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A B S T R A C T

A review of both the living and non-living components of soil organic matter (SOM) in the agricultural soils of
Tasmania, Australia, and the relationship of SOM to the functions of soil has been undertaken. The relationships
between soil organic carbon (SOC) and other inherent and dynamic soil properties of Tasmanian soils, SOC
stocks, the components and the controlling factors are reviewed. The dynamic nature of SOM is reviewed as
targets, rates of change and trends on different soil orders and under different management as well as the
correlation to soil physical, chemical and biological properties. Information on macro fauna, meso fauna, fungi
and bacteria is considered to acknowledge that SOM is a dynamic, changing resource that reflects the balance
between the living components that add new organic matter and the loss of organic matter from the dead
component.

1. Introduction

Soil organic matter (SOM) consists of living organisms, slightly al-
tered plant and animal residues, and well decomposed organic residues
(Magdoff, 1992). SOM is a reservoir of plant nutrients in soils, and is
important in maintaining soil tilth, aiding infiltration of air and water,
promoting water retention, reducing erosion and controlling the effi-
cacy and fate of applied pesticides (Sikora and Stott, 1996). Its dark
pigmentation also assists in the absorption of heat, thus acting as a heat
reservoir. An understanding of organisms in soil and soil biology is
highly relevant to maintaining or increasing yields and reducing losses
from soil borne diseases in Australian cereal and pasture production
(Martin, 1993). SOM is a dynamic, changing resource that reflects the
balance between addition of new organic matter and loss of organic
matter already in the soil that is in part controlled by the living bio-
logical activity. The potential effects of SOM on the productive capacity
of soils are of practical and economic importance to famers and others
who have an interest in land management. Soil organic carbon (SOC) as
a measure of SOM, is widely considered an important measure of soil
quality because of the role SOM plays in soil physical, chemical and
biological processes (Doran and Parkin, 1994; Gregorich et al., 1994;
Baldock and Skjemstad, 1999). Changes in SOM status have been as-
sociated with an improvement or deterioration in the behaviour of
agricultural soils (Loveland et al., 2001).

When soils are sampled and the organic matter analysed, both the
living and non-living components are incorporated. There is a body of
research on the methods of analysis and the characteristics, stabilisation
and turnover times of the non-living SOM (Baldock and Nelson, 2000;

Lützow et al., 2006) and a seemingly separate body of research on the
living soil biology that includes both the macro-fauna and microbiology
(Paul, 2014; De Deyn et al., 2003). The objective of this review of both
the living and non-living components of SOM is to describe what are the
amounts and distribution of SOM in Tasmanian soils, the inherent
factors controlling SOM, and also to quantify how dynamic it is and
what influences these differences. This review acknowledges that SOM
is a dynamic, changing resource that reflects the balance between the
living components that add new organic matter and the loss of organic
matter from the dead component. This review is probably only feasible
because of the limited geographic extent of the study area, Tasmania,
an island state of Australia that is located 240 km south of the Aus-
tralian mainland (42°S 147°E) and covers 68,400 km2. It has a cool
temperate climate and contains a diverse range of soils due to variations
in climate, landscape and geology with all of the 13 Australian soil
orders represented (Cotching et al., 2009; Isbell, 2002). Tasmania is an
example of a cool temperate climate in which agriculture operates on a
range of soil types.

2. Methods

This review considers published manuscripts, contract reports and
university theses on what is known about SOM in Tasmanian soils and
places the knowledge in a broader Australian context. The relationships
between SOC and other inherent and dynamic soil properties, targets
and trends for Tasmanian soils, what role amendments play and also
living soil biology components are canvassed. Soil biology is potentially
the most dynamic component of SOM that includes earthworms and
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other soil macro-fauna, meso-fauna such as mites, arthropods and ne-
matodes, and micro-fauna including fungi and bacteria. The ecosystem
function of the different organisms is not reported here, but rather their
dynamic nature and diversity. Suggestions are made about management
practices, knowledge gaps and potential future areas of research.

3. Results

3.1. Carbon stocks and distribution

Tasmanian soils have C stocks of 49–117 MgC ha−1 in the upper
0.3 m as reported by Cotching (2012). Ferrosols had the largest soil C
stocks (117 MgC ha−1) and are a significant soil order (8.4% of land
area) occurring throughout Tasmania (Cotching et al., 2009). Carbon
stock to 1 m depth of 117 MgC ha−1 was measured in an apple orchard
in southern Tasmania (Gentile et al., 2016a). Cotching et al. (2013)
reported that Ferrosols had 139 MgC ha−1 with 150 Mg ha−1 under
pasture and 125 Mg ha−1 under cropping but stocks as great as
285 MgC ha−1 have been reported from Red Ferrosols under perennial
pasture (Cotching, 2009). The amounts of organic matter in Ferrosols
increases with distance from the coast as both rainfall and elevation
increase (Loveday and Farquhar, 1958). High organic matter content in
Ferrosols mapped as “snuffy” soils that are hard to wet and erodible,
has been found to be associated with very old pastures that have had no
recent history of cropping or pasture renovation (Eldridge, 2000). The
high SOC stocks are likely to be in part due to the dominance of poorly
crystalline iron (Fe) and aluminium (Al) oxides and hydroxides in
Ferrosols, as these minerals have a larger surface area for SOC sorption
than do crystalline minerals such as goethite and hematite Fe oxides, or
silicate clays.

Dermosols, which are the dominant soil order in Tasmania (24%),
with predominantly clay loam surface textures and rainfall > 1000
mm/year, also had high soil C stocks. Cotching et al. (2009) reported
103 MgC ha−1 with 102 MgC ha−1 under pasture and 83 MgC ha−1

under cropping at 0–0.3 m depth (Cotching et al., 2013). Organosols
did not have the largest soil C stocks in Tasmania, due to the low bulk
density (BD) in organic rich materials of 0.17–0.25 Mg m−3 in the
surface 0.3 m. Also, many of the Organosols in Tasmania are shallow,
ranging from 0.2–0.4 m in thickness, and overlie a range of substrates
from massive quartzite to gravels. Chromosols, Kurosols, Sodosols, and
Tenosols had lower soil C stocks of 69–78 MgC ha−1 due to their sandy
surface textures. Doyle (2013) reported texture contrast soils to have
65 MgC ha−1 under pasture and 58 MgC ha−1 at 0–0.3 m depth under
cropping. Hydrosols and Podosols, both of which have wet hydrologic
regimes in Tasmania, had relatively large soil C stocks (116 and
98 MgC ha−1, respectively), as these soils have high C inputs under
high rainfall and long periods of saturation, which result in accumu-
lation rather than oxidation of organic matter. Vertosols were reported
as having 107 MgC ha−1 under pasture and 96 MgC ha−1 under crop-
ping (Doyle, 2013). The range in carbon stocks at 0–0.3 m depth in
Tasmanian soils (49–285 MgC ha-1) is greater than the
2–239 MgC ha−1 reported in Victorian soils (Robertson et al., 2016).
Organic carbon stocks in Tasmanian soils at both 0–0.3 and 0–1.0 m
depths are significantly greater than those in other eastern Australian
states (Table 1). The increase in soil C stocks from Queensland to
Tasmania is likely to be the result of decreasing mean annual tem-
perature and increasing annual precipitation from north to south,
which results in greater production and less oxidation of organic matter
and so greater accumulation under cooler temperatures (Baldock and
Skjemstad, 1999).

Measuring carbon as a stock in MgC ha−1 can mask the true carbon
story as land use affects soil bulk density. The carbon stocks as mea-
sured in the 0–0.3 m depth can be significantly influenced by com-
paction causing increased bulk density of the soil (Ellert and Bettany,
1995). Also, any simple or quick field assessment of soil carbon will be
hampered by the need to take adequate BD measurements needed to

calculate stocks. Carbon stock figures are quite different to the TOC
figures due to differences in bulk density between land uses being dif-
ferent for different soil orders. Ferrosols were found to have little
change in stock between pasture and cropping compared to the change
in TOC (33% compared with 35%). This indicates that the Ferrosols do
not increase in bulk density with cropping to the same degree as Ver-
tosols which had a greater difference between TOC and stock percen-
tage changes with land use (36% for TOC compared with 20% for
carbon stock) (Doyle, 2013).

The range in C stock values within soil orders indicates that there
would be considerable uncertainty if an assumed baseline value for any
particular soil order were to be used for soil carbon accounting. Thus, it
is critical to determine initial soil C stocks at individual sites and farms
for C accounting and trading purposes, because the initial soil C content
will determine whether there is potential for current or changed man-
agement practices to result in soil C sequestration or emission. The
calculated carbon storage in the upper 0.3 m of soils for individual
farms was found to vary depending on the data used and the scale of
investigation. Broad scale assessment using the on-line Australian soil
resource information system (ASRIS) information ranged from being
16–83% less than that determined from farm scale information
(Table 2; Cotching, 2009). The differences are similar or much greater
than those found by Frogbrook et al. (2009) who found differences of
8% and 45% for areas in Scotland and Wales respectively when com-
paring field survey data with information from the national UK data-
base. The differences in the Tasmanian study are likely to be due to a

Table 1
Profile soil carbon stocks in Australian soil orders by State (Cotching, 2012).

Soil order State Soil Ca 0–0.3 m Soil C 0–1.0 m

Mg ha−1 se Mg ha−1 se
Chromosol Queensland 49.4 0.9 147.2 8.3

NSW 46.4 4.3 97.3 12.7
Victoria 36.9 nd 88.8 nd
Tasmania 75.6 10.9 105.0 13.2

Dermosol Queensland 42.9 nd 77.1 nd
NSW 110.8 9.1 175.6 14.3
Tasmania 124.0 21.8 228.2 31.8

Ferrosol Queensland 34.0 1.1 60.0 0.7
NSW 133.9 8.1 228.3 17.2
Tasmania 122.7 16.3 212.2 29.2

Hydrosol NSW 72.3 14.8 112.3 8.2
Tasmania 129.6 27.9 235.4 45.2

Kandosol NSW 86.9 4.6 132.0 6.1
Kurosol NSW 50.4 19.6 85.2 22.5

Tasmania 71.0 8.9 136.7 11.3
Podosol Tasmania 82.2 18.8 163.4 24.8
Sodosol Queensland 43.3 3.4 81.1 5.2

NSW 50.5 4.5 76.7 6.9
Victoria 26.8 1.9 49.1 4.7
Tasmania 77.2 7.2 129.0 10.6

Tenosol NSW 69.5 7.1 98.6 13.1
Vertosol Queensland 40.3 1.0 97.2 4.0

NSW 37.3 1.3 74.5 3.7
Tasmania 171.2 nd 327.5 nd

a LECO carbon (Rayment and Higginson, 1992).

Table 2
Soil carbon stocks mapped at different scales in Tasmania (Cotching, 2009).

Farm area
(ha)

No. ASRISa

map units
ASRIS soil
carbon
(MgC)

No. farm
scale
map units

Farm scale soil
carbon
(MgC)

Farm A 460 1 39,117 8 46,446
Farm B 753 2 13,777 14 82,446
Farm C 305 2 38,997 17 58,212

a Australian Soil Resource Information System available at: http://www.asris.csiro.au/
.
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number of factors including: soils mapped at the farm scale are not
included as components in the broad scale information; and attributed
depth, soil carbon and bulk density values in the ASRIS data are derived
from similarly mapped land system polygons, that are not re-
presentative of the soil attributes that were measured on these specific
farms. The discrepancies in this study are disturbingly large and in-
dicate that the use of broad scale information within ASRIS, which is
the Australian national database, can lead to large errors in calculating
on-farm soil carbon storage. Individual sites require the establishment
of their own baseline data with ongoing monitoring over time. The
Farm Carbon Story adopted in Tasmania (Cotching, 2009) uses in-
formation that is already routinely compiled as part of a well delivered
property management plan such as a farm map, soil types and land use
areas, as the basis for summarising the overall carbon picture of the
farm. It is designed to present the farmer with the big picture of carbon
stores and fluxes on their farm rather than just their emissions and
sequestrations which are the focus of current carbon accounting using
existing carbon calculators.

The largest concentrations of soil carbon are generally found in the
uppermost layers of the soil since this is where the bulk of organic in-
puts occur. The SOC appears to be relatively uniformly distributed
through the upper 0.3 m in Tasmania, with approximately half (0.56) in
the upper 0.15 m across all soil orders (Cotching, 2012). However, this
disguises the range in values of the proportion in the upper 0.15 m. The
texture-contrast Sodosols had the largest range in proportion of soil C in
the upper 0.15 m (0.34–0.80) and uniform-textured Vertosols had the
smallest range (0.44–0.65). Other orders had ranges of 0.33–0.74. The
variability in these results indicates that the magnitude of changes in
SOC at the different depths differs between soil orders (Baldock and
Skjemstad, 1999) and that there is considerable variability within any
particular soil order. Variability with respect to where the SOC occurs
in the upper 0.3 m is likely to be due to many factors including tillage
and associated depth of turnover of soil layers, compaction resulting in
differences in bulk density, previous crop types and associated root
distribution, bioturbation by soil invertebrates and tree turnover, and
soil erosion/accumulation. Tasmanian soils had an average 1.87 times
(range 1.27–2.46) the C stock in 1.0 m of soil as in the upper 0.3 m
(Table 3; Cotching, 2012), demonstrating that current soil C measure-
ment protocols ignore deeper portions that might also respond to
management (Syswerda et al., 2011). If a change in soil C deeper in the
profile occurs, this might affect how SOC can be managed for seques-
tration. The levels of OC below 0.3 m depth in Tasmanian soils, indicate
that generalised conclusions about SOC in Australian soils must be
qualified as SOC effects will influence soil physical properties beyond
the top 0.1 m of soil and are not minimised by 0.2 m depth (Murphy,
2015).

Increasing SOC levels at 0.1–0.3 m depth were found to be asso-
ciated with increasing intensity of land use on Dermosols, but this did
not offset losses in the top 0.1 m of Dermosols (Scandrett et al., 2010).
There are significant differences between land uses with soils under
agriculture having a greater proportion of the total soil carbon in the
upper 0.3 m of profiles to 1.0 m depth than soils under forestry
(Table 3). Tasmanian agricultural soils had a mean proportion of 0.66
of profile soil C in the upper 0.3 m and forest soils had a mean pro-
portion of 0.51 (Cotching, 2012). Podosols had both the smallest and
largest multipliers, illustrating the variability within any given soil
order. The proportional decrease in SOC with depth was found to be
greater under pasture than under cropping in all soil orders with the
greatest proportional differences occurring on texture contrast soils
under pasture (Cotching et al., 2013), that is likely to be due to de-
creasing clay content with depth associated with the presence of a
sandier A2 horizon in texture contrast soils (Doyle, 1993). SOC was
50% less at 0.1–0.2 m than at 0–0.1 m depth under pasture and 37%
less under cropping on texture contrast soils. Ferrosols had the least
proportional decrease in SOC with depth as SOC at 0.1–0.2 m was 28%
less than at 0–0.1 m depth under pasture and 9% less under cropping
(Cotching et al., 2013). Ferrosols have been intensively cropped for>
50 years in Tasmania making them some of the most intensively mixed
soils in Australia (Cotching, 1995). The long cropping history and
regular mixing to depths between 0.2 and 0.3 m depth for potatoes and
other root vegetable crops probably account for Ferrosols exhibiting the
least proportional difference in SOC between 0 and 0.1 and 0.1–0.2 m
depth of the soil orders sampled.

There were no significant differences in soil organic carbon
(0–0.3 m depth) between a chronosequence of 21 forest restoration
plantings aged from 6 to 34 years old, remnant forest and pasture in
Tasmania's Midlands with all values in the range of 59–67 Mg ha−1

even with biomass carbon accumulation during the first 34 years after
planting of 4.2 ± 0.6 MgC ha−1 year−1 (Prior et al., 2015). This is in
line with other studies that show soil carbon is slow to respond to
changes in land use. Such slow changes over long time frames i.e.>
300 years, has also been reported for decreases in SOC when primary
forest is logged and then subjected to harvesting cycles (Dean et al.,
2017). The drop on SOC is driven by the biomass drop from the primary
forest level but takes time to adjust to the biomass equilibrium.

3.2. Factors that control soil organic carbon

The strongest influences on soil organic carbon concentration in
Tasmania were found to be inherent site factors of soil order and mean
annual rainfall with potentially dynamic land use also being a more
dominant influence than the dynamic soil management variables pro-
vided by farmers from their 10 year paddock histories (Cotching et al.,
2013). This included the number of crops grown and the type and
amount of tillage practiced. There was a trend for conventional tillage
to be associated with lower TOC than with no or minimum tillage but
the results were not significant (P < 0.05). The influence of soil depth
decreased in a similar manner so that TOC was influenced at all depths
in all soil orders by mean annual rainfall but soil management had a
greater influence closer to the soil surface. There were no associations
between TOC and other dynamic soil management variables including
grazing management, number of long fallows, type of crop grown, or
rates and types of fertilisers applied. The following hierarchy of influ-
ence of variables on SOC was proposed by Cotching et al. (2013):

Soil order > mean annual rainfall > land use > cropping fre-
quency > tillage type.

This general hierarchy of influence on SOC is different to that re-
ported by Robertson et al. (2016) for Victorian soils of: climate > soil
properties > management class > management practices. The dif-
ference in hierarchy reported for Tasmania (413–1352 mean annual
rainfall) and Victoria may be due to the greater climate gradient of sites
sampled in Victoria (249–1849 mean annual rainfall) as within

Table 3
Profile soil carbon stocks (MgC ha−1) in Tasmanian soils under different land uses
(Cotching, 2012).

Soil order Land use 0–0.3 m 0–1.0 m

Mean se Mean se
Chromosol Forestry 68 9.7 94 11.8
Dermosol Agriculture 91 9.6 128 14.1
Dermosol Forestry 123 31.2 252 39.6
Ferrosol Agriculture 148 13.9 230 31.6
Ferrosol Forestry 88 16.6 166 35.3
Hydrosol Agriculture 84 7.4 148 27
Hydrosol Forestry 148 40 273 35.6
Kurosol Agriculture 78 nd 104 nd
Kurosol Forestry 60 9.1 127 11.6
Podosol Agriculture 116 nd 148 nd
Podosol Forestry 59 13.1 145 31.3
Sodosol Agriculture 66 7.7 112 13.7
Vertosol Agriculture 153 nd 292 nd

Walkely-Black carbon (Rayment and Higginson, 1992) n.d., not determned.
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individual Victorian regions, the apparent influence of climate and soil
properties on SOC stock varied, and in some regions, much of the
variation in SOC stock remained unexplained.

Rainfall varies considerably around Tasmania and higher SOC levels
have been reported in the higher rainfall areas of Devonport, Burnie,
North East and Deloraine (942–982 mm mean annual rainfall), whilst
the drier regions of Brighton, Derwent Valley, Clarence (494–614 mm
mean annual rainfall) have lower SOC values (Doyle, 2013). The strong
influence of climate, in particular rainfall, on soil carbon is demon-
strated for one soil order (Dermosols) and under one land use (per-
ennial pasture) with a correlation between soil carbon stock and mean
annual rainfall of r = 0.56 (Fig. 1).

The relationship between SOC and the inherent properties of the
percentage of silt + clay in Tasmanian soils used for cropping was
found to mostly follow a previously published linear relationship
(Sparrow et al., 2006; Hassink, 1997) which is considered an indication
of the capacity of soils to store C. Soils that showed a major positive
departure from the relationship were clay loams with> 60% silt
+ clay (Ferrosols) under perennial pasture. This may be due to the
extra C capacity provided by the high proportion of fine particles in
these soils and the high C inputs from perennial pastures in a cool-
temperate climate. Tasmanian Ferrosols appear to have a large capacity
to store C in the fine fraction, but they also appear to be able to readily
lose C from this fraction. When compared with Ferrosols under pasture,
most of the cropped Ferrosols had C storage close to Hassink's re-
lationship. In the absence of the C inputs that pastures provide, and
with the influence of fallow periods and tillage, C in the fine fraction
decreases (Sparrow et al., 2006).

A negative correlation between land slope (an inherent factor) and
soil carbon content was found on Red Ferrosols (Cotching et al., 2002c).
Soil carbon content was significantly lower (P < 0.001) on slopes of
13–18% and 19–28% compared to level or accumulating sites which
was attributed to erosion on the steeper slopes. Steeper slopes
(19–28%) had more variable carbon contents (2.1–4.7%) than less steep
slopes and this variability was attributed to non-uniform effects of rill
erosion that removes furrows of organic rich topsoil whilst leaving
inter-rill areas unaffected.

The implications of the Tasmanian hierarchy of influence are that
potential SOC is determined by inherent soil characteristics of clay
content and clay type that are encapsulated by soil order, and so the
amount of SOC stored in soil tends to increase with increasing clay
content. The attainable level of SOC is determined by the local climate,
an inherent factor, predominantly annual rainfall. Actual SOC is de-
termined by the dynamic factors of type of land use and the soil man-
agement practices undertaken including fertiliser additions that con-
tribute nutrients other than carbon to SOM (Fig. 2). Although it is not
possible to increase the attainable SOC in soil, management practices
determine whether or not the dynamic attainable storage of SOC in soil
is achieved. Farmers can influence SOC more by their choice of land use

than their day to day soil management but even although the influence
of management is not as great as other site inherent variables, farmers
are still able to select practices that retain more SOC than others.
Farmers can crop less frequently and reduce the amount of tillage
during soil working as long as these practices are considered together
with economic sustainability.

The effects of different farm management practices on soil carbon
were assessed using Black Magic (Leigh Sparrow pers. comm.) which is
a model adapted from “Roth-C”, a computer model of soil organic
carbon change under UK field cropping (Jenkinson, 1990) to suit Tas-
manian soils, climate and crops. The rate constant for the resistant plant
material (RPM) pool was adjusted from 0.3 to 0.15 yr−1 as suggested
by Skjemstad et al. (2004). BlackMagic calculates the input of organic
matter from 28 individual crops commonly grown in Tasmanian crop-
ping rotations and determines the rate at which organic carbon is oxi-
dised and lost from the soil for fourteen different soil/area combina-
tions. The total farm carbon stores at 0–0.3 m depth are much larger
(i.e. 1000 x greater) than modelled annual emissions or sequestrations
(Cotching, 2009). The modelled sequestration of carbon under current
management from measured soil carbon values ranged from 0.13 T CO2

(35 kgC) ha−1 yr−1 under cropping on Sodosols to 1.03 T CO2

(281 kgC) ha−1 yr−1 under perennial pasture on Kurosols. However,
the difference between emissions and sequestration is critically de-
pendent upon the initial SOC value used in the model as this determines
if SOC is above or below the equilibrium value for the site's combina-
tion of soil type, rainfall and land use/management. Perennial pasture
on a Ferrosol was modelled to sequester carbon at 0.36 T CO2 (98 kgC)
ha−1 yr−1 and a change to cropping would emit carbon at 0.12 T CO2

(33 kgC) ha−1 yr−1. The increases in soil carbon contents under cur-
rent management were relatively small, are unlikely to be measurable
at the paddock scale over the medium term, and should be interpreted
as indicating that current management is sustainable over the medium
to long term in terms of soil carbon balance. The apparently small rates
of sequestration on a per hectare basis (48–63 kgC ha−1 yr−1) are
useful in accounting for carbon at the farm scale when multiplied by the
area used for the particular land uses and these may be off set against
emissions generated by usage of fuel, electricity or fertiliser. The farm
carbon study demonstrated that farmers are custodians of a large bank
of soil carbon that is dynamic and susceptible to degradation and
conversion into CO2 if management is not sustainable.

Tillage was modelled to increase SOM breakdown by increasing the
exposure to air and metabolism by micro-organisms. However, the
impact of tillage was not as great as the effect of other management
factors, such as length of fallow with bare ground and no tillage, and
the type of crops grown, on the amount of organic matter grown and
returned to the soil. An exception to this is where tillage leads to in-
creased erosion. One of the outputs from BlackMagic is a relative
comparison of the amount of soil carbon contributed by each crop
grown in a rotation that is dependent on sowing dates and length of
growing season but it allows for a visual comparison that farmers can
use in selecting particular crop components to include in a rotation.
Research over an 11 year period in the UK found rotations with 25% or
less of pasture phase in combination with cereals and potatoes, resulted
in a decline in SOC (Philipps, 2001). Sites under arable agriculture have
been found to reach stable or very slowly changing SOM levels under
continuous arable cropping regimes (Hatley et al., 2001). Once these
equilibrium levels are reached, modern farming systems do not cause
further decline in SOM level. The traditional pasture–crop rotation
system in Tasmania fits well into this equilibrium, with the build-up of
SOM in the pasture phase and the subsequent mineralisation of SOM
and release of nutrients in the cropping phase. The author's view that
the most effective management practice to increase SOC is to increase
the proportion of perennial pasture within crop/pasture rotations is
supported by work in other Australian regions (Chan et al., 2011; Luo
et al., 2010).

Fig. 1. Relationship between soil carbon stock and mean annual rainfall on Dermosols
under perennial pasture (Doyle, 2013).
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3.3. Rates of change in SOC concentration

SOC is dynamic in that it declines after land use changes from
pasture to crop, pasture to plantation and native forest to crop (Luo
et al., 2010; Guo and Gifford, 2002). Theoretical predictions conclude
that SOC will eventually attain a dynamic equilibrium level when SOC
gains equal SOC losses, i.e. a steady-state (Post and Kwon, 2000). The
absolute changes in SOC percentage are relatively small and are diffi-
cult to measure at the paddock scale over the medium term. At sites
under continuous cropping on Ferrosols average SOC in the 0–0.15 m
depth decreased from 3.7% to 3.2% over a 13-year period (Sparrow
et al., 2012). For the three sites that remained in pasture the SOC fell
from 5.1% to an average of 4.8% whilst at sites converted from con-
tinuous pasture to intermittent cropping over the 13 years, SOC was
reduced from 5.8% to 4.5%. Sites with the greatest SOC level at the
start were the most dynamic and declined by the greatest amount over
time. There was a highly significant (r2 = 0.82) exponential relation-
ship between SOC at 0–0.15 m depth and the number of years each site
had been cropped during the 38 years 1972–2010 (Fig. 3). It is difficult
to maintain SOC levels under a cropping rotation as cropped paddocks
on Ferrosols with 0–0.15 m depth SOC> 4% carbon tend to lose
carbon whilst paddocks with SOC of< 3% tend to gain carbon (Parry-
Jones, 2010). This supports the concept that soils have an equilibrium
level where soil will stabilise under continuous arable cropping rota-
tions (Janzen et al., 1997). The equilibrium concentration of SOC at
0–0.15 m depth in Tasmanian Ferrosols under continuous cropping
appears to be 2.4–2.7% (Walkley-Black method). Cropped Ferrosols
with SOC values between 3% and 4% need to be monitored for any
trend of further degradation.

3.4. Targets and trends

The quantity of SOC present is considered a “master” soil variable
(Wilson et al., 2008) as it is an important measure of soil quality be-
cause of the role soil organic matter plays in soil physical, chemical and

biological processes (Baldock and Skjemstad, 1999). An important as-
pect of monitoring soil quality is setting target values in order to be able
to evaluate results and to report on changes in soil properties over time
due to the effects of management. The soil quality target for a particular
soil is dependent on its inherent capabilities, the intended land use, and
the management goals (Andrews et al., 2004) and this is the approach
taken in Tasmania rather than a value for SOC that is sufficient for the
soil to perform a specific function. The targets are separate for different
soil orders, different land uses, surface (0–0.075 m) and subsurface
(0.075 m thick sampled between 0.075 m and 0.3 m), and mean annual
rainfall (Table 4). If a result falls below the target value, then if the
result is not expected, then a management response is required in order
to correct the soil condition. Such a response may include a change in
rotation or a change in cultivation technique from conventional to
minimum tillage or to include a pasture phase or lengthen the pasture
phase. SOC targets for Tasmanian soils are all > 2% at which it is likely

Fig. 2. Conceptual model of the influence of inherent (clay content & type, rainfall) and dynamic (land use) factors that control Tasmanian SOC stocks (rectangle size represent relative
value; arrows indicate declining values).

Fig. 3. Relationship between Walkley and Black (1934) organic C and cultivation history
on Tasmanian Red Ferrosols for 0–0.15 m depth (y = 4.971e−0.019x R2 = 0.825)
(Sparrow et al., 2012).

W.E. Cotching Geoderma 312 (2018) 170–182

174



that there will be sufficient SOM to maintain most functions (Murphy,
2015) and this is greater than the 1.5–2.0% threshold described by Lal
(2016) as being essential for a range of soil health attributes. A state-
wide survey of soils in Tasmania found that the proportion of sites
below SOC targets was 32% of intensive cropping sites and 23% of
perennial horticulture sites (Cotching and Kidd, 2010). The assessments
against broad targets provides a snapshot in time but for dynamic soil
properties, such as SOC, monitoring over longer time frames is required
to indicate if incremental change is occurring. The soil quality mon-
itoring program that began in 2004, selected sites that were biased to
agricultural land uses, particularly the more intense uses of cropping,
horticulture and irrigated pasture. SOC variability was explained better
by soil order (30% and 48%) than land use (24% and 22%) in both
surface and subsurface samples respectively (Cotching and Kidd, 2010).

Repeated sampling at each of the state-wide sites approximately
5 years after initial sampling, has been undertaken and the comparison
of SOC data for Dermosols under cropping indicates that the measured
decrease in topsoil and subsoil OC was significant (P < 0.05) and this
was associated with a significant increase in bulk density, an increase in
pH and a decrease in aggregate stability (Grose, 2015). The significant
decrease in SOC found on Dermosols under pasture has also been re-
ported in New Zealand temperate soils (Schipper et al., 2007). This may
be due to the inherent effect of mineral N applied as fertiliser promoting
microbial C utilization (Mulvaney et al., 2009) or urine deposition
leading to SOC solubilisation and priming of soil C mineralisation under
pastures (Lambie, 2012). There is considerable uncertainty regarding
the extent to which different grazing practices alter SOC accumulation
(Chen et al., 2015; McSherry and Ritchie, 2013) and SOC responses to
grazing are complex because grazing influences many aspects of the
pastures ecosystem, including plant community structure, soil proper-
ties and nutrient cycling, thereby making it difficult to predict the SOC
responses to changes in grazing management (Eyles et al., 2015). Plant
roots play a significant role in C sequestration in pasture soils but
variable findings on the effect of grazing on root biomass suggest that
the effect of grazing on root growth is complex and complicated by a
range of factors including soil type, climate, fertilisation and species
composition. The effects of climate change on SOC under pasture have
also not been evaluated with changes in atmospheric temperature and
CO2 concentration potentially having measurable effects on plant
growth and microbial decomposition.

The number of Dermosol sites not meeting SOC targets has

increased from eight to 13 over the 5-year sampling interval. Sites
under cropping that are below target for OC have also been reported on
Dermosols and Ferrosols (Cotching, 2010). All of these soil monitoring
results are contributing to a consensus of findings that soil condition in
Tasmania is declining, and the results should be considered as an early
warning of possible long-term future trends (Commonwealth of
Australia, 2011; Grose, 2015; Cotching et al., 2002a, 2002b, 2002c,
2002d; Sparrow et al., 1999). It could be that some Tasmanian soils will
sustain sufficient SOC reserves to maintain good physical condition
provided that compaction by tractors is minimised (Gradwell and
Arlidge, 1971). However, the major challenges for the management of
agricultural soils in Tasmania are still those identified by Cotching
(1995) of loss by accelerated soil erosion, structural decline due to
compaction and decreased aggregate stability and declining organic
matter content due to oxidation and erosion.

3.5. SOC fractions

SOM is made up of four major fractions – plant residues, particulate
organic carbon, humus carbon and recalcitrant organic carbon or
charcoal and char-like structures. These fractions vary in their chemical
composition, stage of decomposition and role in soil functioning and
health. Three of these four fractions were further defined by Skjemstad
et al. (2004), as:

Particulate organic carbon (POC): Pieces of plant debris 0.053–2 mm
in size. POC decomposes relatively quickly (years to decades) and
provides an important source of energy for soil microorganisms.

Recalcitrant organic carbon: Organic material resistant to decom-
position and, in Australian soils, dominated by charcoal. The charcoal C
content is the amount of SOC in the< 53 mm fraction found to exist in
the form of charcoal as assessed by 13C nuclear magnetic resonance
(NMR) analysis after exposure to a photo-oxidation process.
Recalcitrant organic carbon can take centuries to thousands of years to
decompose, and is largely unavailable to microorganisms.

Humus carbon: Calculated as the total SOC minus the particulate and
charcoal fractions. Humus carbon is more resistant to decomposition by
soil microorganisms than POC, and so tends to turn over more slowly
(over decades to centuries). It plays a role in all key soil functions, and
is particularly important in the provision of nutrients and has been
found to be active in mineral degradation in Tasmania (Baker, 1973).

The proportions of the different fractions are important because a
greater proportion of POC would indicate that a soil is more susceptible
to SOC decline over time than a soil with a greater proportion of humus
or recalcitrant carbon. McDonald et al. (2009) reported that soils with
the greatest SOC levels in Tasmania (Hydrosols and Podosols) also
contained the greatest amount of POC (Fig. 4). The mean fraction of
POC relative to total SOC ranged from 0.3 on Dermosols to 0.6 on
Hydrosols/Podosols. Maximum POC fractions were 0.7 on a Ferrosol
and 0.9 on a Hydrosol. In a study of 312 Australian soils, Baldock et al.
(2013) found a POC fraction mean of 0.19 with a range of 0.006 to
0.60. The large proportion of POC on Hydrosols/Podosols is likely to be
because the soils sampled in these two soil orders were all saturated for
several months each year, thus slowing or even stopping SOM turnover
and decay and allowing the build-up of POC. Ferrosols had equal pro-
portions of POC and humus whereas Chromosols, Dermosols and So-
dosols had greater proportions of humus than POC. The proportion of
SOC as POC appeared to be approximately 50:50 up to 5% SOC
(straight line section on Fig. 5) but above levels of 5% SOC, the pro-
portion of POC increased as indicated by the steepening slope of the
line. Baldock et al. (2013) also found that as the SOC content increased,
a greater proportional increase in POC content occurred. Thus at the
higher SOC contents, POC represented a greater fraction of SOC than at
lower SOC contents. The fraction of SOC as char in Tasmanian soils
ranged from a mean of 0.09 on Hydrosols/Podosols to 0.12 on Chro-
mosols, Ferrosols and Sodosols, and 0.15 on Dermosols. Baldock et al.
(2013) found resistant SOC to have a fraction mean of 0.26 (range

Table 4
Targets for soil organic carbon in Tasmania (Cotching and Kidd, 2010).

Soil order Land use categories Deptha Annual
rainfall
(mm)

Target
value or
range
(%w/w
OC)

Calcarosols
Chromosols
Kurosols
Podosols
Sodosols
Tenosols

All Surface > 2
Subsurface > 1

Dermosols
Ferrosol
Hydrosols

Cropping & horticulture Surface > 800 > 3
< 800 > 2

subsurface > 800 > 3
< 800 > 1.5

Pastures & forestry Surface
+ subsurface

> 800 > 4
< 800 > 2

Vertosols All Surface > 4
Subsurface > 3

a Surface = 0–0.075 m; subsurface = 0.075 m thick sampled between 0.075 m and
0.30 mm.
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0.07–0.74).
There is some conjecture about the concept of soil humus as

Lehmann and Kleber (2015) argue that SOM consists of a range of or-
ganic fragments and microbial products of all sizes at various stages of
decomposition rather than decomposition being predominantly in the
more labile POC fraction. During the decomposition of fresh organic
materials (remains of plants, animals and microorganisms) approxi-
mately 60–80% of the organic C (the labile fraction) reverts to the at-
mosphere as CO2. This is a rapid mineralisation process and usually
takes place within the first year. The remaining proportion undergoes
slower oxidation processes and after complex transformations, it either
turns into macro- or microbial biomass (5–15%) or is stabilised in the
form of humic substances (Gonzalez-Perez et al., 2004). Although all
plants contain the same general classes of organic compounds such as
cellulose, hemicellulose, starches, proteins, lipids and polyphenols, the
proportions of each depend on species and maturity, and influence the
degree and rate of decomposition (Martens, 2000). Decomposition of
crop residues into SOM (humification) not only sequesters carbon but
also substantial amounts of nitrogen, phosphorus and sulfur that may
require application of additional nutrients over and above nutrients
required for crop growth (Kirkby et al., 2014).

Evidence to support the Lehmann and Kleber (2015) hypothesis that
decomposition of all sizes of SOM occurs simultaneously rather than
predominantly in the more labile POC fraction has been provided in
Tasmania by Parry-Jones (2010) and Belbin (2003) on Red Ferrosols.

They found that there was no significant change between POC and
humus fractions as a percentage of total organic carbon (TOC) as TOC
declined with increasing years of intensive cropping. This is in contrast
to findings on Ferrosols in Victoria where the decrease in macro-C
(> 53 μm) was greater than finer carbon when management changed
from forest to pasture (Carter et al., 2002). These Tasmanian findings
may reflect the fact that the size of POC in any of these samples was
unknown and the mean size may be closer to 53 μm in some and to
2 mm in others, i.e. a 40-fold range. The findings may also be due to the
presence of abundant iron and aluminium oxides in Red Ferrosols with
high surface area that allows for greater carbon storage than on the
dominant clay mineral, kaolinite, that has a low surface area and
therefore a low CEC and carbon storage capacity (Jardine et al., 1989).
The location of organic carbon on these surfaces may make it more
prone to attack and oxidation, especially under cultivation where the
soil structure is disturbed (Belbin, 2003).

3.6. Relationships of SOM to other soil attributes

SOC holds a pivotal role in maintaining soil health due to its re-
lationship to other soil properties. SOC was significantly correlated to
several physical, chemical and biological soil properties on a several
soil orders in Tasmania (Table 5). The strongest relationships were re-
ported to be with BD and plastic limit, properties that impact on soil
workability. SOM increases the soil volume (Hudson, 1994) and there is
a strong inverse relationship between soil strength and soil volume. The
lower the BD, the more friable a soil tends to be, and so the less the
power requirement for tillage. The greater the plastic limit, the wetter a
soil can be worked without causing plastic deformation or smearing and
so the less likely compaction will occur. These are both positive on-the-
paddock outcomes of greater SOC levels.

Significant relationships with other soil physical properties (struc-
ture score, infiltration, mean weight diameter of aggregates and field
capacity) indicate that SOC is likely to influence water holding capacity
as there is a strong interaction between soil structure, aggregate sta-
bility, bulk density and water-holding capacity (Krull et al., 2004).
Plant-available water increases by 2–3.5 mm/10 cm soil for each 1.0%
increase in SOC over the range of 0.7–3.0% SOC but the increases ap-
pear higher for loams and clays than for sandier soils (Murphy, 2015).
Increasing SOC also tends to reduce water erosion by improving ag-
gregate stability. Significant relationships between SOC and total ex-
changeable bases (TEB) on several Tasmanian soil orders demonstrate
the influence that SOC has on soil chemistry, as TEB is the sum of the
exchangeable cations calcium (Ca2+), magnesium (Mg2+), potassium

Fig. 4. Soil organic matter components in Tasmanian
soil orders. Mean values (%w/w) of organic carbon
(OC - Leco), char, particulate organic component
(POC) and humus soils (after McDonald et al., 2009).
Error bars are 1 standard deviation.

Fig. 5. Particulate and total organic carbon in Tasmanian agricultural soils.
(After McDonald et al., 2009)
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(K+) and sodium (Na+) and at the field pH is the effective cation ex-
change capacity (CEC) or ECEC (Rengasamy and Churchman, 1999).
Significant relationships between SOC and CEC have also been reported
on Australian soils by Chan et al. (1992) and Tranter et al. (2007).

A significant relationship between SOC and microbial biomass
carbon is expected as SOC comprises physically degraded and protected
plant components as well as components synthesised by soil microbes
(Kallenbach et al., 2016). Significant positive relationships between
TOC and microbial carbon measured using phospholipid-fatty acid
methyl esters (R= 0.57), and fluorescein diacetate activity (R= 0.43)
have also been reported by Pung et al. (2003) in Tasmanian Ferrosols.
However, TOC was found not to be related to labile carbon in apple
orchard soils and labile carbon contents were strongly correlated with
microbial activity as measured by dehydrogenase enzyme activity
(Gentile et al., 2016b). Plant material is the food source for soil mi-
crobes and so if the soil provides fresh supplies of food, then the mi-
crobes will flourish. A negative relationship with soil pH may indicate
that in strongly acidic soils, the microbial population is fungi domi-
nated with less bacteria and not so active to decompose dead plant
material resulting in an increase in POC.

Crop yield is determined by many factors and so it is often difficult
to find a direct relationship between SOC and yield. Unless there is
broad range of SOC levels in the same soil type and climatic zone, it can
be difficult to detect any effects of SOC on yield. The approach of re-
lating SOC to individual soil properties means that it becomes possible
to identify how and when SOC might influence yield (Murphy, 2015).
The relationship between crop yield and soil properties has been in-
vestigated in two ways on a range of Tasmanian soils (Cotching et al.,
2002c; Cotching et al., 2004): firstly, how crop yields and soil proper-
ties vary in different parts of the same paddocks, and secondly, how
crop yields and soil properties vary from paddock to paddock. Results
comparing different paddocks growing poppies showed no clear re-
lationship between soil carbon and yield (Cotching et al., 2004). This is
perhaps not surprising because other important factors like water, fer-
tiliser, pest and disease management also varied from paddock to
paddock. Good management of these factors would tend to even out
any differences due to SOC. When yields were measured at a number of
points within individual paddocks a stronger but still variable effect of
SOC could be seen. The within-paddock results were also confounded
by the fact that the sample points were affected to varying extent by

previous soil erosion. Nevertheless, in 4 out of 5 cases higher SOC was
associated with higher yield. The r2 values were low and so although
there may be some cause and effect relationship between SOC and crop
yield, there was little predictive value in the SOC values. TOC was
found to be one of the main factors that significantly affected the per-
centage of carrots that are marketable together with the proportion of
diseased or misshapen carrots (Pung et al., 2003). These three variables
explained 68% of the variability in saleable carrots. Soil attributes that
included SOC, explained 72% of the variation in the condition of
woodland remnants within the agricultural Midlands of Tasmania, with
healthy sites having higher SOC (Davidson et al., 2007). Grazing history
(fencing, grazing frequency and intensity) was the primary manage-
ment history factor in separating healthy and poor sites, whilst patch
size, fire frequency and wood gathering were secondary, but significant,
factors.

3.7. Soil biology

3.7.1. Macro-fauna
The dynamic nature of agricultural practices that result in changes

due to soil disturbance, soil fertility and/or plant species composition
have been instrumental in reducing native earthworm populations in
agricultural areas (Baker et al., 1997). Exotic earthworms represent
only 10% of the total 230 species (Blakemore, 2008), which is the same
number as the 23 exotics in New Zealand (Ara, 2017) and slightly less
than the 27 native earthworm species recorded in the UK and Ireland
(Sherlock, 2012) but they predominate in the agricultural soils of
Tasmania. These same changes have been associated with poor tree
health in remnant woodland fragments of eucalypts in agricultural
landscapes in Tasmania (Close et al., 2004). The introduction of the
exotic earthworms Aporrectodea caliginosa and A. longa increased pas-
ture production by up to 75% and up to 60% for one species in northern
Tasmania (Temple-Smith et al., 1993). Introducing earthworms to
pastures has been found to sequester SOC internationally (Don et al.,
2008), but evidence is lacking in Tasmania (Eyles et al., 2015). Earth-
worms and other macro-fauna are important movers of organic mate-
rials into and through soil, especially earthworms with an anecic habit.
A. trapezoides was found to be the most widespread species occupying
55% of sites, closely followed by A. caliginosa at 52% (Temple-Smith
and Kingston, 1990). These two species are also the most widespread in

Table 5
Significant (P = 0.05) correlations (r) between soil organic carbon and other soil attributes in Tasmanian soils.

Attribute

Soil order BD Structure
score

Inf FC MWD LL PL WSA Bio C worms pHw TEB

Dermosola −0.82 nd – – – nd 0.89 – 0.9 0.55 – 0.61
Ferrosolb −0.81 nd nd 0.7 0.73 0.79 0.78 0.64 0.54 nd −0.62 –
Ferrosolc – nd nd 0.47 −0.55 – 0.52 – 0.9 0.59 −0.44 –
Ferrosol nd 0.42d nd nd nd nd nd 0.75e nd nd −0.39 –
Sodosolf −0.77 nd 0.57 0.41 – 0.65 0.72 0.65 0.78 – – –
Tenosolg −0.73 nd – – – nd 0.75 – 0.57 – – 0.57
Vertosolh −0.79 nd – 0.59 – 0.94 0.95 – – – −0.87 0.89
Multiplei −0.92 nd nd nd nd nd nd nd nd nd nd nd

nd = not determined;
BD, bulk density; BioC, microbial biomass carbon; Inf, infiltration; MWD, mean weight diameter of dry soil aggregates; FC, field capacity; LL, liquid limit; PL, plastic limit; WSA, water
stable aggregates; Wms, total worms; pHw, pH water; TEB, total exchangeable bases.

a Cotching et al., 2002a.
b Sparrow et al., 1999.
c Cotching et al., 2002c.
d Cotching et al., 2004.
e Pung et al., 2003.
f Cotching et al., 2001.
g Cotching et al., 2002c.
h Cotching et al., 2002d.
i Cotching and Kidd, 2010.
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New South Wales and Victoria (Mele and Carter, 1999). The numbers of
earthworms are dynamic with total earthworm population densities on
pasture sites ranging from 0 to 565 m−2 (Temple-Smith and Kingston,
1990) and even up to 918 m−2 Sparrow et al. (1999). Lower numbers
(2–126) were reported on cropped sites (Sparrow et al., 1999; Cotching
et al., 2002a; McDonald and Rodgers, 2010) that may be due to greater
disturbance, lower SOM levels (Table 5) and greater use of fungicides.
A. caliginosa has the greatest reported density of any single species at
174 m−2 (Garnsey, 1994). Total numbers of earthworms and numbers
of beneficial species were significantly correlated with inherent soil
properties of clay content (Temple-Smith and Kingston, 1990) and A.
caliginosa was found to be dependent upon the inherent site char-
acteristic of rainfall in Tasmania's Midlands with population density,
cocoon production and adult development reducing over a rainfall
gradient from 600 to 425 mm yr−1. Populations of A. longa do exist in
Tasmania, but are very poorly distributed and this indicates that there
is potential for wider introduction of this deep burrowing species within
this environment (Stevenson, 2011).

The species of dung beetle at a particular site is also affected by
changes in land use. The introduced species of dung beetles prefer the
open grassland habitat provided by cow dung on pastures in Tasmania,
whereas the native species prefer marsupial dung that is more prevalent
in bushland (Stevenson, 2011). There are 10 species of native dung
beetles that are common in Tasmania, the most common being Ontho-
phagus australis (Stevenson, 2011). This beetle is one of the few native
species that is found in open grazing land. Since 1972, 13 different dung
beetle species have been introduced to Tasmania of which five are now
well established. These are the summer active beetles Onthophagus bi-
nodis, O.taurus, Euoniticellus fulvus, and the winter active Geotrupes
spiniger (‘blue bomber’) and Bubas bison. The terrestrial amphipod
Keratroides vulgaris (landhopper) that is normally a forest dweller, is the
most common large detritivore in high rainfall pastures in Tasmania
(Friend and Richardson, 1986).

3.7.2. Meso- and micro-fauna
The levels of meso-fauna in soils is dynamic as paddocks on Red

Ferrosols with greater levels of soil disturbance (vegetable & other
cropping) have lower arthropod, and nematode abundance than pasture
paddocks with low levels of soil disturbance (McDonald and Rodgers,
2010). Among the free-living nematodes, omnivorous nematodes (ne-
matodes that feed on other nematodes, fungi, algae or other soil or-
ganisms) were most susceptible to cultivation. Their average population
in cropped soils in Tasmania was nine times lower than in non-cropped
pasture soils (Pung et al., 2003). Their populations also take a longer
time to recover from disturbance because they have relatively long life
cycles. Populations of plant parasitic nematodes were much greater in
pasture soils than in cropped soils, probably because a large biomass of
plant roots is always present in pastures. The number of arthropod
Orders present on Ferrosols was positively correlated to their abun-
dance (McDonald and Rodgers, 2010). Oribatid mites, Mesostigmata
and Collembola were present in every sample collected. There was no
clear seasonal trend in abundance of arthropods with populations able
to peak at any time of year.

A significantly greater abundance of mesostigmatid mites at
0.2–0.25 m depth was found following application of poultry manure
and poppy seed waste to a Sodosols and a Dermosol in the northern
Midlands of Tasmania.(Chapman, 2016). The mite population was
likely responding to improved soil porosity created by subsoil manuring
that will also contribute to improved conditions for crop growth.

3.7.3. Micro-flora
Microbial biomass has been found to be significantly and positively

correlated with SOC levels on nearly all soil orders in Tasmania
(Table 5). Microbial activity dynamically responds to the level of its
primary food source, as measured by SOC content. Paddocks with
greater levels of soil disturbance (cropped vs pasture) had lower fungal

to bacterial biomass ratio and other microbiological indicators, such as
total bacteria, total fungi, gram +ve bacteria, gram −ve bacteria and
mycorrhizal fungi (McDonald and Rodgers, 2010; Pung et al., 2003).
Protozoa were found to have highly variable abundance that may be
due to them being simple organisms that can reproduce very rapidly in
response to favourable environmental conditions.

The biomass of bacteria was found to have no relationship to the
abundance or biomass of other soil organisms. This may be due to the
diversity of bacteria and their ability to exploit a wide range of re-
sources under almost any conditions. Bacterial populations are very
dynamic and can respond extremely quickly to changes in the local
environment, such as the season, giving rise to highly variable results
that appear unpredictable and difficult to interpret. Sites with the
poorest levels of biological activity retained low levels of all soil or-
ganism groups and so have the potential to respond to positive changes
in management such as reduced tillage, cover crops, green manures and
pasture breaks in cropping rotations (McDonald and Rodgers, 2010).

Inherent differences in climate between sites resulted in greater
average total microbe, bacteria and yeast biomass and lower average
fungi:bacteria and fungi:yeast ratios under both cereals and pasture in
warmer and wetter Ferrosols in the northwest of Tasmania compared to
cooler and dryer Kurosols/Sodosols in the northern Midlands (Cotching
and Blaesing, 2008). However, there was considerable variability in the
data both between sites and between seasons that, in association with
the lack of soil physical and chemical data or crop yields as explanatory
variables, makes it problematic when advising on possible target levels
for these soil microbial indicators. Findlay (2013) also found that mi-
crobial biomass is highly dynamic with levels varying dramatically
between different seasons in Tasmania and that microbial community
composition is largely determined by food source with distinct soil
microbial communities reported for co-occurring grass species on an
extremely local scale (Osanai et al., 2011, 2013). Application of Acacia
green waste biochar was found to improve bacterial and fungal abun-
dance 3.5 years after application but not archaeal or other eukaryota
community components (Abujabhah et al., 2016a). Soil microbial bio-
mass reporting for Australian soils is confounded by differences in
methodology and Gonzalez-Quiñones et al. (2011) recommend that
future measurements be conducted using a standardised methodology.
Further research is also required to better define limits that are soil type
and land use specific, and with appropriate soil collection times for
each agro-ecological region of Australia.

Arbuscular mycorrhiza fungi (AMF) that are beneficial fungi asso-
ciated with plant roots were found in significantly greater numbers in a
conventionally managed cherry orchard than in an organically man-
aged orchard (Mohamed, 2015). This could be due the fungi responding
dynamically to more herbaceous weeds and grass around the cherry
trees in the conventionally managed cherry orchard than in the organic
orchard.

3.7.4. Soil borne diseases
Tasmanian soils were found to have greater percentages of Take-All

(caused by the fungus Gaeumannomyces graminis) and cereal cyst ne-
matode (Heterodera avenae) than all other Australian states, less
Rhizoctonia solani (causes bare-patch disease) than all states except
Queensland, and similar occurrences of root lesion nematodes
(Pratylenchus neglectus and P. thornei) to Victoria (Soil Quality Pty Ltd.,
2017). The majority of the benchmark sites had levels of diseases and
pests that were below detection with a minority of sites having a
medium or high occurrence of Take-All (17 and 7% respectively) and a
medium or high occurrence of cereal cyst nematode (4 and 5% re-
spectively) (Fig. 6). The presence of these pathogens does not ne-
cessarily pose a threat to crop production and the impact that these
pathogens have on plants will depend on having a suitable host as well
as a favourable soil environment for the pathogens. This dependency
provides an opportunity to modify dynamic soil conditions, such as
SOM and waterlogging, with different management practices for long-
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term control through suppression of soil borne pathogens.
Biofumigation crops that act as break crops, disrupting the lifecycle

of pests and diseases, with disease suppression resulting from direct
biocidal toxicity as well as indirectly through changes in the soil fauna
and the microbial community, offer an opportunity for management of
soil borne diseases. Brassica green manure plants that produce high
concentrations of biofumigants (Blaesing and Rogers, 2016) were found
to have advantages over non-brassica green manure plants for Scler-
otinia wilt disease control in lettuce crops (Pung et al., 2004). Fodder
rapes (BQ mulch), which produce high levels of biofumigants in their
roots were more effective for Sclerotinia control than mustards (Brassica
juncea cultivar Fumus), that produce high levels of biofumigants in their
foliage. Control of the soil-borne potato diseases common scab and
powdery scab, caused by Streptomyces scabiei and Spongospora sub-
terranea respectively, and black scurf and Rhizoctonia canker, caused by
Rhizoctonia solani, using green manure break crops, including biofu-
migants and ryegrass, was unsuccessful on a Ferrosol in northwest
Tasmania (Sparrow, 2015). Changes in plant and environmental con-
ditions can affect the release of specific compounds that stimulate
germination of Spongospora subterranea resting spores that is the causal
agent of powdery scab and root diseases of potato and so selection or
breeding of cultivars that are resistant to soil borne diseases are one
option to reduce disease incidence (Sparrow and Wilson, 2012; Sparrow
et al., 2015; Tegg et al., 2012). Crop growth benefits from growing a
mustard biofumigant Brassica juncea cultivar Caliente, were incon-
clusive (Finnigan, 2013) But one of the advantages of biofumigant crops
is that they are not used for livestock grazing and this reduces the risk of
compaction by grazing animals when soils are wet in Tasmania's winter
and early spring.

3.8. Organic soil amendments

Organic amendments are often applied to soil in lieu of inorganic
fertiliser to supply essential plant nutrients (Golabi et al., 2007) and
they contribute directly to the SOM stored in soil but their addition is
dynamic rather than an inherent soil property and their effects can be
positive or negative on soil properties and plant growth. No significant
responses were found in soil physical properties or SOC after one year
following application of biosolids, poppy (Papaver somniferum) mulch,
and poppy seed waste, but they can be used to substitute for inorganic
fertiliser in meeting plant nutrient requirements and they may be re-
leasing more plant-available N than guideline assumptions.
(Horticulture Innovation Australia Limited, 2016; Ives et al., 2011; Ives
et al., 2015). Pyrethrum marc, a waste product of pyrethrin extraction

from dried flowers of the pyrethrum plant, can also offer benefits as a
soil conditioner and as a source of nutrients for crops. Application of
poppy waste at 200 m3 ha−1 significantly increased soil organic carbon
from 1.24% to 1.57%, however, SOC increases resulting from lower
applications rates were not significant and significant yield loss of up to
57% of fresh market salad and lettuce occurred within 8 weeks fol-
lowing waste incorporation due to a combination of increased soil pH
and soil salinity (Hardie and Cotching, 2009). Compost addition was
initially found to increase SOC and N under cropping but this change
was not maintained for a third year and there was a decrease in SOC
and N under long term pasture in the first eighteen months after ap-
plication of compost concomitant with an increase in pasture pro-
ductivity (Ives et al., 2015). The timing application of organic amend-
ments is critical to ensure that mineralisation of nitrogen from the
applied products coincides with plant nutrient requirements and that
mineralised N is not exposed to leaching loss and denitrification.

The application of biochar as a soil amendment is largely based on
evidence about soil fertility and crop productivity gains made in the
Amazonian Black Earth (terra preta) (Sombroek, 1966). A low-tem-
perature biochar derived from acacia whole tree green waste sig-
nificantly increased SOC by 23%, decreased soil bulk density and in-
creased saturated hydraulic conductivity and soil water content at field
capacity, but had no significant effect on soil porosity or aggregate
stability (Abujabhah et al., 2016a, 2016b; Hardie et al., 2014). Differ-
ences were attributed to greater earthworm burrowing in the biochar
amended soil. Soil chemical and physical properties were unaffected by
either biochar application at 10 Mg ha−1 or the interaction between
biochar and fertiliser on Red Ferrosols (Boersma et al., 2017).

High rates of biochar addition of up to 100 Mg ha−1 in a pot trial
significantly increased TOC in three contrasting soils but no significant
impact on microbial biomass have been reported (Abujabhah et al.,
2016b; Street et al., 2014). The change in TOC was associated with
increases in populations of methanotrophic and nitrifying bacteria and
significant differences in the bacterial diversity in the Kurosol and
Dermosol but the Vertosol was more resilient to change (Abujabhah
et al., 2017). A significant increase in SOC in the upper 0.1 m of soil
resulted from the application of 20 Mg ha−1 of biochar but this was
followed by a downward trend over the subsequent 2 years under
cropping and a positive effect on yield was also short-lived (Ives, 2013).
This suggests that in a cropping regime, a once-only addition of biochar
does not provide a long term solution for maintaining SOC.

Reuse of organic materials is desirable in order to reduce waste
streams and to take advantage of the soil benefits associated with added
organic matter and associated plant nutrients. However, there are

Fig. 6. Indicators of soil inoculum status for soil borne disease
and/or nematode abundance in Tasmanian soils.
Data source: http://soilquality.org.au
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difficulties associated with the physical management of materials due
to its consistency, the timing of application and the availability of nu-
trients depending on product composition and consistency. A single
application of organic amendments may not be effective in the long
term to increase soil carbon or crop yield but applications may be re-
quired at least once every two years to maintain consistent results.
Quilty and Cattle (2011) concluded that organic amendments are un-
likely to replace, or become more common than, inorganic inputs and it
would seem more likely that a wide range of organic products will be
gradually integrated into modern agriculture to help improve and
sustain production systems.

4. Conclusions

Tasmanian soils store relatively large quantities of SOC due to the
inherent site factors of high rainfall and cool temperatures with the
greatest stocks on Red Ferrosols under perennial pasture that are due to
inherent high clay contents of iron and aluminium oxides. Tasmanian
soils store considerable SOC at depths below the current 0.3 m used in
carbon accounting. Little is currently known about the dynamics of this
subsoil SOC and it warrants further investigation of how it has been
influenced by management and if there is potential to sequester more
subsoil SOC in Tasmania's cool wet climate. Farmers' influence on SOC
is not as great as might be expected but they are still able to select
practices that retain more SOC than others. Soils in Tasmania can be-
come saturated with SOC and the greater fraction of POC measured
under pasture may indicate that organic matter is not breaking down
due to inhibition by water logging. The nutrients in the undecomposing
organic matter are not being recycled for productive agricultural use
and can lock up a considerable investment in plant available nutrients.

There are significant correlations between SOC and other physical,
chemical and biological soil properties but relationships to crop yield
are weaker and harder to determine. The large store of SOM provides
advantages to productive sustainable agriculture in the form of a buffer
against changes induced by modern agricultural practices including
tillage and compaction. SOM is dynamic and the measured and con-
tinuing decrease in topsoil SOC under cropping that is associated with
degrading soil physical and chemical properties, remains an ongoing
concern for sustainable agriculture in Tasmania. The decrease of SOC
under pasture warrants further research to determine if changes in
management can address the decline or if factors such as climate
change are influencing these changes. It is important that monitoring of
soil condition is continued so that trends can not only be reported on
but management actions developed and adopted.

Soil biology is controlled by both inherent and dynamic factors.
Earthworm numbers are influenced by the inherent soil and site factors
of clay content and rainfall but are also dynamic due to changes in land
use and the amount of cultivation. Meso-fauna are also dynamic as they
are susceptible to the detrimental impacts of cultivation. Micro-flora are
probably the most dynamic soil biological component with consider-
able variability between sites and with quick response times between
seasons and food sources supplied by different crops. The microbial
biomass is strongly controlled by the amount of SOM present. The lack
of associated soil physical and chemical data or crop yields as ex-
planatory variables for changing microbial measures makes it proble-
matic when advising on possible target levels for many soil microbial
indicators. Research is required on how to more readily diagnose soil
health using biological indicators. There is potential to use soil aroma
as a diagnostic tool as aromatic compounds are produced by soil mi-
crobes in response to environmental conditions. Soil borne diseases are
also highly dynamic, responding opportunistically to changes in the soil
environment and potential local host plants. Farmers need to take steps
to minimise the risk of soil borne disease by growing less susceptible
cultivars and managing soil moisture to avoid either saturated or over
dry soils during crop growth. They need to identify less risky paddocks
with suppressive soils, i.e. those that resist diseases, in order to give

them a natural advantage for their farming business. Organic amend-
ments, including biochar, provide an opportunity to reuse waste
streams in productive agriculture but multiple applications are required
to maintain consistent increases in SOM and crop yield. They are less
easily managed and applied than inorganic fertiliser as they are more
restricted to application when soil moisture levels are low enough to
prevent soil compaction, rather than being able to be applied im-
mediately before crop demand.

SOM is not simply a commodity to be traded or there to gain ben-
efits in market-based instruments for carbon. This bank of SOC should
be viewed as a sustainability reservoir and as the potential to sequester
more soil carbon in Tasmania is small and takes decades, SOC is un-
likely to provide an alternative income source to Tasmanian farmers
through any carbon trading opportunities.
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