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ABSTRACT

Remnant woodland areas are commonly part of livestock grazing operations in temperate
Australia. These remnant areas can store substantial amounts of carbon and have important
biodiversity value, but are at risk of ongoing decline due to nutrient enrichment, overgrazing,
clearing of woody debris and lack of tree recruitment. The process of compiling experimental
farm-scale natural capital accounts (NCA) for | | wool-growing businesses in temperate Australia
demonstrated that some wool growers may be managing these areas in ways that sustained, and
at times regenerated, carbon and other natural values. When managed sensitively, these largely
native areas provide forage and shelter for livestock production while carbon and associated
biodiversity is also protected, and in some cases regenerated. The farm-scale NCA process
highlighted that for some farm businesses net sequestration of carbon can occur at a farm-scale,
substantially owing to the management approach applied to these remnant areas. The process
highlighted the potential for livestock grazing approaches underpinned by the ecosystem services
provided by native grasses, forbs and woodlands (i.e. low-input rather than nutrient enrichment
and pasture modification) to contribute to balancing carbon emissions from other areas of more
intensive management within a farm business. With the current momentum worldwide aimed at
achieving net zero emissions, there is an opportunity that has not existed previously to conserve,
and sometimes regenerate, these remnant woodland areas on farmland. This could contribute to
reversing a crisis of biodiversity loss in this threatened ecosystem while also helping farm
businesses to reduce overall carbon emissions.

Keywords: biodiversity conservation, climate change adaptation, greenhouse gas fluxes,
landscape ecology, nature-based solutions, sustainable livelihoods, system of environmental

economic accounting, woodland ecology.

Introduction

Temperate grassy woodlands provide the production base and a range of provisioning
and non-provisioning ecosystem services to farm businesses, as well as broader society in
south-eastern Australia. Livestock grazing of these woodlands can be compatible with the
retention of highly biodiverse landscapes (Barrett et al. 1994; Tremont 1994; McIntyre
2005; Dorrough et al. 2006; McIntyre et al. 2022), with eucalypts and associated native
understorey also storing substantial carbon (Eldridge and Wilson 2002). Due to the
suitability of these areas for agriculture, maximising agricultural production has typically
been prioritised over the preservation of the natural ecosystem (Smith et al. 2013; Unc
et al. 2021). Consequently, temperate woodland ecosystems are critically endangered in
Australia (Australian Government, Department of Agriculture, Water and Environment
2022b) with ongoing clearing and intensification of these woodlands continuing
unabated (EPA 2021).

Along with preserving remaining biodiversity values in temperate woodland areas,
protecting carbon that is currently stored in forest and woodlands is critical for climate
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change mitigation (Keith et al. 2021). Although the conser-
vation of relatively fragmented and lower conservation value
woodland areas is usually not prioritised, carbon and
biodiversity values within them, along with a range of both
provisioning (i.e. forage and fodder production and stability,
surface water quantity, apiary resources, timber production)
and non-provisioning (such as genetic resources, green house
gas (GHG) regulation, water quality regulation, resistance to
weed invasion, resources and habitat for wildlife, salinity
control) can be retained, and potentially regenerated, when
grazing is managed in ways that protect these values
(Lavorel et al. 2015).

A range of private land conservation schemes exist to
compensate farmers, usually financially, to protect areas of
higher value native biodiversity (Australian Government,
Department of Agriculture, Water and Environment 2022a).
Such schemes less commonly focus on woodlands of relatively
lower biodiversity value even though these areas, including
where only scattered trees remain, can still be important for
biodiversity, as well as habitat connectivity in the landscape
mosaic (Reid and Landsberg 2000; Gibbons and Boak 2002;
Gibbons et al. 2008). Sadly, the intrinsic natural values of
these lower conservation value areas, as well the ecosystem
services they provide, generally go unrecognised in the con-
text of agricultural production goals. This is particularly
true in higher productivity temperate areas where lower-
input approaches that integrate ecological and agricultural
outcomes simultaneously are usually seen as a cost to livestock
productivity and business bottom-lines (Waters et al. 2020).

Individual farms are unique and have been shaped to
varying degrees by prior environmental, socio-political and
economic influences. Farms are usually mosaic landscapes
(Kotliar and Wiens 1990; McIntyre and Barrett 1992) and
comprise highly modified (e.g. intensive sown pastures and
crops), partially modified (e.g. remnant areas in varying
states of transition from pre-European reference condition)
and largely unmodified wild areas such as high conservation-
value woodlands and forests that are usually excluded from
production (McIntyre et al. 2002). It is typically the partially
modified areas that remain vulnerable to agricultural inten-
sification (such as nutrient enrichment, sowing of introduced
pasture species and clearing of woody debris) and corre-
sponding loss of carbon and biodiversity (Dorrough et al
2007). It is in these areas that opportunities exist to protect,
and in some cases increase, above- and below ground carbon
stocks and biodiversity simultaneously, while also allowing
for continuing low-input livestock production. If mechanisms
exist that can enable recognition of both ecological and
production values from different areas of the farm mosaic,
there is potential for greater preservation of both carbon and
biodiversity in these areas and therefore in the broader
(threatened) bioregion.

This viewpoint paper presents insights gained from the com-
pilation of experimental farm-scale natural capital accounts
(hereafter NCA) as a framework for better understanding the
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differing values of areas of a farm with differing ecological
characteristics and how these different areas could be mana-
ged to achieve a range of business goals, in addition to agricul-
tural productivity.

The process

Experimental farm-scale NCAs were undertaken for 11 wool
growing businesses in the temperate woodland regions of
eastern Australia (Australian Wool Innovation 2021). Farms
were all grazing enterprises, with fine wool production a
significant part of their business. A focus of the NCA
approach was the identification of different parts of the
farm mosaic to account for the range of values (and ecosystem
services) likely to be associated with areas with varying eco-
logical characteristics. In addition to agricultural production,
these different areas of a farm generate other benefits includ-
ing, but not limited to, protection of water resources, stable
carbon storage, carbon sequestration and biodiversity conser-
vation. The NCA process followed the United Nations-
endorsed System of Environmental Economic Accounting
Experimental Ecosystem Accounts (United Nations et al
2014). Remote imagery (Google Earth) was used to divide
farms into multiple ‘ecosystem assets’ (contiguous areas with
similar ecological characteristics and in a similar condition;
hereafter EAs) to enable the creation of an Ecological Asset
Register (EAR). The ecosystem condition of different EAs
could then be recognised for their capacity to sequester and
store carbon and conserve biodiversity alongside their use for
agricultural production.

A simplified box gum grassy woodland State and Transition
model (STM) from Whitten et al. (2010), developed from the
grassland model of McIntyre and Lavorel (2007) to incorpo-
rate trees, was used to compile the EARs. The range of states in
the model were relevant to EAs on the farm, with states
differing according to their production and environmental
values. Although vegetation changes are continuous, a range
of states are identified in the model that are relevant to the
EAs being recognised for their production and/or environ-
mental values. The states ranged from reference (similar to
pre-1750 wooded areas) to a highly modified condition with
an exotic dominated groundlayer (Fig. 1, Supplementary
material Table S1). Condition states of different areas of the
farm were determined by rapid on-ground ecological surveys
of representative areas. Because of the experimental nature of
the accounts, resources for these surveys were limited and
therefore qualitative but based on well recognised attributes
of a healthy woodland ecosystem (McIntyre et al. 2002).
Assessment of condition state considered current management
and land-use history, tree canopy cover and condition, peren-
nial groundcover, the proportion and diversity of native plants
in the ground-layer vegetation, and retention (or not) of
coarse woody debris. A judgement was also made by ecolo-
gists as to whether areas were likely to be increasing in carbon
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Increasing nutrient enrichment from fertiliser

State 1A - diverse woodland with
multiple tree age cohorts and a
groundlayer with a high diversity of
native species

State 2A - open eucalypt woodland
with a diverse native groundlayer

State 2B - remnant eucalypt
woodland with low canopy cover
and a diversity of native
groundlayer species

State 1B - derived grassland with a
very high diversity of native species

State 4 - mixed native
and exotic grassland

State 3A - remnant woodland with
with many native groundlayer species

p—

State 3B - grassland with many native
species and scattered, remnant trees

State 5 - almost entirely exotic
groundlayer species

Decreasing species diversity

Fig. I.

lllustration of the condition categories (states) found in box-gum grassy woodlands in the study. States range from high tree

cover and high native diversity to reduced or no tree cover and low plant diversity with increasing nutrient enrichment and grazing
pressure. This state and transition model is based on the grassland model of Mcintyre and Lavorel (2007) and adapted to include

trees by Whitten et al. (2010).

and biodiversity value (mature trees retained, dead trees left
as either standing or fallen timber and regenerating trees) or
losing carbon through tree death, removal of standing and
fallen dead timber and a lack of tree regeneration. For areas
of the farm not visited, condition states were ‘imputed’
through interpretation of aerial/satellite imagery (both
Google Earth and Farm Map4D). Confidence in the assigna-
tion was recorded as either ‘visited’ or ‘imputed’ in the EAR.
The compiled EARs summarised how much of each farm was
in each STM state and helped understand what might be
contributing to the different emission balances for the farms.

Carbon sequestration models were generated for each farm
using FullCAM (Australian Government, Department of
Industry, Science, Energy and Resources 2022). This provided
an estimate of carbon stocks in the woody vegetation (above-
and below-ground biomass) for each STM category, along
with a realistic rate of change between states. The modelled
sequestration rates were used in combination with the ecolo-
gist’s assessment of whether an EA was regenerating, stable or
degrading, to estimate carbon gain (or loss) in each EA.
Modelled sequestration rates for a given STM category varied
from farm to farm because the FullCAM modelling takes into
account localised factors such as rainfall, elevation and the
productive potential for tree growth in that locale (details of

the method including FullCAM parameters are described in
Ogilvy et al. (2022).

The outcomes

The 11 farms in the study varied substantially in the degree of
modification from the original woodland ecosystem. At one
end of the spectrum were farms with semi-intact grassy wood-
lands, some areas of variable tree density according to land-
scape position and limited areas that were heavily modified.
At the other end of the spectrum were farms that had histori-
cally been highly modified from the original ecosystem with
livestock production predominantly on introduced pastures,
and some areas (limited) with non-forage crops and irrigation.
In between these two extremes were farms that (a) had
historically been extensively modified in the areas used for
production but were being managed in ways that restored tree
cover through planting to mimic a woodland ecosystem and
(b) still had good amounts of tree cover in production areas
but were not being managed in ways that would conserve
(or regenerate) overall remnant tree cover in the future.

The overall NCA process, which included consideration
of energy inputs and GHG outputs (both fossil fuel-derived
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and enteric livestock emissions) applied to the 11 farms,
made it apparent that for five of the farms, substantial
(>0.1t CO5e ha™! year_l) net carbon sequestration was
occurring and exceeded emissions from farm operations
(such as machinery, transport, agrochemicals and general
fossil fuel-derived energy consumption), livestock and from
the loss of biogenic carbon in declining woodlands (Table 1).
Where carbon sequestration was considered only in areas used
for agricultural production (i.e. excluding areas not grazed or
cropped and areas used for forestry operations) net emissions
were still negative for these five farms, meaning that the net
emissions balance for these five farms was not a result of
sequestration from forested areas outside the agricultural pro-
duction area. Net carbon sequestration was particularly high
on two of the farms (Farms #1 and #3) where substantial
woodland regeneration was considered by ecologists to have
been occurring as a result of low-input grazing approaches.
Notably, these two farms were in a condition that approxi-
mated an intact or semi-intact grassy box woodland, with
farm production generally derived from the native woodland
environment that was managed in ways that supported the
protection of natural assets on the farm (McIntyre et al. 2002).
Farm #4 is considered as an outlier as the positive emission
balance is likely to be due to a shorter timeframe for emissions
(2 years compared to 5 years) and recent substantial acquisi-
tion of land and corresponding purchase of livestock meaning
that this snapshot of time is not representative of what is
likely to be occurring over timeframes of 5 years.

Making carbon loss/gain over time
transparent between different areas

The case studies referred to here are based on a single
(i.e. baseline survey) natural capital assessment for each
farm, with these baseline accounts being supported by
FullCam modelling to determine carbon storage and flows
across time and in hindsight. Were the assessments of natural
capital performed at two separate time intervals (i.e. Time 0
and Time 1 several years later), the compilation of the EAR
would enable a detailed record and understanding of carbon
gain or loss across different components of the farm landscape
over time. This could, in turn, inform management decisions
based on the conservation of carbon (and biodiversity) in
addition to agricultural production. Table 2 shows two exam-
ples of carbon stocks and flows of a hypothetical farm under
different management scenarios and a way in which this might
be recorded in the natural capital accounts by using the STM
condition categories. Scenario A aims to maximise productiv-
ity through nutrient enrichment and pasture intensification,
including in remnant areas. This is typical regional agronomic
management for the regions considered (Scott et al. 2013;
Lawrence et al. 2019). Scenario B shows what could feasibly
happen with an approach that applies low-input grazing man-
agement to remnant woodland areas. Such an approach is
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likely to include minimal use of fertiliser, planned grazing to
ensure appropriate recovery of desired species and retention of
coarse woody debris that provides habitat for wildlife and
maximally retains resources such as plant debris and water
in the landscape. The approach of Scenario B limits pasture
intensification to areas that have already lost canopy trees and
are predominantly introduced species in the ground layer.
In Scenario A, the farm loses carbon (and corresponding bio-
diversity) because of woodland decline over time, whereas in
Scenario B, the amount of carbon in the vegetation increases.
Biodiversity values, due to an increase in native plant abun-
dance, diversity and habitat, also increase in Scenario B.
Both scenarios protect their high conservation value areas
(State 1A) to maintain carbon and biodiversity values in
these areas, with the difference being in the approach to
management of partially modified woodland areas.

Under the GHG Protocol Agricultural Guidance for car-
bon accounting (WRI and WBCSD 2020), both gains and
losses of carbon should be recorded in the GHG inventory of
a farm business (i.e. as land-use change or the loss/gain of
biogenic carbon). The value of using an NCA framework
with opening and closing balances as shown in these hypo-
thetical examples is that it creates transparency as to where
in the landscape, and under what conditions, carbon losses
and gains are likely to be occurring. This improves the
capacity of the land manager to make decisions based on
the longer-term (i.e. decades) protection of natural capital,
as well as shorter-term agricultural productivity. It also
enables managers to maximise agricultural productivity
only on areas of the landscape where those practices are
unlikely to compromise other important ecological values.

Implications

A range of methods and calculators already exists for assessing
both the carbon and biodiversity impacts of farm operations.
These are part of an emerging assembly of tools seeking to
recognise sustainability and conservation outcomes on farms.
Ideally, sustainable farm management will not compromise
overall business goals, and in some cases may enhance them
through creation of new income streams through a range of
mechanisms such as stewardship payments or supply-chain
recognition. Sustainability aspirations are likely to be best met
when different components of the farm landscape are used in
ways that are optimal to the full range of ecosystem services
that different areas can provide, rather than provisioning
services only and in the context of the full range of business
goals, which increasingly are likely to include reducing car-
bon footprints and protecting biodiversity by using nature-
based solutions (such as low-input grazing).

Ultimately, management of farm ecosystems to optimise
sustainability (including climate mitigation) while continu-
ing farm production will only be as good as the information
that supports any decision-making (Keith et al. 2021). The
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Table I. Modelled carbon sequestration per year on the || properties where natural capital-accounting case studies were completed.

Property Mean annual Mean Number of Gross C Area of Area of Area of Gross Farm Net

rainfall altitude years data sequestration property property property sequestra- emissions (t sequestration

(1985-2015; (m) used for (t CO,e used for used for excluded from tion (t COze COse (incl. (t CO,e
mm) emission ha™' year™' for agricultural forestry forestry and ha™' year™' of pre-farm) ha™' year™' of
averaging the whole productionA production'3 agricultural production ha™' year_') production
property) (%) (%) production®© area) area)
(%)

| 773 865 10 -3.44 97.9 0 1.9 -343 0.73 -2.70
2 772 1052 6 -1.79 94.4 0 4.6 -1.85 1.55 -0.30
3 711 538 10 -1.91 99.5 0 0.5 -1.89 0.75 -1.14
4P 631 293 2 -1.87 94.7 0 4.5 -1.88 5.86 3.99
5 677 343 5 -1.66 79.9 0 20.1 -1.81 0.37 -1.45
6 690 476 10 -1.56 82.9 0 15.8 -1.53 I.16 -0.37
7 532 295 5 -0.69 41.8 0 58.0 -0.10 1.65 1.55
8 642 116 5 -0.21 90.5 0 9.2 0.02 1.68 1.70
9 714 62 5 -1.17 88.2 6.8 35 0.26 1.42 1.68
10 735 72 5 -1.72 21.1 4.5 738 0.36 0.99 1.34
I 868 580 5 1.01 88.1 0 10.7 1.12 2.63 3.75

Farms I, 3 and 5, in particular, use a low-input approach to managing remnant native areas that constitute 98%, 99% and 80% respectively, of the overall farm area. Minor areas of the farm used
predominantly for infrastructure, such as domestic areas, are excluded from calculations.

AAll areas other than those excluded from grazing or cropping (including watercourses if removed from regular grazing rotation), areas used for forestry production and domestic/infrastructure areas.
BAreas used for forestry that is not integrated with agricultural production.

CAreas where conservation (including watercourse protection) is the primary purpose and that are usually excluded from grazing.

DProperty 4 is italicised because it is an outlier because of emissions data being available only for 2 years, which included the substantial purchase of livestock during that time.
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Table 2. Examples of carbon storage and loss or gain.
Item STM category
1A 2A 3A 2B 3B 4 5
Carbon (Mg C ha™') stored in non-herbaceous vegetation, 58 42 19 9 9 2 0
namely, living and dead, standing and fallen timber
Scenario A
Area (ha) at TO 120 270 480 360 70 110 30 Total area = 1440 ha
Carbon storage in woody vegetation for this ecosystem 6960 11340 9120 3240 630 220 0 31510t C@TO0
State at TO
Area (ha) at Tl 120 250 500 320 40 130 80 Total area = 1440 ha
Carbon storage in woody vegetation for this ecosystem 6960 10500 9500 2880 360 260 0 30460t C@TI
State at Tl
=1050t C lost (3854 t COse)
Scenario B
Area (ha) at TO 120 270 480 360 70 110 30 1440 ha
Carbon storage in woody vegetation for this ecosystem 6960 11340 9120 3240 630 220 0 31510t C@TO
State at TO
Area (ha) at Tl 120 380 430 310 60 90 50 1440 ha
Carbon storage in woody vegetation for this ecosystem 6960 15960 8170 2790 540 180 0 34600t C@TI

State at TI

=3090t C gained (11340 t CO4e)

In Scenario A, the farm is managed with a focus on intensifying livestock production that threatens the remaining carbon stored in vegetation, leading to its slow
decline. In Scenario B, remnant areas are managed with a low-input approach, with a focus on protecting and regenerating the values of those areas. In both
scenarios, 120 ha of high-value native woodland (State |A) is protected under a conservation/biodiversity scheme. In Scenario B, some pasture intensification does
occur (20 ha), but this is limited to an area already quite modified from the original vegetation condition (i.e. in State 4 or State 5). The values for carbon storage in
different STM classes are approximate only and based on the rapid literature review method outlined in the text. Figures are for carbon storage in vegetation only
and do not include consideration of soil carbon. TO and T| refer to a baseline assessment at Time 0, and a follow up assessment at Time | several years later.

approach to the compilation of NCA used in these experi-
mental accounts speaks to this need by providing a record of
the range of production and/or ecological outcomes that
might be possible from different areas of the farm landscape.

Increasingly, there is pressure for agriculture to reduce its
carbon footprint and potentially be a part of climate change
solutions. This means that a range of carbon footprint
recognition schemes, either as offsets or through supply
chain recognition are now either available to farmers or are
under development. For some examples and discussions see
Capitals Coalition (2020), van der Lugt et al. (2020) and
Kashmanian and Moore (2014). Such schemes can help com-
pensate farmers for any loss of short-term agricultural pro-
ductivity that might occur, or be perceived to be occurring,
where converting to lower-input, more nature-based, grazing
systems. Financial recognition via such schemes can also help
compensate for costs such as additional fencing and water
infrastructure that might be required to manage stock in ways
that support woodland protection and regeneration.

A current example of one of these schemes is the Australian
Government’s human-induced regeneration (which falls under
the Emissions Reduction Fund; ERF) where carbon credits can
be generated through altered management of woodland eco-
systems to that which facilitates natural regeneration of the
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woody biomass (Clean Energy Regulator 2021). In general,
uptake of this scheme has been good in lower- productivity
rangeland areas, but minimal in temperate areas where the
private opportunity costs are seen as greater (Waters et al.
2020). If there was wider recognition and awareness of the
dual carbon and biodiversity value of temperate remnant
woodland areas, this could help counter the shorter-term
rewards anticipated from more intensive agronomic practices.
We suggest the NCA process enables a robust, transparent and
detailed recording of carbon (and biodiversity) losses and
gains that are a consequence of those management actions.
Rather than trading carbon for offset purposes, farm busi-
nesses may choose to retain carbon gains as offsets for their
own future emissions in the farm enterprise or to ‘inset’
emissions along their supply chain (World Economic
Forum 2022). This alternative may be more appropriate
where areas are of insufficient size to access ERF type
schemes or where the costs associated with participation in
an ERF program outweigh the potential income from carbon
credit sales. The NCA process may also allow recognition of
low-input approaches to grazing that are already in place
and, therefore, cannot be recognised under the ERF.
Encouraging the uptake of frameworks that recognise
carbon storage as well as protecting areas of remaining
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native biodiversity on farms has important advantages.
Particularly significant is that carbon already stored in exist-
ing vegetation and soils is very stable, so better to maintain
what is there in the first place than have to restore it later.
The alternative scenario of carbon stored in vegetation and
soils being lost through agricultural intensification, with
replacement by tree planting now or in coming years,
means it will take many decades or centuries for the lost
carbon to be recovered (Keith et al. 2021). There is also a
high chance that plantings intended to replace lost wood-
land vegetation are at risk of failure as they will be less
resilient than a diverse native ecosystem that is continually
regenerating and has evolved to adapt to local conditions
(Keith et al. 2021). It is important to also recognise that the
protection of the floristically diverse, deep-rooted perennial
pastures associated with native grassy woodlands will have
a greater capacity to adapt to future climate change scenarios
than fertilised and sown pastures that are inherently unstable
and commonly annual dominated (Simpson and Langford
1996; Bird et al. 2004). Thus, in many cases, these relatively
diverse native areas can provide resilient fodder and shelter
for livestock production, alongside a range of other ecosystem
services, particularly in the face of climate change (Lavorel
et al. 2015). Although likely to be of lower productivity in
favourable seasons, these areas require fewer, potentially
increasingly costly, external inputs to support production,
while also providing a range of additional ecosystem services
and may potentially be an important contributor to business
profitability. Greater attention to preserving these areas may
therefore be important for the agricultural industry to adapt to
climate change in multiple ways.

The experimental NCAs discussed in this paper were under-
pinned by previous sustainability frameworks that identified
landscape configurations seeking to balance long-term ecolog-
ical sustainability and agronomic production (McIntyre et al.
2002; Smith et al. 2013). This accounting approach builds on
that previous work by enabling some quantification of those
landscape attributes and what each component contributes to
the overall goals of a farm business.

With carbon and biodiversity in the landscape often inti-
mately connected (Barber et al. 2020), a process that enables
the two to be considered together is likely to be invaluable
for supply-chain recognition where that is appropriate. The
current urgency for climate action, biodiversity protection
and awareness of the value of nature-based solutions pro-
vides incentives that have not previously existed for farmers
to manage in ways that protect remnant areas. Ultimately
this has the potential to better conserve remnant woodlands
and woody vegetation on farms in temperate Australia where
these areas persist.

This viewpoint paper, based on experimental farm-scale
NCA, communicates a strategy that could encourage greater
implementation of low-input grazing practices in appropri-
ate, partially modified areas, as an alternative to common
agronomic practices that can have a heavy carbon footprint

and threaten remaining biodiversity. Further development of
farm-scale NCA methodology is required to ensure that meth-
ods are both robust and cost-effective. It is also important to
gain an improved understanding of trade-offs between carbon
and biodiversity protection (and potentially regeneration) and
long-term agricultural productivity and profitability, espe-
cially in an increasingly variable climate. With the alternative
carbon and biodiversity value of remnant areas and their
important role in balancing farm emissions being made appar-
ent through the NCA process, rather than being seen as less
productive areas to be altered, there is an increased likelihood
of remnant vegetation management being managed in a way
that balances the need for profitable businesses, while also
protecting biodiversity and reducing overall carbon footprints.
Ultimately this could enable a segment of the agricultural
industry to be better recognised for good environmental
stewardship.

Supplementary material

Supplementary material is available online.
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