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Abstract

:

Making Australian agriculture carbon neutral by 2050 is a goal espoused by several agricultural organisations in Australia. How costly might it be to attain that goal, especially when adverse climate change projections apply to agriculture in southern Australia? This study uses scenario analysis to examine agricultural emissions and their abatement via reforestation in south-western Australia under projected climate change. Most scenarios include the likelihood of agricultural emissions being reduced in the coming decades. However, the impact of projected adverse climate change on tree growth and tree survival means that the cost of achieving agricultural carbon neutrality via reforestation is forecast to increase in south-western Australia. Agricultural R&D and innovation that enable agricultural emissions to diminish in the coming decades will be crucial to lessen the cost of achieving carbon neutrality. On balance, the more likely scenarios reveal the real cost of achieving carbon neutrality will not greatly increase. The cost of achieving carbon neutrality under the various scenarios is raised by an additional AUD22 million to AUD100 million per annum in constant 2020 dollar terms. This magnitude of cost increase is very small relative to the region’s gross value of agricultural production that is regularly greater than AUD10 billion.
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1. Introduction


Reducing greenhouse emissions is a popular sentiment, often voiced by industry organisations and governments. In Australia, key agricultural organisations have announced plans and commitments to achieve carbon neutrality [1,2,3,4]. Various state governments have passed legislation to deliver net-zero emissions by 2050 or earlier [5], and Australia’s federal government, as a signatory to COP26, is committed to achieving net-zero greenhouse gas emissions by 2050.



The announced plans, actions, and aspirations for Australian agriculture to be carbon neutral means Australian agriculture now faces two structural challenges: lessening its net emissions whilst responding to an adverse trend in its climate. A wide-ranging review of climatic changes in Australia [6] reveals trends of rising temperatures, changing rainfall patterns, more extreme weather events, increasing ocean temperatures, and sea-level rise [7]. Agricultural production is being climatically more frequently adversely affected, particularly in southern regions of Australia [8,9], and human health is being negatively affected [10]. Various climate models project that these changes will continue and worsen [11,12,13]. It is against this backdrop of a challenging, potentially more adverse environment for agricultural production that Australian farmers currently are being encouraged to become carbon neutral.



Very little research in Australia focuses simultaneously on investigating the achievement of carbon neutrality against the backdrop of climate change. Often the focus of much climate change research is the consideration of how farmers could or should adapt to projected climate change [8,14,15,16,17,18] with no consideration of the additional need to achieve carbon neutrality. Another branch of the literature investigates abatement or mitigation activity in agricultural regions whereby farmers derive offset or carbon credit benefits via activities such as increasing soil carbon levels [19,20,21,22], reforestation, or revegetation [23,24,25]. Often these contractual investments stretch over several decades, yet there are few longitudinal studies of abatement or offset activities in Australia that factor in the impact of climate change. A few studies do examine, mostly at the farm-level, the trade-off between farm profit and emission levels [26,27,28], but the cost to an Australian farm business or farming region of becoming carbon neutral against the backdrop of a changing climate is not reported in the literature, as far as the authors are aware.



Accordingly, to fill this gap in the literature, this study examines how climate change will affect the affordability of achieving carbon neutrality in south-western Australia; an important agricultural region in Australia in which the most frequently applied method of sequestering carbon is reforestation. To set the scene for this study, the next sub-section describes the study region and draws on Kingwell [29] to give an overview of the region’s agricultural emissions, the categories of emissions, and the current trajectory of emissions. An online appendix provides technical information on Australian agriculture as a source of emissions, and reforestation as a source of emissions abatement. Then follows an outline of what is known about the likely impacts of projected climate change on agricultural production and tree production in the study region. A range of scenarios regarding agricultural emissions and impacts of climate change on tree growth and tree survival are presented. These scenarios are embedded in a spatial linear programming model that reveals how agricultural carbon neutrality via reforestation in the study region can be achieved at the least cost. The modelling results are presented and discussed. Finally, concluding remarks are made regarding the cost of achieving carbon neutrality via reforestation in the study region.



1.1. Study Region


The south-west of Australia is principally devoted to agricultural production. Farm size in the region is negatively correlated with annual rainfall, with large crop dominant farms being located on the drier inland edges of the region. In these marginal fringes, annual rainfall is under 300 mm and farm size is often over 10,000 hectares. Moving from the drier inland edges towards the coast sees increases in annual rainfall and reductions in farm size. In the far south-west, near the coast, annual rainfall is as much as 1000 mm and small mixed enterprise farms under 500 hectares are dominant. The south-west of Australia (Figure 1) generates almost 40% of Australia’s winter crop production and supports 20% of the nation’s sheep flock; and annually generates over AUD10 billion of agricultural production.



Agricultural production in the region is dominated by grain and sheep production, with the principal grains grown to be wheat, barley, and canola. Usually, around 4.9 million hectares are planted to wheat, 1.6 million hectares to barley and 1.4 million hectares to canola, and 0.7 million hectares to other minor crops. The region’s current sheep population is around 14 million sheep. By international comparison, farms are large in area, typically more than 5000 hectares, yet are highly labour efficient, being run with fewer than four full-time labour equivalents, and are mostly owned and operated by farm families rather than large corporate entities. Over 90% of the region’s production of major grains, sheepmeat (including live sheep exports), and wool are exported; so international commodity prices importantly influence farmers’ crop and enterprise selections




1.2. Spatial Patterns of Emissions within the Region


The region’s spatial pattern of emissions highlights those parts of the region that are the main sources of emissions and therefore identifies those businesses or industries liable to face the greatest challenges to achieving carbon neutrality. Spatial variability characterises the region’s agricultural emissions [29]. The highest emitting shires are predominately wherever large numbers of livestock reside, and wherever higher crop input farming systems operate; and where the shire area is unusually large (Figure 2). The lowest emitting shires are mainly in the central wheatbelt, where the sheep population has greatly reduced and where shires are small in area. The swing away from sheep production since 1990, triggered by the collapse of the Reserve Price Scheme for wool in 1991 [30] and aided by subsequent productivity gain in cropping [31] has seen many farm businesses increase their crop dominance.



Future agricultural emissions in the study region will mostly depend on changes to cattle and sheep populations and how unfolding climate change may affect agricultural production and farm management. Since 2015 the sheep population in WA has stabilised whilst the WA cattle population has continued to decline from 2.24 million head in 2015 to 1.88 million in 2019. However, high prices for sheep meat and beef in recent years, plus planned major production investments in beef cattle production could see an increase in cattle and sheep numbers, and so enteric emissions could increase relative to levels observed in 2015 (Figure 2).




1.3. Agricultural Impacts of Projected Climate Change


Climatic changes projected for Australia which are relevant for agriculture include trends of rising temperatures, changing rainfall patterns, and more extreme weather events [6,32,33,34,35]. For the south-west of Australia, both maximum and minimum temperatures are expected to rise, resulting in an average increase of between 0.6 °C and 1.5 °C by 2030. The intensity and incidence of severe weather events are also projected to increase over the coming decades. An increase in the number of dry days is also expected, which adds to the risk of wildfire.



Increased temperatures may change the locations where crops can be grown, and elevated CO2 levels could affect crop growth and grain yield. Sudmeyer et al. [36] report climate projections for south-western Australia, noting the average annual temperature to increase by 1.1–2.7 °C and 2.6–5.1 °C by the end of the century under intermediate- and high-emission scenarios, respectively. Drawing on 18 global circulation models, Anwar et al. [9] report similar temperature projections for the region. Sudmeyer et al. [36] report that annual rainfall in the region is projected to decline by 12% by the end of the century (median values) for an intermediate emission scenario, and by 18% (median values), respectively, for a high emission scenario. Anwar et al. indicate average rainfall is projected to decrease by 16% in 2060 relative to a 1961–2010 baseline.



Figure 3 is a useful visual summary of the climate projections for the study region under an assumption of continued high levels of global GHG emissions (i.e., Representative Concentration Pathway (RCP 8.5)). Figure 3 draws on median values from 66 GCM model runs, using RCP 8.5 as the global emissions backdrop. Increased temperatures during grain-filling and during peak pasture production in spring (September to November) are destined to become problematic in the northern parts of the study region. The climate simulations were fairly consistent and are in accord with the most recent findings of Collins and Chenu [37]. Reductions in rainfall will affect much of the region but could be especially problematic in the already drier eastern margins of the study region.



Agriculture in the region is almost completely rainfed, so the outlook of declining rainfall is likely to be the dominant-negative influence on agricultural production. Drawing on crop simulation models Anwar et al. indicate that the median total crop biomass of lupin, canola, and field pea crops could be about 10% to 40% less in the future climate relative to 1961–2010. Overall, these researchers identify that the impact of climate change on broadacre crops in south-western Australia will be increasingly detrimental towards 2090, resulting in potential yield losses reaching 42% for some crops. Similarly, Sudmeyer et al. [36] conclude that broadacre crop yields will be most affected by changes in rainfall, particularly the timing of rainfall, despite increased CO2 concentration improving plant water use efficiency. Crop and pasture yields are projected to decline in the drier eastern and northern areas and remain largely unchanged or increase in wetter western and southern areas of the study region (Figure 1), especially where waterlogging was previously a problem. The plant available water capacity of the soil will become increasingly important to growth, so yield declines are likely to be greater on clay soils compared to sands in eastern areas of the region, as reported by Ludwig and Asseng [38]. Higher temperatures, and to a lesser extent declining rainfall, will hasten crop development times and reduce the flowering and grain-filling periods. Heat during grain-filling is likely to be increasingly problematic, and the production risks associated with climate variability will increase most in drier agricultural areas. The impact of reduced rainfall on grain yield is more severe on clay soils which hold more water in the topsoil and therefore lose more water to evaporation than sandy soils [39]. At lower rainfall, less water reaches deeper soil layers in clay than in sandy soils, increasing the risk of terminal drought on clay soils.



Baldock et al. [41] point out that emissions of greenhouse gases from soils are sensitive to soil temperature and water content, and so climate change may impact significantly on future emissions from soils. These authors comment that under dryland agriculture where water availability limits potential carbon capture by plants, a drier and warmer climate will likely reduce potential plant growth and restrict any potential increase in soil carbon. Moreover, changes in climate will also affect the magnitude of soil organic carbon loss from agricultural systems. Drying conditions reduce rates of soil organic carbon decomposition; but increasing temperatures increase rates of soil organic carbon decomposition [42,43]. Projected climate change impacts on soil organic carbon in south-western Australia suggest the net effect of changes in soil organic carbon on atmospheric CO2 loading over the next few decades is overall likely to be small [44].



Yield predictions for the study region under projected climate change, as generated by crop simulation models, point to a decline in crop and pasture yields. However, these models usually exclude the offsetting benefits generated by technological and biological innovation. This limitation underlies the comments of Asseng and Pannell [8], who show that despite the twentieth-century changes in rainfall, temperature, and atmospheric CO2 concentration in south-western Australia, no decline in wheat yields has been observed. Changes in agricultural technology and farming systems have had larger offsetting impacts, enabling water use efficiency to increase markedly. These authors boldly state that there is no scientific or economic justification for any immediate actions by farmers to adapt to long-term climate change in the Western Australian wheat-belt, beyond normal responses to short-term variations in weather. These researchers conclude that the most important policy response is research and development to enable farmers to continue their adaptation to climate change.



Updated evidence supports the view of Asseng and Pannell [8] (see Figure 4). However, it could be that the nature and magnitude of climate change in coming decades do eventually lessen productivity gains. Biologists and economists well know that response functions are rarely linear, and tipping points and points of discontinuity can arise. Quiggin and Horowitz [45], for example, point out that damages associated with climate change are a convex function of the rate of warming. Hence, as further warming occurs in the coming decades their observations suggest the level of damage will increase in a curvilinear fashion, increasingly testing the ingenuity of agricultural scientists, technologists, and farmers.



Turning to farm animals, projected climate change in the region will increase the number of days each year that livestock experience heat stress. Animals with heat stress have reduced appetite and are less likely to breed, resulting in productivity losses. Animal welfare considerations already affect animal production in the region [46], and any further heightened concerns are likely to alter animal production and transport systems to protect animals against extreme heat.




1.4. Options to Reduce Agricultural Emissions


To reduce agricultural emissions requires some combination of lowering emissions at source and/or using agricultural lands for sequestration. For mainstream extensive agriculture in southern Australia where adverse climate change is projected, emission reduction thus far has occurred principally through land use change involving a switch away from sheep production towards crop production. Sheep, being a ruminant, produce methane that is a particularly damaging greenhouse gas regarding its global warming potential. Hence, reductions in the sheep flock have importantly contributed to emissions reductions in south-western Australia [29].



Climate projections point towards pasture production being increasingly constrained by a decline in annual rainfall and increasingly hotter summers. As a result, a downward trend in a farm’s carrying capacity will restrict the number of sheep that can be extensively grazed. Hence, adverse climate change that limits sheep numbers may contribute to a climate-induced reduction in sheep emissions that are the region’s principal source of emissions.



Reduction in emissions is also feasible via sequestration that, in some situations, can involve improved levels of soil carbon [47,48], although as outlined by Baldock et al. [41], a drier and warmer climate will likely restrict any potential increase in soil carbon. Sequestration is also possible via agroforestry [49,50,51], re-vegetation and reforestation [52]; and avoided land clearing [53].



Reforestation and revegetation are by far the main abatement investments in Australia [54]. Vegetation projects are almost 70% of abatement projects that have been approved and funded by the Clean Energy Regulator in Australia. Accordingly, this study focuses on how agricultural carbon neutrality might be achieved via reforestation, where the challenge is to cost-effectively provide sequestration services that reduce net emissions from agricultural activity to the point of carbon neutrality; under the challenge of a changing climate.



The emission accounting framework used in Australia and technical background on how agriculture is both a source and sink [55,56] of greenhouse gas emissions is outlined in Appendix A. That framework underpins scenarios of future emissions from agriculture in the south-west of Australia. Future agricultural emissions and reforestation abatement depend on a range of factors such as the magnitude and nature of unfolding climate change and the ability of agricultural scientists, technologists, and farmers to combat that adverse climate.



This paper uses scenario analysis to portray agricultural profitability and feasible emission and abatement activities likely to apply in 2050 and thereby reveals the plausible cost of achieving carbon neutrality via on-farm reforestation. For each scenario, the means of achieving carbon neutrality at least cost is described via a spatial linear programming model, described later.



The contribution of this study is that it identifies how agricultural carbon neutrality can be achieved via reforestation, in the least cost way in a key farming region of Australia under a changing climate, against the backdrop of likely social and political restrictions on the reforestation of farmland. The rationale for these land use restrictions is discussed later.





2. Materials and Methods


2.1. Scenarios for Agricultural Emissions and Abatement


Uncertainty surrounds possible trajectories of agricultural emissions in the study region, with many factors other than climate change affecting future emissions. For example, relative changes in the future prices of wheat, sheep meat, wool, canola and barley, and changes in the prices of their respective production inputs influence the enterprise mix on farms in the study region; as will technological change that underpins the production of various farm commodities. Some enterprises, such as sheep and wool production generate far greater emissions per hectare than cereal cropping enterprises. Hence, the enterprise mix on farms across the region and their associated technologies of production in the coming decades, mostly will affect emission levels.



Some emerging activities suggest there is a likelihood of emissions in the region tending to decrease. For example, effective anti-methanogenic feed supplements [57,58] are being developed and may be widely adopted, helping lower emissions from ruminant animals in the region; sheep, beef, and dairy cattle. Increasingly energy-efficient farm practices [59] and tailored variable rate technologies [60,61] are likely to further limit agricultural emissions. Honan et al. [62] reviewed the range of feed additives likely to reduce enteric methane production. The most efficacious was 3-nitroxypropanol (3NOP) which generated no apparent adverse effects on the animal or its subsequent food product. Reductions in methane output in cattle of around 50% have been recorded in various studies. However, further technical appraisals and regulatory approvals are required before this product could be commercially available. Phelan [63] describes masks fitted to the faces of dairy cattle. These lightweight masks capture and nullify the methane cattle breathe out. However, in the study region, the main animals in the region by far are sheep rather than beef or dairy cattle.



Kingwell [29] presents evidence that emissions in the region have lessened since the mid-1990s, principally due to a decline in the sheep population. He also shows that whenever a poor production year occurs, emissions are reduced. The previously described climate projections for the region suggest a greater likelihood of drought conditions that are known to lessen farm emissions and reduce sheep numbers. Hence, the more plausible scenarios for emissions beyond 2015 are for emissions to decline. Accordingly, a few emission scenarios are considered; with emissions in 2050 being unchanged, or reduced by 5%, 10%, or 20% relative to levels observed in 2015.




2.2. Factors Affecting the Cost of Carbon Neutrality for the Region’s Agriculture


Just as emission trajectories are conditional on many influences, so the cost of achieving carbon neutrality by 2050 via reforestation is conditional on several factors. The likely range of values of each factor is described below.



	(i).

	
the nature of emission trajectories







As previously discussed, emissions in 2050 compared to known emissions in 2015 are plausibly considered to be either unchanged, or reduced by 5%, 10%, or 20%. Reductions in agricultural emissions towards 2050 potentially lessen the area of farmland that needs to be committed to reforestation for carbon abatement to achieve carbon neutrality.



	(ii).

	
the impact of climate change on tree survival and tree growth







It is well-established that tree growth in the region is largely a product of annual rainfall [64,65,66,67]. In their study of tree growth performance and survival in the study region, Spencer et al. [67] report: “The most likely reason for the slower growth rates of many planting configurations is the lack of available water. In the Western Australian wheatbelt, the annual potential evaporation (PET) can be up to five-fold the annual rainfall… water has been shown to be a major limiting resource.”



Most studies that have examined recent patterns of tree growth in agricultural regions have focused on plantings of a few species among the over 400 mallee species that are native eucalypts [67,68,69,70]. Their tree growth patterns follow a Gompertz curve, and unharvested stands of these trees usually experience maximum carbon storage four decades after planting. Tree growth survival often depends on initial growing conditions, with Spencer et al. [70] reporting tree survival rates for plantings in 2000 of between 69 to 94%.



Drawing on 18 global circulation models Anwar et al. [9] indicate the average rainfall in the study region is projected to decrease by 16% in 2060, relative to a 1961–2010 baseline. These projected declines in rainfall are likely to lessen tree growth. In our analysis we assume, under future climate, two different tree growth scenarios towards 2050 in which tree growth is either 10% or 15% less than in recent climate.



	(iii).

	
the impact of climate change on the risk of catastrophic wildfire







The IPCC [12] outline how concurrent hot and dry conditions amplify conditions that promote wildfires, and the IPCC report a long-term trend towards more dangerous weather conditions for bushfires in many regions of Australia. The increased fire risk in southern Australia [7,71] lessens the efficacy of reforestation for achieving carbon neutrality. Worse is that an increased frequency of wildfires adds to atmospheric greenhouse gases [72].



Currently, carbon forestry projects supported by the Australian government’s Emissions Reduction Fund (ERF) must comply with permanence rules that require that the carbon stocks be retained for 100 years, although the ERF has introduced an optional permanence period of 25 years. However, a project proponent using the 25-year period receives 20% fewer Australian Carbon Credit Units (ACCUs) [53]. In approved carbon forestry projects no account is taken of any additional benefits to soil carbon under a switch into permanent forestry, although these benefits are likely to be small [73], and no account is taken of bushfires that remove sequestered carbon, other than the 5% risk-of-reversal buffer. Noting the IPCC’s [12] finding that the risk of wildfire will increase in many regions of Australia, including the study region, the 5% risk-of-reversal buffer may be inadequate. Accordingly, in our analysis, we increase that buffer to 7.5%.



	(iv).

	
socio-political constraints on conversion of farmland into permanent forests







Kingwell [29] mentions that in the study region reforestation of farmland is often associated with social conflict. Williams [74] surveyed community attitudes to wood plantations in the study region and found respondents valued agricultural land use higher than plantation forestry. Moreover, many people believed plantations offered most benefits primarily to timber company shareholders and created limited regional economic benefits. The collapse of many forestry-managed investment schemes in the study region in the 2000s [75] has cemented these oppositional views. Accordingly, most local governments in the study region are unlikely to support widespread reforestation of farmland in their locality. The assumption made in this study is that no more than 25% of the farmland in any local government area in the study region would ever be allowed to switch out of farming into reforestation.



	(v).

	
the real value of farmland in 2050







The cost of switching land out of farming into carbon forestry does depend on the value of farmland in 2050. In recent decades farmland prices in the study region have grown strongly. RuralBank [76] reports that farmland prices in the study region have increased over the previous two decades at an annual average growth rate of 5.4%. Over the same period price inflation has increased at only 2.5% per annum [77]. Hence, real growth in farmland prices in the study region has been 2.9% per annum over two decades.



Whether the observed real growth in farmland prices continues towards 2050 depends on several factors, including the future agricultural impacts of climate change in the region, particularly regarding crops yields, as farming systems throughout the study region are crop dominant. Climate change projections point to a projected decline in rainfall that crop simulation models indicate will generate yield declines. However, we side with the views of Asseng and Pannell [8] regarding the vital role of innovation in allowing crop yields to further increase. In this study, we assume that crop yields in 2050, relative to trend yields in 2015, when combined with input innovation will maintain growth in the real value of farmland, albeit at a lesser rate. Specifically, we assume that the real annual growth in farmland prices in the study region will be 2.0%.



	(vi).

	
the magnitude of price premia in 2050 for regional farm products able to be branded as carbon-neutral







During the next decade, an increasing array and size of markets for carbon neutral farm products are likely to emerge. However, by 2050 we assume that the general expectation from consumers will be that most farm products sold will be carbon neutral, and furthermore, there will be no price premium for the carbon neutrality status of an agricultural product. Rather the social licence to operate as a seller of farm products will include the requirement to be carbon neutral. Hence, in this study, we assume by 2050 there are no price premia for carbon neutral farm products. Accordingly, farm profits and farmland prices are assumed to not be supported by price premia for carbon neutral farm production.



	(vii).

	
the magnitude of co-payments in 2050 for other complementary environmental services generated by reforested areas







To further encourage environmental plantings in farmland regions, especially on soils or in landscapes characterised by low agricultural productivity we assume that governments will eventually offer farmers payments for the complementary environmental services generated by reforestation, especially mixed species revegetation. The co-benefits include wildlife habitat, reduced salinisation, shade and shelter for farm animals, and enhanced biodiversity. We assume that the stream of these co-benefits reduces the present value cost of establishing areas of reforestation by 20%.




2.3. Modelling the Cost of Carbon Neutrality Given Climate Change


The cost of achieving carbon neutrality, based on reforestation, for the study region under different climate change and factor scenarios, can be couched as a steady-state linear programming (LP) land allocation problem. For each scenario, the cost of required abatement in 2050 can be minimised. In each scenario, this minimisation objective is subject to various constraints, including social or political constraints on how much farmland in each shire can be switched into reforestation. These likely political or social restrictions are represented by the proportion p of each shire’s land being made available for sequestration activity. The LP problem for each scenario can be stated as a steady-state problem in 2050 and mathematically is:


  M i n     ∑   i = 1  n   l i   C i   








subject to:


     l i  +  a i      =  T i    for   each   shire   i   =   1 ,   2   , … ,   n  
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where




	
li is the land (hectares) allocated for sequestration in shire i



	
ai is the land (hectares) allocated for agriculture in shire i



	
Ci is the annual cost (in constant 2020 AUD) of sequestering a tonne of CO2-e per hectare in shire i in each scenario



	
Ti is the total area of land (hectares) available for agriculture and sequestration in shire i



	
p is the proportion of land available for agriculture and sequestration in shire i that is legally able to be devoted to sequestration activity



	
Si is the tonnes of CO2-e sequestered annually per hectare in each scenario on land allocated for sequestration in shire i



	
Ei is the emissions (tonnes of CO2-e per hectare) in each scenario generated on agricultural land in shire i



	
n is the total number of shires in the study region (n = 80).








Equation (1) describes how the farmland in each shire must be allocated either to agriculture and/or reforestation. Equation (2) captures the political or social constraint that up to a proportion p of the land available for farming and reforestation in each shire can be reforested. Equation (3) specifies that, in each scenario, the region’s annual sequestration should equate to the region’s annual agricultural emissions. The other constraint equations are non-negativity conditions that typify most LP problems.



The LP model described above applies to the scenarios (see Table 1) mentioned in the previous points (i) to (vii). The various scenarios modelled reflect a plausible range of agricultural emissions in 2050, the likely climate-induced reductions in tree growth, a greater incidence of wildfire, a lesser rate of growth in farmland real prices, and the provision of co-benefit payments for reforestation.



A few other studies have applied LP to land allocation problems related to emissions reduction (Huang et al. [78], Smith et al. [79]). Huang et al., for example, used LP to illustrate how land use planning could help minimize carbon emissions in an administrative region of China.





3. Results and Discussion


The base case in Table 1, scenario 1, refers to the current situation in 2020 and outlines the steady-state cost of ensuring carbon neutrality for the region via reforestation. By committing 8.6% of the region’s farmland into reforestation, the resulting annual abatement equates to the annual agricultural emissions from the region, assuming steady-state conditions. The annual cost of achieving ongoing carbon neutrality is the foregone value of agricultural activity on reforested land and the annualised expense of planting, maintaining, and monitoring the reforested areas. These annual costs are AUD216 million. Kingwell [29] shows that for farmers in the region to self-finance the region’s carbon neutrality via reforestation activity, would cause current aggregate annual farm business profit in the region to decline by 15%.



Results listed in Table 1 reveal that the impact of climate change in the region will increase the cost of achieving carbon via reforestation as the projected decline in rainfall, combined with further warming, will lessen tree growth, and a greater area of reforestation will be required to offset agricultural emissions. If technological innovation however enables agricultural emissions in the region to lessen, then despite the impacts of climate change on tree growth, the real cost of achieving carbon neutrality via reforestation is projected to increase little. For example, if agricultural emissions reduce by 20% in 2050 relative to levels in 2020, yet climate change lessens tree biomass production by 10% (i.e., scenario 8), then the cost of achieving regional carbon neutrality (in 2020 dollar terms) only increases by AUD21.5 million which is a tiny amount given that the region’s gross value of agricultural production is usually over AUD10 billion. Noting that methane emissions are the main source of emissions in the region [29], methane-reducing innovations as described in [57,58,62,63] could make an important contribution to lowering the cost of achieving carbon neutrality in the presence or absence of climate change.



These findings emphasize the important role agricultural innovation needs to play in the coming decades. Not only must agricultural R&D enhance farm productivity amid the environmental challenge of a drying and warming environment (Figure 3) but the technologies and practices that underpin agricultural production in coming decades must generate fewer emissions. If agricultural profitability is not maintained or if emissions cannot be reduced, then the cost of achieving carbon neutrality for agriculture in the region, via reforestation, will only increase, and farm profits in the region will be more substantially reduced via a requirement to be carbon neutral.



The costliest scenario for achieving carbon neutrality is where there is no decline in agricultural emissions towards 2050, despite the best endeavours of technology innovators, and yet projected climate change reduces tree growth by 15%, and the risk of wildfire increases (i.e., scenario 3). In this case, a larger area of farmland is required to be reforested with agricultural profits on the enlarged area of reforestation being foregone. The cost of achieving carbon neutrality, relative to the base case, increases by AUD100.6 million or by almost 47%.



In most scenarios listed in Table 1, between 8.5% and 11.4% of the area of farmland in the study region needs to be switched out of agriculture into reforestation to achieve sufficient sequestration to achieve carbon neutrality. The shires in which reforestation occurs do change (Figure 5), dependent on the scenario, with the proportion of the population of shires engaging in reforestation under climate change, ranging from 29 to 41%. Almost irrespective of the scenario, however, the shires that are the main sources of reforestation are often larger shires in the far south and east of the agricultural region (Figure 5). These shires tend to be selected as the least-cost sources of sequestration for different reasons.



The southern shires selected to be main sources of reforestation typically are located in higher rainfall environments (see Figure 1) where tree growth is greater and where farmland prices are mostly influenced by the profitability of agriculture rather than the spillover effects of tourism, hobby-farming, holiday-making or urbanisation, as in other higher rainfall locations. These southern shires selected for reforestation often have more livestock in their farming systems and therefore higher levels of emissions (Figure 2). So, an added benefit of reforesting farmland in these shires is a greater decrease in emissions through the reduced availability of farmland to carry livestock. It is worth noting that any decline in animal numbers is unlikely to greatly effect on-farm prices for animals and animal products (mostly wool) as the principal markets for these commodities are price elastic export markets. For example, wool produced and exported from the study region is but one of several regions in Australia, New Zealand and South Africa that produce and export wool.



The eastern shires selected for reforestation (Figure 5) are in localities characterised by low rainfall (Figure 1) and constrained tree growth. Farmland in these eastern shires is historically among the most affordable to acquire [76] as the farms are located on the environmental margin for crop and sheep production. The cheapness of the land, even after acknowledging the limitations on tree growth, allows these shires to be cost-effective sources of sequestration.



In scenarios where the region’s agricultural emissions do not diminish, yet tree growth reduces due to adverse climate change, and the risk of wildfire increases, then a large area of reforestation involving more shires is required. In these scenarios more farmland in many medium rainfall, southerly shires are reforested (for example, Figure 5, scenario (a)). When agricultural emissions do diminish, as in scenario (b) in Figure 5, then despite reduced tree growth, a lesser area of reforestation and fewer shires are selected to ensure carbon neutrality for the region.



Although the results are not presented here, if the socio-political constraint on the proportion of farmland in any shire that can be reforested is relaxed, then only a handful of mostly southerly shires are completely reforested and the cost of achieving carbon neutrality is reduced. In the worst-case scenario where agricultural emissions are unchanged, yet tree growth diminishes by 15%, then the cost of achieving carbon neutrality falls from AUD316.6 million (Table 1) to AUD272.3 million. In this case, only 9 shires (i.e., 11% of the shire population) are selected for reforestation when the socio-political constraint on reforestation is lifted. This finding reveals that honouring societal views about the need to restrict the proportion of farmland that can be reforested does increase the financial cost on the region’s agricultural sector in its achievement of carbon neutrality via reforestation.



An important assumption in this analysis is that the most profitable use of land in the study region is for agriculture rather than reforestation. Another less plausible scenario not considered in this analysis is that growth in the real price of ACCUs (Australian Carbon Credit Units) will be such that investors in carbon forestry could financially benefit from purchasing farmland for reforestation, despite the likelihood that climate change will lessen tree growth. To date, the carbon price in Australia (i.e., the value of an ACCU; see [54]) has not risen to any level that would entice switching of farmland into reforestation. In the study, regional farmland continues to be bought by entities who solely wish to continue to invest in agriculture.



A separate but important issue not considered in this study is that it might be more economically sound for agriculture in the study region not to invest in reforestation to offset agricultural emissions but rather to facilitate emission reductions in other sectors. For example, it may be preferable for farmland not to be reforested but rather for farms in relevant locations to offer up their farms for the joint use of agriculture and renewable energy generation. Emissions from coal or gas-powered electricity generators could be reduced through wind-powered or solar electricity generation on farmland. Before switching farmland into permanent forests, it may be technically and economically more feasible for farmers to first facilitate emission reductions in other sectors.




4. Conclusions


In south-western Australia, projected adverse climate change is acknowledged to likely lessen tree growth and increase the risk of wildfire in reforested areas. By contrast, despite this likelihood of a more adverse climate, ongoing innovation in agriculture will likely lead to further constrained growth in agricultural production, whilst simultaneously enabling a reduction in agricultural emissions. The interplay of these consequences on tree production and agricultural emissions will affect the cost and feasibility of achieving agricultural carbon neutrality via reforestation of farmland.



Scenario analyses that consider different degrees of climate change impacts and different emission trajectories reveal that on balance, despite the likelihood of agricultural emissions being reduced in coming decades, the impact of projected adverse climate change on tree growth and tree survival means that the cost of achieving agricultural carbon neutrality via reforestation will increase in the study region of south-western Australia.



Reforestation becomes increasingly expensive for two main reasons. Firstly, trees store less carbon under projected adverse climate change, and the risk of wildfire increases, which means the sequestered carbon cannot be so securely stored. Secondly, real appreciation in farmland prices is likely to continue which increases the expense of using farmland for reforestation.



If agricultural R&D and innovation enable agricultural emissions to diminish in the study region, then despite the adverse impacts of climate change on tree growth and tree survival, the real cost of achieving carbon neutrality will not greatly increase. Under such a scenario where agricultural emissions fall by 20% towards 2050 and tree growth reduces by 10%, then the annual cost of achieving agricultural carbon neutrality via reforestation increases to AUD237 million in constant 2020 dollars from a base case cost of AUD216 million per annum. This magnitude of cost increase is very small relative to the region’s gross value of agricultural production that is regularly greater than AUD10 billion.
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Appendix A


Technical information on Australian agriculture as a source of emissions, and reforestation as a source of emissions abatement.



Appendix A.1. Agricultural Sources of Greenhouse Gas Emissions


Greenhouse gases are released when biomass decays or is consumed or burnt [80]. Agricultural practices have increased these processes through the introduction of cropping and livestock systems. The primary greenhouse gases produced by agriculture are methane (CH4) and nitrous oxide (N2O) [81]. Methane and nitrous oxide have a greater Global Warming Potential (GWP) than carbon dioxide at 21 and 310 times respectively [82], with those values being altered to be 25 and 298 respectively in the IPCC Fourth Assessment Report and then changing again, starting in 2020–2021, in accordance with the terms of the Paris Agreement, to be 28 and 265 respectively [83]. Hence over the last decade the scientific consensus has indicated a heightened GWP for methane and a lesser GWP for nitrous oxide.



Agriculture is responsible for 85% of Australia’s total nitrous oxide emissions primarily due to the application of nitrogenous fertilisers, cultivation of nitrogen fixing crops and pastures, and tillage of agricultural soils [84]. Agriculture is also responsible for 60% of total methane emissions [84]. Methane is released from the process of enteric fermentation in the digestive process of livestock, particularly in ruminants. In anaerobic conditions methane can also be produced from manure and this is particularly associated with intensive livestock industries. Nitrous oxide can be released from manure and urine on soil, but emissions are only significant in high rainfall areas [84].



A growing source of agricultural emissions is the soil amelioration practice of liming to increase soil pH on acidic soils and thereby improve plant growth. Incorporation of lime into acidic soils causes a chemical reaction that produces CO2. In some states of Australia, particularly in Western Australia, are large areas of acidic or acidifying soils that benefit from periodic applications of lime. Umbers [85] notes that since the mid-2000s the percentage of the crop area limed in most grain-growing regions of Australia has increased from approximately 5% to around 25% in 2016. However, the rate of lime applied has remained fairly stable at under 2 tonnes per hectare. A further growing source of emissions is the propensity of grain farmers to apply more urea fertiliser to crops for various reasons including the planting of higher-yielding varieties that benefit from applications of urea, a greater role of canola in cropping programs with canola requiring higher rates of application of urea, plus a diminished role of leguminous pastures in farming systems that encourages farmers to replace their biological nitrogen with nitrogen from fertilisers.



Principally due to widespread drought in eastern Australia, the millennial drought and repeated drought in 2017 and 2018 that triggered culling of grazing animals, main sources of agricultural emissions, the total emissions from Australian agriculture have trended downwards since 2000. Agricultural emissions in 2018 were 8.4% less than in 2000 [83], already satisfying that sector’s Kyoto Protocol requirements.




Appendix A.2. Reforestation as a Carbon Sink


Agriculture can reduce or offset its greenhouse gas emissions through reforestation or agroforestry that sequester carbon dioxide [20,52,84,86]. Articles 3.3 and 3.4 of the Australian ratified Kyoto Protocol allow for emission offsets through the sequestration of carbon. Article 3.3 covers reforestation and afforestation activities occurring after 1990, subject to the following conditions [87]:




	
Land was cleared prior to 1990



	
Trees at a minimum height of 2 metres



	
Forest crown cover of at least 20%



	
Forest area greater than 1 hectare



	
Forest established by direct human methods








Reforestation and plantation-based sequestration activity under Article 3.3 is supported by the Emissions Reduction Fund (ERF). The Plantation Forestry Methodology Determination (also known as the ERF Plantation Forestry Method) covers the establishment of a new plantation forest, conversion of a short-rotation plantation to a long-rotation plantation, or maintenance of a pre-existing plantation forest that meets the eligibility requirements of the method. Projects approved by the Clean Energy Regulator generate Australian Carbon Credit Units (ACCUs) where each ACCU represents a tonne of carbon dioxide equivalent net abatement (through either emissions reductions or carbon sequestration) achieved by the eligible project. A new additional step in the project approval process is that the federal minister for agriculture, water and the environment may also assess if a proposed project could lead to an undesirable impact on agricultural production in the region in which the project would be located.



The ERF Plantation Forestry Method complements agroforestry activity permissible under the Carbon Farming Initiative (CFI). The CFI was a voluntary carbon abatement scheme that ran between September 2011 and December 2014 after which it was integrated with the Emissions Reduction Fund (ERF) such that an existing CFI project automatically became an ERF project. The regulatory burden for forestry sector participation in the ERF was eased in 2020, while recognising the need to ensure ERF forestry projects would not pose a cumulative adverse risk for water availability [88].



Several requirements must be satisfied before a forestry or reforestation project can be declared an ‘eligible offsets project’ including among other things that the project must comply with an approved methodology and the project proponent must report to the Regulator about the conduct of the project and the abatement achieved, with certain reports being prepared by a registered greenhouse and energy auditor. Importantly, the permanence rules require that the carbon stocks in sequestration projects be retained for 100 years, although the ERF has introduced an optional permanence period of 25 years. However, a project proponent using the 25-year period will receive 20% fewer ACCUs [52].




Appendix A.3. Emissions Accounting


Methods for reporting agricultural greenhouse gas emissions are stated in the National Greenhouse Accounts, including equation 3G_1 [89] for emissions from liming of agricultural soils and equation 3H_1 for emissions from applications of urea. Kingwell [29] outlines the methods for estimating agricultural shire emissions in Western Australia.






References


	



Meat & Livestock Australia. MLA Carbon Neutral 2030. 2019. Available online: https://www.mla.com.au/research-and-development/Environment-sustainability/carbonneutral-2030-rd/# (accessed on 24 August 2020).

	



Grain Growers. Australian Grains Industry Sustainability Framework. 2020. Available online: https://www.graingrowers.com.au/sustainability/grains-sustainability-framework/ (accessed on 24 August 2020).

	



Beattie, S. Bold Plan for Carbon Neutral Grain. 2020. Available online: https://www.farmweekly.com.au/story/6825218/bold-plan-for-carbonneutral-grain/ (accessed on 25 August 2020).

	



NFF National Farmers Federation. Why Australian Agriculture Must Be Carbon Neutral by 2050. 2020. Available online: https://www.farmonline.com.au/story/6884328/nff-why-australian-ag-must-be-carbonneutral-by-2050/ (accessed on 24 August 2020).

	



Button, J. Targeting Net Zero: A Climate Change Guide for Legal and Compliance Teams in Australia. 2020. Available online: https://www.allens.com.au/globalassets/pdfs/campaigns/targeting_net_zero_climate_change_guide_may_2020.pdf (accessed on 26 August 2020).

	



Pearce, T.D.; Rodríguez, E.H.; Fawcett, D.; Ford, J.D. How Is Australia adapting to climate change based on a systematic review? Sustainability 2018, 10, 3280. [Google Scholar] [CrossRef]

	



Head, L.; Adams, M.; McGregor, H.V.; Toole, S. Climate change and Australia. WIREs Clim. Change 2014, 5, 175–197. [Google Scholar] [CrossRef]

	



Asseng, S.; Pannell, D.J. Adapting dryland agriculture to climate change: Farming implications and research and development needs in Western Australia. Clim. Chang. 2013, 118, 167–181. [Google Scholar] [CrossRef]

	



Anwar, M.R.; Liu, D.L.; Farquharson, R.; Macadam, I.; Abadi, A.; Finlayson, J.; Wang, B.; Ramilan, T. Climate change impacts on phenology and yields of five broadacre crops at four climatologically distinct locations in Australia. Agric. Syst. 2013, 132, 133–144. [Google Scholar] [CrossRef]

	



Beggs, P.J.; Bennett, C.M. Climate Change, Aeroallergens, Natural Particulates, and Human Health in Australia: State of the Science and Policy. Asia-Pac. J. Public Health 2011, 23, 46S–53S. [Google Scholar] [CrossRef]

	



Intergovernmental Panel on Climate Change (IPCC). Annex I: Atlas of Global and Regional Climate Projections. In Climate Change 2013: The Physical Science Basis; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2013; pp. 1311–1390. [Google Scholar]

	



Intergovernmental Panel on Climate Change (IPCC). Summary for Policymakers. In Climate Change 2021: The Physical Science Basis; Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change; Intergovernmental Panel on Climate Change: Geneva, Switzerland, 2021. [Google Scholar]

	



Pokhrel, Y.; Felfelani, F.; Satoh, Y.; Boulange, J.; Burek, P.; Gädeke, A.; Gerten, D.; Gosling, S.; Grillakis, M.; Gudmundsson, L.; et al. Global terrestrial water storage and drought severity under climate change. Nat. Clim. Chang. 2021, 11, 226–233. [Google Scholar] [CrossRef]

	



John, M.; Pannell, D.; Kingwell, R. Climate change and the economics of farm management in the face of land degradation: Dryland salinity in Western Australia. Can. J. Agric. Econ. 2005, 53, 443–459. [Google Scholar] [CrossRef]

	



Kingwell, R. Climate change in Australia: Agricultural impacts and adaptation. Aust. Agribus. Rev. 2006, 14, 30. [Google Scholar]

	



Heyhoe, E.; Kim, Y.; Kokic, P.; Levantis, C.; Ahammad, H.; Schneider, K.; Crimp, S.; Nelson, R.; Flood, N.; Carter, J. Adapting to climate change—Issues and challenges in the agriculture sector. Aust. Commod. Forecast. Issues 2007, 14, 167–178. [Google Scholar]

	



Quiggin, J.; Adamson, D.; Chambers, S.; Schrobback, P. Climate change, uncertainty, and adaptation: The case of irrigated agriculture in the Murray-Darling Basin in Australia. Can. J. Agric. Econ. 2010, 58, 531–554. [Google Scholar] [CrossRef]

	



Ghahramani, A.; Kingwell, R.; Maraseni, T. Land use change in Australian mixed crop-livestock systems as a transformative climate change adaptation. Agric. Syst. 2020, 180, 102791. [Google Scholar] [CrossRef]

	



Chan, K.Y.; Conyers, M.K.; Li, G.D.; Helyar, K.R.; Poile, G.; Oates, A.; Barchia, I.M. Soil carbon dynamics under different cropping and pasture management in temperate Australia: Results of three long-term experiments. Soil Res. 2011, 49, 320–328. [Google Scholar] [CrossRef]

	



Kragt, M.E.; Pannell, D.J.; Robertson, M.J.; Thamo, T. Assessing costs of soil carbon sequestration by crop-livestock farmers in Western Australia. Agric. Syst. 2012, 112, 27–37. [Google Scholar] [CrossRef]

	



Sanderman, J. Can management induced changes in the carbonate system drive soil carbon sequestration? A review with particular focus on Australia. Agric. Ecosyst. Environ. 2012, 155, 70–77. [Google Scholar] [CrossRef]

	



Hobley, N.; Wilson, B.; Wilkie, A.; Gray, J.; Koen, T. Drivers of soil organic carbon storage and vertical distribution in Eastern Australia. Plant Soil 2015, 390, 111–127. [Google Scholar] [CrossRef]

	



Hobbs, T.J.; Neumann, C.R.; Meyer, W.S.; Moon, T.; Bryan, B.A. Models of reforestation productivity and carbon sequestration for land use and climate change adaptation planning in South Australia. J. Environ. Manag. 2016, 181, 279–288. [Google Scholar] [CrossRef]

	



Summers, D.M.; Bryan, B.A.; Nolan, M.; Hobbs, T.J. The costs of reforestation: A spatial model of the costs of establishing environmental and carbon plantings. Land Use Policy 2015, 44, 110–121. [Google Scholar] [CrossRef]

	



Evans, M.C. Effective incentives for reforestation: Lessons from Australia’s carbon farming policies. Curr. Opin. Environ. Sustain. 2018, 32, 38–45. [Google Scholar] [CrossRef]

	



Kopke, E.; Young, J.; Kingwell, R. The relative profitability of different sheep systems in a Mediterranean environment. Agric. Syst. 2008, 96, 85–94. [Google Scholar] [CrossRef]

	



Browne, N.; Eckard, R.; Behrendt, R.; Kingwell, R. A comparative analysis of greenhouse gas emissions from agricultural enterprises in South Eastern Australia. Anim. Feed. Sci. Technol. 2011, 166, 641–652. [Google Scholar] [CrossRef]

	



Thamo, T.; Addai, D.; Kragt, M.; Kingwell, R.; Pannell, D.; Robertson, M.J. Climate change reduces the mitigation obtainable from sequestration in an Australian farming system. Aust. J. Agric. Resour. Econ. 2019, 63, 841–865. [Google Scholar] [CrossRef]

	



Kingwell, R. Agriculture’s carbon neutral challenge: The case of Western Australia. Aust. J. Agric. Resour. Econ. 2021, 65, 566–595. [Google Scholar] [CrossRef]

	



Bardsley, P. The collapse of the Australian Wool Reserve Price Scheme. Econ. J. 1994, 104, 1087–1105. [Google Scholar] [CrossRef]

	



Hughes, N.; Lawson, K. Climate adjusted productivity on Australian cropping farms. In New Directions in Productivity Measurement and Efficiency Analysis; Ancev, T., Azad, M.A.S., Hernández-Sancho, F., Eds.; Edward Elgar Publishing Limited: Cheltenham, UK, 2017; Chapter 8; p. 297. [Google Scholar]

	



Suppiah, R.; Hennessy, K.J.; Whetton, P.H.; McInnes, K.; Macadam, I.; Bathols, J.; Ricketts, J.; Page, C.M. Australian climate change projections derived from simulations performed for the IPCC 4th Assessment Report. Aust. Meteorol. Mag. 2007, 56, 131–152. [Google Scholar]

	



Moise, A.F.; Hudson, D.A. Probabilistic predictions of climate change for Australia and southern Africa using the reliability ensemble average of IPCC CMIP3 model simulations. J. Geophys. Res. Atmos. 2008, 113. [Google Scholar] [CrossRef]

	



Irving, D.B.; Whetton, P.; Moise, A.F. Climate projections for Australia: A first glance at CMIP5. Aust. Meteorol. Oceanogr. J. 2012, 62, 211–225. [Google Scholar] [CrossRef]

	



Kirono, D.G.C.; Round, V.; Heady, C.; Chiew, F.H.S.; Osbrough, S. Drought projections for Australia: Updated results and analysis of model simulations. Weather. Clim. Extrem. 2020, 30, 100280. [Google Scholar] [CrossRef]

	



Sudmeyer, R.; Edward, A.; Fazakerley, V.; Simpkin, L.; Foster, I. Climate Change: Impacts and Adaptation for Agriculture in Western Australia; Department of Agriculture and Food: Perth, Australia, 2016; Bulletin 4870. [Google Scholar]

	



Collins, B.; Chenu, K. Improving productivity of Australian wheat by adapting sowing date and genotype phenology to future climate. Clim. Risk Manag. 2021, 32, 100300. [Google Scholar] [CrossRef]

	



Ludwig, F.; Asseng, S. Climate change impacts on wheat production in a Mediterranean environment in Western Australia. Agric. Syst. 2006, 90, 159–179. [Google Scholar] [CrossRef]

	



Asseng, S.; Fillery, I.; Dunin, F.; Keating, B.; Meinke, F. Potential deep drainage under wheat crops in a Mediterranean climate. I. Temporal and spatial variability. Aust. J. Agric. Res. 2001, 52, 45–56. [Google Scholar] [CrossRef]

	



Department of Primary Industries and Regional Development Climate Group (DPIRD). Internal Report Based on Climate Services for Agriculture Website. 2021. Available online: https://www.agriculture.gov.au/ag-farm-food/drought/future-drought-fund/climate-services (accessed on 18 September 2021).

	



Baldock, J.; Wheeler, I.; McKenzie, N.; McBrateny, A. Soils and climate change: Potential impacts on carbon stocks and greenhouse gas emissions, and future research for Australian agriculture. Crop. Pasture Sci. 2012, 63, 269–283. [Google Scholar] [CrossRef]

	



Powlson, D. Climatology: Will soil amplify climate change? Nature 2005, 433, 204–205. [Google Scholar] [CrossRef] [PubMed]

	



Knorr, W.; Prentice, I.; House, J.I.; Holland, E.A. Long-term sensitivity of soil carbon turnover to warming. Nature 2005, 433, 298–301. [Google Scholar] [CrossRef] [PubMed]

	



Kirschbaum, M. Will changes in soil organic carbon act as a positive or negative feedback on global warming? Biogeochemistry 2000, 48, 21–51. [Google Scholar] [CrossRef]

	



Quiggin, J.; Horowitz, J. Costs of adjustment to climate change. Aust. J. Agric. Resour. Econ. 2003, 47, 429–446. [Google Scholar] [CrossRef]

	



Nelson, R.; Mornement, C.; Bruce, M.; Weragoda, A.; Litchfield, F.; Collins, P. The Economic Impacts of Regulating Live Sheep Exports; ABARES Research Report; AGPS: Canberra, Australia, 2021. [Google Scholar]

	



Sanderman, J.; Farquharson, R.; Baldock, J. Soil carbon sequestration potential: A review for Australian agriculture. In A Report Prepared for the Department of Climate Change and Energy Efficiency; Department of Climate Change and Energy Efficiency: Canberra, Australia, 2010; Available online: https://www.mla.com.au/globalassets/mla-corporate/blocks/research-and-development/csiro-soil-c-review.pdf (accessed on 16 September 2020).

	



Lam, S.K.; Chen, D.; Mosier, A.R.; Roush, R. The potential for carbon sequestration in Australian agricultural soils is technically and economically limited. Nat. Sci. Rep. 2013, 3, 2179. [Google Scholar] [CrossRef]

	



Schoeneberger, M.M. Agroforestry: Working trees for sequestering carbon on agricultural lands. Agrofor. Syst. 2009, 75, 27–37. [Google Scholar] [CrossRef]

	



George, S.J.; Harper, R.J.; Hobbs, R.J.; Tibbett, M. A sustainable agricultural landscape for Australia: A review of interlacing carbon sequestration, biodiversity and salinity management in agroforestry systems. Agric. Ecosyst. Environ. 2012, 163, 28–36. [Google Scholar] [CrossRef]

	



Reeson, A.; Rudd, L.; Zhu, Z. Management flexibility, price uncertainty and the adoption of carbon forestry. Land Use Policy 2015, 46, 267–272. [Google Scholar] [CrossRef]

	



Rooney, M.; Paul, K. Assessing policy and carbon price settings for incentivising reforestation activities in a carbon market: An Australian perspective. Land Use Policy 2017, 67, 725–732. [Google Scholar] [CrossRef]

	



CIE. The business case for carbon farming. In Improving Your Farm Sustainability. Workshop Manual; Kondinin Information Services: Bentley, WA, Australia, 2015; 216p. [Google Scholar]

	



CER. Auction April 2021: Clean Energy Regulator. 2021. Available online: http://www.cleanenergyregulator.gov.au/ERF/auctions-results/april-2021 (accessed on 15 September 2021).

	



Flugge, F.; Abadi, A. Farming carbon: An economic analysis of agroforestry for carbon sequestration and dryland salinity reduction in Western Australia. Agrofor. Syst. 2006, 68, 181–192. [Google Scholar] [CrossRef]

	



Garnaut, R. Interim Report to the Commonwealth, State and Territory Governments of Australia. 2008. Available online: www.garnautreview.org.au (accessed on 30 January 2019).

	



Patra, A.; Park, T.; Kim, M.; Yu, Z. Rumen methanogens and mitigation of methane emission by anti-methanogenic compounds and substances. J. Anim. Sci. Biotechnol. 2017, 8, 1–18. [Google Scholar] [CrossRef]

	



Honan, M.; Feng, X.; Tricarico, J.M.; Kebreab, E. Feed additives as a strategic approach to reduce enteric methane production in cattle: Modes of action, effectiveness and safety. Anim. Prod. Sci. 2021. [Google Scholar] [CrossRef]

	



Kingwell, R.; Fuchsbichler, A. The whole-farm benefits of controlled traffic farming: An Australian appraisal. Agric. Syst. 2011, 104, 513–521. [Google Scholar] [CrossRef]

	



Chang, Y.K.; Rehman, T.U. Current and future applications of cost-effective smart cameras in agriculture. In Robotics and Mechatronics for Agriculture; Zhang, D., Wei, B., Eds.; CRC Press, Taylor & Francis Group: Boca Raton, FL, USA, 2018; Chapter 4. [Google Scholar]

	



Lowenberg-DeBoer, J.; Erickson, B. Setting the record straight on precision agriculture adoption. Agron. J. 2019, 111, 1552–1569. [Google Scholar] [CrossRef]

	



Guyader, J.; Eugène, M.; Doreau, M.; Morgavi, D.; Gérard, C.; Loncke, C.; Martin, C. Nitrate but not tea saponin feed additives decreased enteric methane emissions in nonlactating cows. J. Anim. Sci. 2015, 93, 5367–5377. [Google Scholar] [CrossRef]

	



Phelan, S. Tackling Emissions through Methane-Busting Masks for Cows. 2021. Available online: https://www.agriland.ie/farming-news/tackling-emissions-through-methane-busting-masks-for-cows/ (accessed on 9 November 2021).

	



Paul, K.I.; Roxburgh, S.H.; England, J.R.; Brooksbank, K.; Larmour, J.S.; Ritson, P.; Wildy, D.; Sudmeyer, R.; Raison, R.J.; Hobbs, T.; et al. Root biomass of carbon plantings in agricultural landscapes of southern Australia: Development and testing of allometrics. For. Ecol. Manag. 2014, 318, 216–227. [Google Scholar] [CrossRef]

	



Sudmeyer, R.; Daniels, T.; Jones, H.; Huxtable, D. The extent and cost of mallee-crop competition in unharvested carbon sequestration and harvested mallee biomass agroforestry systems. Crop. Pasture Sci. 2012, 63, 555–569. [Google Scholar] [CrossRef]

	



Harper, R.J.; Sochacki, S.J.; McGrath, J.F. The development of reforestation options for dryland farmland in south-western Australia: A review. South. For. J. For. Sci. 2017, 79, 185–196. [Google Scholar] [CrossRef]

	



Spencer, B.; Bartle, J.; Abadi, A.; Gibberd, M.; Zerihun, A. Planting configuration affects productivity, tree form and survival of mallee eucalypts in agroforestry systems. Agrofor. Syst. 2021, 95, 71–84. [Google Scholar] [CrossRef]

	



Wildy, D.T.; Pate, J.S. Quantifying above-and below-ground growth responses of the western Australian oil mallee, Eucalyptus kochii subsp. plenissima, to contrasting decapitation regimes. Ann. Bot. 2002, 90, 185–197. [Google Scholar] [CrossRef]

	



Huxtable, D.; Peck, A.; Bartle, J.; Sudmeyer, R. Tree biomass. In Productivity of Mallee Agroforestry Systems under Various Harvest and Competition Management Regimes; Peck, A., Sudmeyer, R., Huxtable, D., Bartle, J., Mendham, D., Eds.; Rural Industries Research and Development Corporation: Canberra, Australia, 2012; Publication No. 11/162. [Google Scholar]

	



Spencer, B.; Bartle, J.; Huxtable, D.; Mazanec, R.; Abadi, A.; Gibberd, M.; Zerihun, A. A decadal multi-site study of the effects of frequency and season of harvest on biomass production from mallee eucalypts. For. Ecol. Manag. 2019, 453, 117576. [Google Scholar] [CrossRef]

	



Abram, N.; Henley, B.; Sen Gupta, A.; Lippmann, T.; Clarke, H.; Dowdy, A.; Sharples, J.; Nolan, R.; Zhang, T.; Wooster, M.; et al. Connections of climate change and variability to large and extreme forest fires in southeast Australia. Nat. Commun. Earth Environ. 2021, 2, 8. [Google Scholar] [CrossRef]

	



Intergovernmental Panel on Climate Change (IPCC). Weather and climate extreme events in a changing climate. In Sixth Assessment Full Report; IPCC: Geneva, Switzerland, 2021; Chapter 11; 1800p. [Google Scholar]

	



Hoogmoed, M.; Cunningham, S.C.; Thomson, J.R.; Baker, P.J.; Beringer, J.; Cavagnaro, T.R. Does afforestation of pastures increase sequestration of soil carbon in Mediterranean climates? Agric. Ecosyst. Environ. 2012, 159, 176–183. [Google Scholar] [CrossRef]

	



Williams, K. Community Attitudes to Plantation Forestry; Technical Report 194; Cooperative Research Centre for Forestry and the Department of Resource Management and Geography, University of Melbourne: Melbourne, Australia, 2008. [Google Scholar]

	



Ferguson, I. Australian plantations: Mixed signals ahead. Int. For. Rev. 2014, 16, 160–171. [Google Scholar] [CrossRef]

	



Rural Bank. Australian Farmland Values 2020: Western Australia. 2021. Available online: https://www.ruralbank.com.au/siteassets/knowledgeandinsights/publications/farmlandvalues/westernaustralia/afv-wa-2020.pdf (accessed on 20 July 2021).

	



RBA. Inflation Calculator: Reserve Bank of Australia. 2021. Available online: https://www.rba.gov.au/calculator/annualDecimal.html (accessed on 23 July 2021).

	



Huang, S.; Xi, F.; Chen, Y.; Gao, M.; Pan, X.; Ren, C. Land use optimization and simulation of low-carbon-oriented—A case study of Jinhua, China. Land 2021, 10, 1020. [Google Scholar] [CrossRef]

	



Smith, L.; Kirk, G.; Jones, P.; Williams, A. The greenhouse gas impacts of converting food production in England and Wales to organic methods. Nat. Commun. 2019, 10, 4641. [Google Scholar] [CrossRef]

	



National Greenhouse Gas Inventory. Australian Methodology for the Estimation of Greenhouse Gas Emissions and Sinks 2006: Agriculture; Department of Climate Change, National Greenhouse Gas Inventory Committee, Commonwealth of Australia: Canberra, Australia, 2007. [Google Scholar]

	



Intergovernmental Panel on Climate Change (IPCC). Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories; OECD, IEA: Paris, France, 2007. [Google Scholar]

	



Department of Climate Change. National Greenhouse Accounts (NGA) Factors; Department of Climate Change, Commonwealth of Australia: Canberra, Australia, 2008.

	



DISER. Quarterly Update of Australia’s National Greenhouse Gas Inventory: December 2019; Department of Industry, Science, Energy and Resources, Commonwealth of Australia: Canberra, Australia, 2020.

	



Australian Greenhouse Office National Greenhouse Gas Inventory. Analysis of Recent Trends and Greenhouse Indicators 1990 to 2005; Department of the Environment and Water Resources, Commonwealth of Australia: Canberra, Australia, 2007.

	



Umbers, A. GRDC Farm Practices Survey Report 2016; Grains Research & Development Corporation: Canberra, Australia, 2017. [Google Scholar]

	



Land and Water Australia Agriculture. Forestry and Emissions Trading: How Do We Participate? Issues Paper; Land and Water Australia, Commonwealth of Australia: Canberra, Australia, 2007.

	



Department of Agriculture and Food. Greenhouse, Land Management and Carbon Sequestration in Western Australia; Report 18/2003; Department of Agriculture and Food: Perth, Australia, 2003.

	



DAWE. Carbon Farming Initiative; Department of Agriculture, Water and the Environment: Canberra, Australia, 2020. Available online: https://www.agriculture.gov.au/water/policy/carbonfarming-initiative (accessed on 7 August 2020).

	



DISER. National Inventory Report 2018; Department of Industry, Science, Energy and Resources, Commonwealth of Australia: Canberra, Australia, 2020; Volume 1.








[image: Land 10 01259 g001 550] 





Figure 1. Land use in South-West of Australia. Source: Based on a DPIRD map available at: https://researchlbrary.agric.wa.gov.au/gis_maps/10/ (accessed on 12 November 2021). 
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Figure 2. Shire emissions in 2015. Source: Kingwell [29]. 
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Figure 3. Climate maps for the study region. Source: DPIRD [40]. 
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Figure 4. Wheat, barley and canola yields in south-western Australia: 1980 to 2020. 
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Figure 5. Area of farmland in various shires selected for reforestation under two scenarios; top (a) no decline in agricultural emissions towards 2050 and tree growth reduces by 15% and a greater risk of wildfire, and bottom (b) agricultural emissions decline by 20% towards 2050 and tree growth reduces by 10% and risk of wildfire increases. 
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Table 1. Key characteristics of optimal land use in the region to achieve regional carbon neutrality under various scenarios.
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	Scenario
	Description
	Region’s Annual Emissions (kt CO2-e)
	Reforestation Area in the Region that Achieves Carbon Neutrality (m ha)
	Share of the Region’s Farmland Switched into Reforestation (%)
	Share of the Region’s Population of Shires that Invests in Reforestation (%)
	Annual Cost for the Region to Achieve Carbon Neutrality via Reforestation ($m)





	1
	Base case
	7425
	1.333
	8.6
	26.2
	216.0



	2
	Emission levels unchanged, 10% decline in tree growth
	7425
	1.664
	9.3
	38.8
	297.4



	3
	Emission levels unchanged, 15% decline in tree growth
	7425
	1.766
	11.4
	41.3
	316.6



	4
	Emission levels decline 5%, 10% decline in tree growth
	7054
	1.572
	10.2
	36.3
	282.3



	5
	Emission levels decline 5%, 15% decline in tree growth
	7054
	1.691
	9.1
	38.8
	300.8



	6
	Emission levels decline 10%, 10% decline in tree growth
	6683
	1.490
	10.4
	32.5
	267.5



	7
	Emission levels decline 10%, 15% decline in tree growth
	6683
	1.605
	10.8
	37.5
	284.7



	8
	Emission levels decline 20%, 10% decline in tree growth
	5940
	1.308
	8.5
	28.8
	237.5



	9
	Emission levels decline 20%, 15% decline in tree growth
	5940
	1.400
	9.0
	31.2
	253.0
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