pat-
terns across the study catchment and a significant relationship was found between SOC change and erosion and
deposition at each sample point. That is, locations with an increase in SOC corresponded with an increase in
137Cs concentration (depositional sites) while locations with a decrease in SOC corresponded with a decrease in
137Cs concentration (erosional sites). A Monte-Carlo assessment confirmed these results. The driver of the SOC
change and soil movement corresponds with the largest rainfall event (since 1969) in the area. The results
suggest that SOC can be translocated by significant rainfall events. The findings provide insight into how
catchments may respond to stronger and more frequent storm events.

1. Introduction

It is well recognised that the interaction of atmospheric CO2 with
terrestrial carbon (C) storage is one of the largest and most uncertain
feedbacks of the carbon cycle (Schimel et al., 2015). This uncertainty is
due to the complex interactions among several biophysical and hy-
droclimatic processes that drive soil organic carbon (SOC) distribution,
including the dynamics of rainfall, soil moisture, and insolation, to-
gether with soil erosion and deposition (Lal, 2004; Kirkels et al., 2014;
Doetterl et al., 2016).

With the global soil resource containing 2300 Gt C and holding
more C than the atmosphere (800 Gt) and vegetation (550 Gt) com-
bined, a small variation in soil C may change atmospheric CO2 con-
centration (Luo et al., 2010; Hoyle et al., 2016; Nadeu et al., 2015;
Minasny et al., 2018). Therefore, understanding and quantifying SOC
and its movement is of key importance for both soil conservation and
atmospheric CO2 mitigation strategies, such as C sequestration (Fig. 1).
This has resulted in a demand for a more accurate mapping of the soil C
pool at higher resolution (Minasny et al., 2013).

Understanding the spatiotemporal distribution of SOC and its dy-
namic changes will allow better prediction of climate change impacts as
well as being necessary for understanding the soil C inventory to en-
hance soil C sequestration (Quinton et al., 2010; Dorji et al., 2014;
Kirkels et al., 2014; Nadeu et al., 2015; Doetterl et al., 2016). A key
issue is the difficulty of quantifying SOC spatial and temporal change as
knowledge is needed both at site-specific plot-scales as well as large
spatial scales.

The carbon cycle and its relationship with soil and topography is
complex (Fig. 1). Catenary soil development and soil patterns together
with terrain attributes can help characterize SOC spatio-temporal pat-
terns. SOC patterns in the landscape are strongly influenced by the
distribution of water and soil (Jenny, 1941; Moore et al., 1993; Pennock
and Corre, 2001; Mueller and Pierce, 2003), therefore it is likely that
SOC can be predicted from topography or terrain parameters that help
characterize flow paths (Oueslati et al., 2013; Kunkel et al., 2019).
Explicit relationships and models that link landscape and topographic
characteristics with SOC processes are needed (Fissore et al., 2017)
(Fig. 1). Since the development of digital soil mapping technologies in
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the late 1990s, and formalization of the discipline by McBratney et al.
(2003), mapping of soil C at the field and regional scales has become an
area of active research (Minasny et al., 2013). However, a unifying
model that captures topography and climate together with soil prop-
erties (soil physics, soil chemistry and soil biology) to predict the
spatio-temporal distribution of SOC is yet to be developed.

Soil erosion can lead to soil degradation and loss of soil structure,
soil nutrients and SOC (Pimentel et al., 1995; Gregorich et al., 1998;
Lal, 2003, 2004). Soil erosion plays an important role in the re-dis-
tribution of soil C, particularly C that is strongly bound to soil ag-
gregates (Fig. 1). Further, there is a well-recognised and debated re-
lationship between soil erosion and deposition and SOC (Moore et al.,
1993; Lal, 2001, 2003; Hancock et al., 2010b; Quinton et al., 2010).
That is, the decomposition of old SOC and the sequestration and sta-
bilization of fresh SOC input that occur simultaneously at any site
(Berhe et al., 2007, 2008; Kirkels et al., 2014; Doetterl et al., 2016;
Berhe et al., 2014). Soil erosion is a naturally occurring three stage
process involving detachment, transportation, and deposition (Pimentel
et al., 1995; Lal, 2001; Poesen, 2018). However, there is growing
concern that climate change and/or enhanced climate variability will
increase erosion, thus questions surround how this will affect the dis-
tribution of SOC. Of particular interest is how an increase in storm
frequency and intensity may influence soil erosion and deposition as
well as SOC distribution and ultimately the hillslope and catchment C
balance (Poesen, 2018). This is particularly important as many climate
models predict a future increase in storm frequency and intensity (such
as the current study site) (CSIRO, 2016).

Erosive forces can be highly selective, leaving behind larger parti-
cles due to the required force to entrain them and finer particles due to
their cohesiveness. The particles least resistant to erosive forces are
clay, silt and fine sand. Erosion of this material leads to the preferential
loss of soil organic matter (SOM) and changes in particle size dis-
tribution (Lal, 2001, 2003; Morgan, 2009). The higher SOC con-
centrations in depositional profiles are usually related to the pre-
ferential detachment and downslope transport of the more labile, and
lighter, soil fractions which are typically enriched in C, relative to the
bulk soil (Doetterl et al., 2012; Kirkels et al., 2014). How much SOC is
transported by soil erosion is a much debated topic (Kuhn, 2010;
Quinton et al., 2010; Hu and Kuhn, 2014).

There are many different field and laboratory based methods
available to researchers for measuring or quantifying soil erosion rates
(Toy et al., 2002; Hancock and Lowry, 2015; Lal, 2001; Poesen, 2018).
This study investigates the spatiotemporal distribution of surface SOC

concentrations and its relationship with erosion and deposition across
two large (~600 and ~700 km2) catchments with similar geomor-
phology, climate, soils, vegetation and land-use. Here, we use the ar-
tificial radioisotope 137Cs, as a temporal erosion-deposition tracer at a
study site in south-east Australia. 137Cs, the by-product of the atmo-
spheric testing of nuclear weapons, is as well-understood and proven
method, which has been extensively employed globally and in Aus-
tralia. Zapata (2002) and Zapata et al. (2002) provide a thorough
background on the technique and its use to determine erosion and
deposition patterns and rates as well as many others (Loughran, 1994;
Loughran et al., 2002, 2004; Kirchner, 2013; Poreba, 2006; Ritchie and
McHenry, 1975, 1990).

There are significant questions regarding the relationship between
soil erosion and SOC movement. Previous work by the authors has
shown that there was a significant increase in erosion after a major
rainfall event at the current study site (Hancock and Coulthard, 2012;
Hancock et al., 2015). There are significant questions surrounding how
the landscape will respond to a change in climate forcing in many parts
of the world including south-east Australia (Verdon-Kidd et al., 2014;
CSIRO, 2016).

The work here forms part of a long-term investigation of hydrology,
sediment transport and soil properties in the south-east region of
Australia (Martinez et al., 2007; Martinez et al., 2009; Martinez et al.,
2010a, 2010b; Rüdiger et al., 2007; Hancock et al., 2010a, 2010b,
2011, 2015; Hancock and Coulthard, 2012; Wells et al., 2013; Chen
et al., 2015; Kunkel et al., 2016, 2019). This study will (1) assess the
large catchment-scale spatiotemporal distribution of SOC for two geo-
morphologically similar catchments for two different time periods and
its relationship with erosion and deposition; and (2) assess the re-
lationship between SOC and soil erosion and deposition.

2. Site description

The Krui (562 km2) and Merriwa (606 km2) River catchments are
located within the Goulburn River catchment (6540 km2), in the Hunter
Valley region of New South Wales, Australia (Fig. 2). The catchments
have six (Krui catchment) and seven (Merriwa catchment) permanently
instrumented weather stations which record rainfall, air and soil tem-
perature as well as soil moisture at different depths (Rüdiger et al.,
2007; Kunkel et al., 2016) (Table 1). The sites have been operating
since 2003 with longer term rainfall data supplemented by Bureau of
Meteorology data (www.bom.gov.au).

The study site is bounded to the north by the Liverpool Ranges,

Fig. 1. Conceptual diagram showing abiotic and biotic controls on SOC, and their potential feedbacks.
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where topography is rugged, while the landscape to the south, around
Merriwa and Cassilis, is hilly to undulating (Story et al., 1963). Eleva-
tions for both catchments range from approximately 200m in the south
(Merriwa Plateau) to 1200m in the north (Liverpool Range). The
catchments are underlain with Tertiary basalt of the Liverpool Range
beds and forms part of the Merriwa Plateau (Story et al., 1963). Older
sedimentary sequences which are Jurassic - Triassic in age are exposed
to the south of the study site. The Krui and Merriwa catchments are
considered to be geomorphologically similar (Kunkel et al., 2016).

The study site is located in the temperate zone of eastern Australia.

Climate in the region is dominated by a continental influence, although
topography, elevation and proximity to the ocean are also considered
important. Monthly rainfall data for the region are 50–60mm in
summer and 30–40mm in winter, where winter rainfall is least vari-
able, and rainfall in late summer-autumn is most variable (Kovac and
Lawrie, 1991). Annual average rainfall is highest in the north near the
Liverpool Ranges (approximately 1000mm), and decreases gradually
upon moving southwards to the Merriwa Plateau (approximately
500mm). Annual rainfall was lower in 2006, compared to 2014 and
2015 (Fig. 3). There are also two years with high rainfall erosivity
values as calculated by Renard and Freimund (1994) based on rainfall
data from 1969 onwards (www.bom.gov.au). Of particular note is a
storm in 2007, which was the largest on record (since 1969).

The monthly mean minimum and maximum air temperatures are
3 °C (winter) and 16 °C (summer), and 17 °C (winter) and 30 °C
(summer) respectively (Australian Bureau of Meteorology, 1988).

Much of the original vegetation in the region has been cleared, the
extent of which has largely been influenced by topography. In the north
(i.e. Liverpool Ranges), the terrain is rugged and accessibility restricted,
hence the area remains highly vegetated. To the south (i.e. Merriwa
Plateau), clearing has been more extensive as the rolling to hilly terrain
ensures greater accessibility. Grazing (sheep and beef cattle) and
cropping activities dominate cleared areas, due to the high fertility of
basaltic soils. Kovac and Lawrie (1991) classify the region's vegetation
as eucalypt tree savannah, with sparse tree cover with grassland com-
munities dominant. Common species include Austrostipa aristiglumis
(Plains Grass) and various Poa (tussock) species.

3. Methods

3.1. Field sampling

Field sampling was undertaken on three separate sampling cam-
paigns in 2006, 2014 (Krui catchment) and 2015 (Merriwa catchment).
The Krui 2006 campaign sampled across 41 sites, which were re-
sampled in June–July 2014 (Fig. 4). The Merriwa 2015 campaign

Fig. 2. Location map of Krui and Merriwa River catchments (green outline), Goulburn River catchment (purple outline) and Hunter River catchment (blue outline).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Key site parameters for Krui and Merriwa weather station sites.

Krui sites

K1 K3 K4 K5 K6

Elevation (m) 386 404 411 459 739
Slope (o) 2 1 14 4 17
Aspect (o) 77 331 147 120 116
Soil depth

(cm)
> 90 >90 >90 >90 >90

Soil type Silt loam Clay Clay Clay Clay loam
Land cover Crop/

fallow
Crop/
fallow

Native
pasture

Native
pasture

Improved
pasture

Merriwa sites

M3 M4 M5 M6 M7

Elevation (m) 419 340 362 391 516
Slope (o) 3 6 5 4 12
Aspect (o) 296 163 101 289 138
Soil depth

(cm)
60–90 30–60 60–90 60–90 >90

Soil type Clay-loam Loam Clay Clay Clay-loam
Land cover Native

pasture
Native
pasture

Native
pasture

Native
pasture

Improved
pasture
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sampled 47 sites. The data is summarised in Table 2.
Location of sample sites and sampling coordinates were organised

prior to sampling based on an approximate 1 km grid scale across the
catchments. The location of the sites was examined for accessibility
using topographical maps and Google Earth images with the goal to
collect all samples in open grassland. Sites close to trees were moved to
a distance of at least 50m from trees to avoid their influence. Locations
in the field were also adjusted where necessary, based on land use
change or site accessibility, with the locations of sample sites recorded
with a Global Positioning System (GPS) device. The resultant sample
pattern was a compromise between accessibility, site practicability, and
time, resulting in the sampling distribution in Fig. 4.

No samples were collected in the southern end of the Krui or
Merriwa catchments due to the different (sedimentary) geology and
resultant sandstone derived soils located there. Hence, for consistency,
soil samples in the Krui and Merriwa catchments were kept to basalt-
derived soils and pasture (grazing) sites.

3.2. Field sampling and lab analysis

Field sampling is always a compromise between the number of
samples and the time required to collect them, which ultimately de-
termine the final cost. Other studies have sampling densities ranging
from 0.002 to over 1100 samples per km2 (Minasny et al., 2013). Here
we adapted the method of Minasny et al. (2013) who show that the grid
size (resolution) of digital maps increase logarithmically with spatial
extent, and the grid size decreases logarithmically with sampling den-
sity. The study sites here (Krui's extent of 562 km2 and Merriwa of
606 km2) were close to the trend-line and comparable to other studies
of similar sampling density (Minasny et al., 2013) (Fig. 5). Therefore,
sampling density is in keeping with other studies.

At each sample location, two soil cores were collected adjacent to
each other. The samples were 210mm (deep) and 110mm (shallow)
long, both with internal diameters of 94 mm. Deep and shallow cores
were collected as different plant functional groups may have different C
input rates into soil depending on the depth that soil C is measured. For
example, grasses have 44% of their root mass in the top 10 cm of soil
(Jackson et al., 1996). Further, previous work also indicated that
210mm captured the entire 137Cs profile (Martinez et al., 2009;

Hancock et al., 2018). Therefore, the two sampling depths allowed an
assessment of both near surface and rooting depth soil properties.

For sampling, each core was fitted with a steel cap, which allowed
the core to be driven into the ground with a sledge hammer. In areas
where maximum soil depth was<210mm, cores were instead taken to
the maximum insertion depth, with depth recorded. Once inserted to
the desired depth, cores were removed either by excavation of the core,
or by using vice-grips to twist the metal core from the ground. Soil
samples were then labelled and double-bagged for transport. Core holes
were then infilled to prevent injury to livestock.

In the laboratory, soil samples were weighed, dried in a 40 °C oven,
and reweighed after 7 days, or until weight change was<1%. Coarse
(> 2mm) fractions were disaggregated mechanically and by hand
using a mortar and pestle. The samples were then passed through a
2mm sieve and the mass recorded. Subsamples were sent to the
Environmental Analysis Laboratory at Southern Cross University,
Lismore, NSW, for total C and total N assessment using the LECO dry
combustion method. Soils were analysed for 137Cs as described in
Section 3.5 below.

3.3. Topographic data and GIS analysis

Here we used the 25m Land and Property Information (LPI) New
South Wales digital elevation model (DEM) which is derived from di-
gitised 10m contour and drainage data sourced from the LPI 1:25000
topographic map series. This is the best available digital topographic
data for the catchments and is available for most eastern and central
regions of New South Wales (Martinez et al., 2010a). The DEM was
imported as a raster grid file into the ArcMap platform of the ArcGIS
10.2 program with pit-filling undertaken prior to terrain data being
generated to remove potential errors which may remain in the DEM
after processing.

3.4. Rainfall data

To examine the influence of rainfall across the Krui and Merriwa
catchments, and its potential relationship with SOC, rainfall data was
obtained from the Bureau of Meteorology (www.bom.gov.au, site
number 61287) and Goulburn Region Experimental Dataset (Rüdiger

Fig. 3. Cumulative rainfall (mm) for
2003–2015 across the Krui and Merriwa
catchments (top). The dashed line shows
the average annual rainfall from 2003 to
2015. The bottom figure represents rainfall
erosivity as calculated by the method of
Renard and Freimund (1994) for the entire
Roscommon weather station site record
(www.bom.gov.au). Of particular note is
the high rainfall and high rainfall erosivity
years of 2007 and 2010 which are the lar-
gest on record since the station opened in
1969.
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et al., 2007; Kunkel et al., 2016) (Figs. 3 and 6).

3.5. 137Cs analysis

The caesium-137 (137Cs) method has been used globally to de-
termine soil redistribution patterns and quantify soil erosion rates and
can be used to infer medium-term (up to 50 year old) soil erosion/de-
position behaviour (Loughran, 1994; Walling and He, 2001; Zapata,
2002), and has been successfully employed in the study catchment
(Martinez et al., 2009; Hancock et al., 2015). 137Cs is an artificial radio-
isotope that is a by-product of the atmospheric testing of nuclear
weapons. Upon fallout and reaching the earth surface it is rapidly and
strongly adsorbed to fine soil particles (silts and clays). Soil movement
can be calculated from the accumulation and depletion of 137Cs at a
given location relative to levels observed at a nearby non-erosive

(reference site). 137Cs has relatively short half-life (30.1 years) and
unlike Europe, there has been no additional input since atmospheric
testing of nuclear weapons ceased (early 1970s). However, there are
still detectable concentrations in many parts of Australia.

Given it is an anthropogenic isotope and is relatively easy to mea-
sure, it makes it an ideal soil tracer to qualitatively and quantitatively
assess soil redistribution rates (Loughran, 1994; Walling and He, 2001;
Zapata, 2002; Krause et al., 2003). For the 137Cs analysis, soil samples
(the< 2mm soil fraction with a mass between 400 and 1000 g) were
placed in a Marinelli beaker on a hyperpure germanium detector.
Sample count times were approximately 86,400 s (i.e. 24 h), with
counting errors in the order of +/− 10% or less achieved (one stan-
dard deviation). The concentration of 137Cs in the samples was calcu-
lated using the equation outlined by Loughran (1994) and Loughran
et al. (2002). The method employed here has been well described

Fig. 4. Location of soil sample sites for Krui 2006, 2014 and Merriwa 2015.
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elsewhere (Martinez et al., 2009, 2010b; Hancock et al., 2015).

4. Results

4.1. SOC and 137Cs spatiotemporal distribution

Average SOC concentrations for Krui 2006 and Krui 2014 and
Merriwa 2015 data were all above the critical minimal threshold limit
of 2% for temperate regions required for aggregate stability for both the
210mm and 110mm sample depths (Hazelton and Murphy, 2007;
Patrick et al., 2013) (Table 2). The 210mm cores all had lower SOC
concentrations than the corresponding 110mm cores demonstrating
that SOC is concentrated in the near surface.

At the catchment scale there was no significant difference between
the Krui 2006 and 2014 210mm SOC data sets suggesting that there
was no change in SOC at the catchment scale over this period (Table 2).
However, there was a difference between the Krui 2006 and 2014
110mm cores with the 2014 data being significantly higher. There was
no difference between the Krui 2014 and Merriwa 2015 210mm or the
Krui 2014 and Merriwa 2015 110mm SOC data sets suggesting that at
the catchment scale SOC is very similar despite the one year difference
in sample collection timing.

In terms of spatial distribution and relationship with topography,
SOC significantly increases with elevation for the 210mm data sets
(Krui 2006 r= 0.43, p < 0.05; Krui 2014 r= 0.57, p < 0.001;
Merriwa 2015 r= 0.56, p < 0.001) as well as the 110mm data sets
(Krui 2006 r= 0.41, p < 0.01; Krui 2014 r= 0.61, p < 0.001;

Merriwa 2015 r= 0.56, p < 0.001) (Fig. 7).
There is no acceptable or ideal 137Cs concentration for soils (as

concentration depends on atmospheric fallout, site conditions and past
and present management), however all samples had detectable levels of
137Cs (Table 2). Here all values have been corrected for radioactive
decay to 2005 for comparison with other field data collected in the
region (Martinez et al., 2009, 2010b; Hancock et al., 2015). For both
the Krui and Merriwa soils the 210mm data had a consistently lower
137Cs concentration than the 110mm data as the deeper soil (which
contains less 137Cs) dilutes the overall concentration (Table 2). This is
demonstrated in Fig. 8 where the 137Cs is concentrated in the top (ap-
proximately) 100mm for sites in the study region (Martinez et al.,
2009, 2010b). At the catchment scale there was no significant differ-
ence between the 2006 and 2014 210mm Krui data (p=0.05) and
they were significantly correlated (r= 0.43, p < 0.005). There was
also no significant difference between the 110mm data and they were
also significantly correlated (r= 0.35, p < 0.05).

A consistent positive trend was found between 137Cs and elevation
for all data sets however this was not significant in all cases for the
210mm (Krui 2006 r= 0.32, p < 0.05; Krui 2014 r= 0.25, p < 0.10;
Merriwa 2015 r= 0.57, p < 0.001) and 110mm sample depths (Krui
2006 r= 0.31, p=0.06; Krui 2014 r= 0.48, p < 0.005; Merriwa
2015 r= 0.65, p < 0.001) (Fig. 9).

Strong and significant correlations were found between SOC and
137Cs for all data sets for both the 210mm (Krui 2006 r= 0.57,
p < 0.001; Krui 2014 r= 0.71, p < 0.001; Merriwa 2015 r= 0.70,
p < 0.001) and 110mm sample depths (Krui 2006 r= 0.53,
p < 0.001; Krui 2014 r= 0.75, p < 0.001; Merriwa 2015 r= 0.56,
p < 0.001) (Fig. 10). The results suggest that SOC is related to both
elevation and to erosion and deposition patterns as demonstrated by the
correlation with 137Cs concentrations. Therefore, a low 137Cs con-
centration indicates erosion and a loss of SOC. Conversely, a high 137Cs
concentration suggests deposition and an increase in SOC.

However, this finding may be confounded by two issues (1) rainfall
increases moving up the catchment (Fig. 6) which will likely result in
higher 137Cs fallout (Walling and He, 2001); and (2) increased rainfall is
likely to result in more vegetation which may lead to increased C inputs
and therefore higher SOC concentrations. Therefore, the findings here
may be serendipitous. This is examined further below (Section 4.2).

No relationships were found between 137Cs concentration and SOC
with topographic factors such as slope gradient (%), curvature and
upslope contributing area, for any of the data sets. This suggests that
the catchment scale patterns of soil redistribution were not influenced
by topographic factors. Others have found similar results for grassland
sites (Kaste et al., 2006; Nearing et al., 2005; Martinez et al., 2009;

Table 2
Descriptive statistics of SOC for the Krui and Merriwa catchments.

Krui 2006 Krui 2014 Merriwa 2015

210mm 110mm 210mm 110mm 210mm 110mm

SOC (%)
n 41 41 41 41 47 47
Min 1.88 1.78 1.95 2.16 1.77 2.19
Mean 3.33 3.55 3.20 4.04 3.52 4.22
Median 3.27 3.52 3.04 3.67 3.35 4.09
Max 6.89 6.26 6.45 9.29 6.27 8.09
σ 1.13 1.04 0.92 1.45 1.02 1.29

137Cs (mBq g−1)
Min 0.14 0.28 0.59 0.57 0.16 0.77
Mean 1.93 2.58 2.32 3.11 1.75 2.80
Median 1.93 2.71 2.05 2.80 1.70 2.50
Max 4.10 4.61 7.50 7.53 5.20 8.90
σ 0.88 1.19 1.29 1.84 0.88 1.60

Fig. 5. Relationship between DEM grid size and extent of the study site (left), and the relationship between sample density and grid size of the DEM (right).

G.R. Hancock, et al. Geoderma 343 (2019) 60–71

65



Hancock et al., 2010b).

4.2. Soil erosion assessment and temporal change

To determine an erosion rate using the 137Cs method involves a
comparison of 137Cs inventory measured at the study site against that
measured at a reference site, with large spatial scales requiring multiple
137Cs reference sites (such as the catchments examined here)
(Loughran, 1994; Walling and He, 2001; Zapata et al., 2002; Kirchner,
2013). This is due to differences in the 137Cs uptake in different soils
with varying clay content as well as differences in rainfall amount and
distribution that influence the initial 137Cs fallout (Zapata, 2002;
Kirchner, 2013). In the catchments examined here, rainfall has been
shown to vary considerably as elevation increases (Fig. 6). Therefore, it
is very likely that the 137Cs reference inventory will vary with rainfall
up the Krui and Merriwa elevation gradient and that multiple in-
ventories would be needed to determine erosion rates. Fig. 8 demon-
strates this point using depth increment sampling at relatively low
rainfall at the base of the catchment (Stanley 350m elevation, Martinez
et al., 2009), versus high rainfall at the top of the catchment (Spring
Hill, site K6–720m elevation) (Hancock et al., 2018) with differences in
both total 137Cs concentration and depth distribution evident.

Although sampling multiple reference 137Cs locations for the entire
study site and along the rainfall gradient is technically possible, it is
well beyond the scope of this project for catchments of this size (two
catchments with total area > 1500 km2). Here we use the temporal
change in 137Cs (Δ137Cs) for the individual Krui sample sites (after
adjusting for radioactive decay), to determine if individual sites were
erosional (Δ137Cs > 0), depositional (Δ137Cs < 0), or at equilibrium
(Δ137Cs≈ 0). Hence, Δ137Cs was used to represent erosional and de-
positional processes across individual sample sites between 2006 and
2014.

To determine the influence of erosion and deposition on SOC for
individual sample sites, Δ137Cs was compared to ΔSOC, with ΔSOC
calculated in the same way as Δ137Cs, where the 2006 SOC value was
subtracted from the Krui 2014 SOC value for each sample site (Fig. 11).
The results demonstrate that ΔSOC had a significant relationship with
Δ137Cs for both the 210mm (r=0.36, p < 0.02) and 110mm cores
(r= 0.41, p < 0.01). As Δ137Cs represents a change in the erosion-
deposition processes between 2006 and 2014, this indicates that ero-
sion-deposition processes may have been different for the sample sites
over the period. Similarly, ΔSOC also represents change of SOC at
sample sites between 2006 and 2014. The ΔSOC-Δ137Cs relationship
suggests that sample sites with positive Δ137Cs concentrations are as-
sociated with areas of deposition, and also had positive ΔSOC

concentrations indicating that SOC had accumulated. Similarly, sample
sites with negative Δ137Cs concentrations, associated with areas of
erosion, also had negative SOC concentrations or lost SOC. However,
given the recognised variability in SOC and 137Cs, this result may be
serendipitous. Further probabilistic assessment of this ΔSOC-Δ137Cs
relationship is discussed below (Section 4.3).

4.3. Probability assessment of soil erosion and temporal change

At issue here is that the above results are determined from a single
sample (either 210mm or 110mm deep core) collected at a single
point. It is well recognised that there is considerable variability in soil
physical and chemical properties at short length scales. In particular,
both 137Cs and SOC can have considerable point scale variability
(Loughran, 1994; Walling and He, 2001; Loughran et al., 2002, 2004;
Zapata et al., 2002; Martinez et al., 2009). Therefore, there is the
possibility that the above relationships may have occurred due to
chance or serendipitous circumstances.

To address this using a field based approach requires multiple soil
samples (for 137Cs seven or more cores are usually collected at a point
for control values to be determined) at the same depth to be collected
(Loughran, 1994; Walling and He, 2001; Loughran et al., 2002; Zapata
et al., 2002). However, given the required number of samples and the
time and cost involved to obtain, process and analyse an increased
number of samples, this approach is beyond the scope and resources of
most research teams at the scale examined here.

However, we can use a statistical approach to assess the variability
in 137Cs and SOC to test the robustness of the ΔSOC-Δ137Cs relationship.
Previous work in the Krui and Merriwa catchments has found that the
coefficient of variation of 137Cs is approximately 15% for grassland sites
(Martinez et al., 2009; Hancock et al., 2018). Interestingly, the coeffi-
cient of variation of SOC at the Stanley site (Martinez et al., 2009) and
other grassland sites was also approximately 15%.

We use this defined variability of both 137Cs and SOC to assess the
veracity of the above results using a Monte Carlo type approach. Here
we created 100 data sets of the Krui 2006 and 2014 137Cs data using a
random variability of 15%. This process was repeated for the 2006 and
2014 SOC data.

For all 100 data sets there were significant relationships between
SOC and elevation (p < 0.05) (as found for the field data) demon-
strating the previous findings are robust. ΔSOC-Δ137Cs was then cal-
culated for each of the 100 data sets and all were found to be significant
(p < 0.05) suggesting that findings using the single field value are
robust. To further evaluate the strength of these findings, the coefficient
of variation was increased to 20% with the majority (80%) of the ΔSOC-

Fig. 6. Elevation versus rainfall from the Krui catchment weather stations K1 to K6, and BOM site “Roscommon” (61287) (left). Elevation versus rainfall based on
Merriwa catchment weather stations M1 to M7, and BOM site “Terragong” (61073) (right).
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Δ137Cs relationships significant. This error based approach suggests that
there has been a demonstrable change in 137Cs and SOC across the
catchment.

This assessment was only performed for the Krui catchment 210mm
data as we do not have variability data for 137Cs or SOC for 11 cm soil
depth. Nor do we have repeat field data for the Merriwa catchment.

5. Discussion

There is considerable speculation on how SOC will respond to
changing climate, in particular, to any change in rainfall amount and

intensity (Lal, 2001, 2003; Kirkels et al., 2014; Doetterl et al., 2016;
Poesen, 2018). Quantifying soil erosion and deposition in relation to
SOC is a non-trivial task. The use of environmental tracers (here 137Cs)
offer a field based method that can be employed at the large catchment
scale. Implicit in this analysis has been sources of error and repeat-
ability by use of the same sites at different times as well as using both
erosional and depositional change in relation to SOC (De Vente et al.,
2007; Parsons and Foster, 2011). We have also examined the results
using a probabilistic (Monte-Carlo type) approach. The findings here
indicate that there has been a significant change in SOC over an ap-
proximately eight year period.

Fig. 7. SOC % (210mm cores) and elevation (m) for the Krui in 2006 (top),
2014 (middle) and Merriwa (2015) bottom. Fitted regression line included for
clarity. Here we only display the 210mm data for brevity as the 110mm core
data is very similar.

Fig. 8. Depth increment 137Cs profiles for the Krui catchment at lower rainfall
(Stanley property; Martinez et al. (2009)) (top) and higher rainfall area (Spring
Hill – Site K6, Table 1) (bottom). The data demonstrates that for the study area
and soils examined here the majority of 137Cs is concentrated in the top 20 cm
of the soil profile.

G.R. Hancock, et al. Geoderma 343 (2019) 60–71

67



5.1. Large catchment-scale spatiotemporal distribution of SOC

Several other authors have found a relationship between SOC and
elevation (Minasny et al., 2013; Kunkel et al., 2019). However, eleva-
tion itself is not the direct physical cause of SOC distribution as it may
be influenced by orographic precipitation, with precipitation increasing
as elevation increases. A precipitation gradient influences vegetation
growth and density, with a concomitant influence on SOC cycling
(Fig. 1). Hence, at the large catchment-scale here, climate or orographic
rainfall controls SOC. Elevation can therefore be used as a surrogate for
the influence of rainfall on SOC in this environment (Kunkel et al.,
2019).

Although the elevation-rainfall gradient is suggested to be a po-
tential driver of SOC, catchment average SOC was temporally stable, as
shown by the lack of significant difference between Krui 2006 and Krui
2014 SOC at the catchment scale. The period from 2002 to 2010 was
known as the Millennium Drought (Mills et al., 2010; Verdon-Kidd
et al., 2014). Therefore, SOC may have been expected to be reduced as a
result of less rainfall supporting less vegetation growth. At the catch-
ment scale this does not appear to be the case in this study. This sug-
gests that long-term, seasonal variability in climate may require drastic
changes to cause short term (less than decadal) changes in SOC con-
centration.

Although there was no significant difference in SOC sampled eight
years apart, there is the possibility that SOC fluctuated between each
sampling. Future research may require regular two to five-year sam-
pling of the catchments. However, unpublished SOC data collected
every two years at a grassland site in the lower Krui suggests that there
has been no change in SOC from 2005 to present. Based on the lack of
SOC analysis at large catchment-scales, the continued uncertainty of
carbon cycle feedbacks, and the complexity of interactions of controls
on and transport of soil C, further investigation into SOC

spatiotemporal distribution is justified (i.e. regular and repeat sampling
at the same locations). This would create a valuable, spatiotemporal
dataset of SOC dynamics.

5.2. Soil redistribution rates and climate

To calculate an erosion rate using conventional methods as de-
scribed by Walling and He (2001) and Zapata et al. (2002) was not
possible for this study. The use of 137Cs as a surrogate for the erosion
and deposition across the study site, requires multiple 137Cs reference
sites along the rainfall gradient and was not feasible. Instead, Δ137Cs
between 2006 and 2014 was used to represent erosion and deposition at
individual study sites.

While the 137Cs method is conceptually straightforward, practically
it is quite complex. Consequently there are a lack of studies where the
analysis process is repeated at the same positions (Loughran and Balog,

Fig. 9. Relationship between elevation and 137Cs for the Krui in 2006 (top) and
2014 bottom. Here we only display the 210mm data for brevity as the 110mm
core data is very similar.

Fig. 10. SOC % and 137Cs mBq g−1 (210mm cores) for the Krui in 2006 (top),
2014 (middle) and Merriwa (2015) bottom.
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2006; Hancock et al., 2015). The work here demonstrates that erosion
and deposition has changed at the catchment scale (over an eight year
period). This suggests that there has been a major erosional event in the
catchment.

Rainfall records demonstrate that since 2006 there were two years
when rainfall was well above average (2007–886mm; 2010–947mm)
(Fig. 3). In particular, in 2007 there was a major rainfall event of
117mm that occurred with a maximum hourly rainfall of 48mm. This
was the largest event since 1969 (Merriwa-Roscommon, station number
61287 was opened in 1969) (Mills et al., 2010; Verdon-Kidd et al.,
2014). The storm is colloquially known as the ‘Pasha Bulka storm’ after
the bulk carrier that beached itself just outside the port of Newcastle.
The year 2010 was also a high rainfall year, however, there were no
intense events. Rainfall erosivity as calculated using the method of
Renard and Freimund (1994) (Fig. 3) demonstrates that erosivity was
the highest on record in 2007 and 2010. Field observations by the
authors confirm that severe erosion (sheet and gully erosion) was ob-
served in 2007. A further point to note is this rainfall event occurred at
the end of a multi-year drought period where vegetation was minimal
(Verdon-Kidd et al., 2014). There was no severe erosion observed in
2010. Further evidence for the impact of the 2007 event is provided by
numerical modelling (using a numerical model, CAESAR) where
Hancock and Coulthard (2012) demonstrated that the 2007 rainfall was
likely to have been a geomorphically significant event. Therefore we
believe that the 2007 event was the driver of the findings here.

5.3. Determining SOC redistribution

There was a significant relationship between Δ137Cs and ΔSOC
which indicates that erosion and deposition processes influenced the
temporal change in SOC distribution for individual sample sites. The
ΔSOC-Δ137Cs relationship suggests that sample sites with positive

Δ137Cs concentrations (associated with areas of deposition), correlated
with positive ΔSOC concentrations, or an increase in SOC. Similarly,
sample sites with negative Δ137Cs concentrations, associated with areas
of erosion, had negative ΔSOC concentrations, or a decrease in SOC.
While catchment average SOC concentrations were not significantly
different between 2006 and 2014, the significant relationship between
ΔSOC and Δ137Cs indicated SOC redistribution was occurring across
individual sites. The Monte-Carlo assessment of the point scale data
confirms these results.

The significance of the SOC-Δ137Cs relationship suggests that there
was a strong erosional-deposition event or events to affect such a
change - with rainfall intensity a dominant factor controlling erosion
processes (Zhao et al., 2015). Hence, the change in both Δ137Cs and
ΔSOC from 2006 to 2014 is attributed to the high intensity rainfall
event of 8-9th June 2007. Similar, high intensity events in the future
may thus see further changes in SOC distribution across the catchment.

While we take a catchment scale approach here over a limited time
period and focus on soil erosion and deposition, increased storm fre-
quency and intensity as well as increased temperature will influence
biogeochemical cycles and SOC cycling. There is a need for fully cou-
pled catchment scale models which can assess the impact of changing
climate and the C store so that society can better manage both our
agricultural and natural landscape systems (Quinton et al., 2010;
Doetterl et al., 2015; Wells et al., 2013; Wells and Hancock, 2014).
Models will be the only method that will allow an assessment of both
hillslope and climate as well as integrate feedbacks to understand future
change.

5.4. Study limitations and future work

This work highlights how repeat sampling at the same sites can
provide insight into biophysical processes and, in particular here,
landscape response to an extreme event. The approach using environ-
mental tracers provides a method by which the impacts of an extreme
event can be assessed in terms of erosion and deposition. Other methods
to measure erosion and deposition such as hillslope sediment traps and
erosion pins are not practical over such large areas as this or in areas
which are privately owned and subject to cattle grazing (which can and
do destroy instruments!).

Other environmental tracers such as 210Pb and 7Be can also be
employed to explore both short and longer-term erosion and deposition
patterns. 7Be (half-life ~ 53 days) in particular may be useful to assess
storm events while 210Pb may provide insights into longer-term pat-
terns (Zapata, 2002; Zapata et al., 2002). Use of these tracers will be the
focus of future work.

While storm events such as that examined here occur infrequently,
it is important that background data be available with which to eval-
uate landscape response. Such long-term monitoring data is invaluable
to better understand both the natural and agricultural environments
and also quantify the C and sediment fluxes. Here, given the catchment
is ungauged and there is no water quality data we can make no com-
ment on how much C is exported annually or by the 2007 storm and
2010 high rainfall year. Our data only allows us to assess hillslope scale
redistribution. Quantification of the C flux through the hydrological
network is required to determine a catchment scale C balance. The
results here show no change in average SOC at the catchment scale
however there is strong evidence for an internal reorganisation.

The findings here are for a single catchment and for a single major
rainfall event. It is important that other sites with different topography,
soils and landscape management be assessed. Unfortunately, we do not
have repeat data for the Merriwa catchment. However, given the geo-
morphic similarity and the same SOC and 137Cs trends we believe the
soil erosion and SOC movement and patterns would be similar. If we are
to better adapt to climate change then this long-term and large-scale
catchment information is vital. The technique employed here can easily
be employed elsewhere. Therefore, long-term study sites should be

Fig. 11. ΔSOC and Δ137Cs for the 110mm (top) and 210mm cores (bottom).
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established in key areas. Having long-term monitoring data allows us to
have robust information, which will allow us to quantify the effects of
significant climate events on soils and geomorphology. Without field
data we are left to use models and speculation.

6. Conclusion

Here we examine SOC distribution and soil erosion and deposition
patterns across two large geomorphologically similar catchments. Such
large scale and relatively high resolution data is rare in the literature.
The results show that when comparing SOC change at each point with a
measure of erosion and deposition using an environmental tracer
(137Cs) there is strong evidence that SOC has been redistributed. The
results suggest that change in SOC can be related to erosion and de-
position patterns and we attribute this to a single large rainfall event.
The findings suggest that a large storm event can influence SOC con-
centration at the large catchment scale. While the large rainfall event
occurred during a prolonged drought when vegetation was likely to be
minimal, an increase in the length of dry periods (i.e. increased drought
frequency) and an increase in storms (as predicted by some climate
models for this part of Australia) may increase the movement of SOC.
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