

[image: image1]
A carbon footprint assessment for pasture-based dairy farming systems in South Africa












	
	ORIGINAL RESEARCH
published: 07 February 2024
doi: 10.3389/fsufs.2024.1333981






[image: image2]

A carbon footprint assessment for pasture-based dairy farming systems in South Africa

Craig Galloway1*, Pieter A. Swanepoel2 and Stephanus J. Haarhoff2,3


1Trace and Save, Jeffreys Bay, Eastern Cape, South Africa

2Department of Agronomy, Stellenbosch University, Stellenbosch, Western Cape, South Africa

3Climate Neutral Group South Africa, Cape Town, Western Cape, South Africa

Edited by
David Boansi, Kwame Nkrumah University of Science and Technology, Ghana

Reviewed by
Thomas M. R. Maxwell, Lincoln University, New Zealand
 Nugun P. Jellason, Teesside University, United Kingdom

*Correspondence
 Craig Galloway, craig@traceandsave.com

Received 06 November 2023
 Accepted 22 January 2024
 Published 07 February 2024

Citation
 Galloway C, Swanepoel PA and Haarhoff SJ (2024) A carbon footprint assessment for pasture-based dairy farming systems in South Africa. Front. Sustain. Food Syst. 8:1333981. doi: 10.3389/fsufs.2024.1333981



Environmental impact evaluation of intensive dairy farming systems has been of growing interest recently as agriculture has several negative influences on the surrounding environment, including eutrophication, declines in biodiversity, and pollution of nearby waterbodies. Dairy production in particular is characterized by the emission of greenhouse gasses (GHG) contributing toward climate change. In this study, the carbon footprint of South African pasture-based dairy farming systems was assessed using a farm-gate life-cycle assessment (LCA) approach. A total of 82 pasture-based dairy farms across South Africa were assessed (2012–2022). The average carbon footprint across all dairy farming systems was 1.36 ± 0.21 kg CO2eq kg−1 fat- and protein-corrected milk produced (FPCM), which is higher than similar studies performed outside South Africa. Enteric fermentation had the largest influence on the carbon footprint, indicating the key role of methane as an emission source in ruminant dominated livestock systems. A difference in milk production efficiency was found between farming systems with the lowest and highest carbon footprints. Pasture-based dairy farming systems must be managed with adaptive management such as regenerative agriculture. Future research agendas should explore modeling approaches to assess the economic and environmental impact of dairy production, formulating a holistic understanding of the system dynamics while also quantifying net carbon emissions or sinks.
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Introduction

The profitability of South African pasture-based dairy farming systems is constantly under pressure due to the ever-increasing costs of inputs such as fertilizer, electricity, feed, labor, and agrochemicals (Galloway et al., 2018a; Viljoen et al., 2020). To sustainably increase net farm income dairy farmers must ensure resources are utilized optimally (Capper et al., 2009) while also improving the environmental impact of the farming system. The link between economic viability and environmental awareness for intensively managed pasture-based dairy farming systems is therefore critical to consider as both play a pivotal role in securing continuous dairy production to address global and local needs. Environmental impact evaluation of dairy production has been a growing interest recently (Food and Agriculture Organization and Global Dairy Platform, 2018; Mazzetto et al., 2022). Dairy farming generally has several negative influences on the surrounding environment, including water body pollution caused by nutrients (eutrophication) and pesticide runoff, soil erosion, and declines in biodiversity (Food and Agriculture Organization, 2010). Dairy production is characterized by the emission of greenhouse gasses (GHG) such as methane (CH4), nitrous oxide (N2O), and carbon dioxide (CO2), and is carefully quantified globally by conducting farm-gate life cycle assessment (LCA) studies (Bartl et al., 2011; Pirlo et al., 2014; Guest et al., 2017; Hietala et al., 2021). However, inconsistent results indicate the sensitivity of the LCA method to different modeling approaches and GHG calculations (Flysjö et al., 2011). Moreover, dairy farming systems are subjected to a wide variety of climate variables, soil conditions and agronomic management practices, resulting in different modeling inputs and variables affecting the calculations (Flysjö et al., 2011; Mazzetto et al., 2022). This is evident from LCA studies conducted in Europe, Australasia and Northern America, where GHG emissions ranged between 0.80 and 1.72 kg CO2eq kg−1 fat- and protein-corrected milk produced (FPCM) for pasture-based dairy systems (O'Brien et al., 2014; Chobtang et al., 2017; Christie, 2019; Rotz et al., 2021). Despite using similar metrics to quantify the GHG emissions of dairy farming systems, comparing GHG emissions between dairy systems located in different countries will result in inaccurate conclusions due to varying methodological aspects, such as emission factors, which restricts the direct comparison.

In a recent systematic review, Mazzetto et al. (2022) found that in pasture-based dairy systems, the main sources of GHG emissions were from enteric fermentation, manure management, fertilizer use, and livestock feed production, depending on the GHG profile of the specific country. Comparing the carbon footprints of dairy farming systems between countries is therefore a complex task and may lead to erroneous conclusions. Mitigation strategies will consequently differ between countries and multifaceted dairy farming systems (O'Brien et al., 2010; Zehetmeier et al., 2014) such as improved grazing and effluent management, effective nitrogen fertilizer strategies, and enhanced irrigation efficiency (Galloway et al., 2018a; Viljoen et al., 2020; Phohlo et al., 2022). Galloway et al. (2018b) indicated that carbon footprint quantification helps explore the underlying factors influencing the profitability of dairy production due to the correlation between lower GHG emissions and higher gross margins.

Despite the growing interest in dairy-based carbon footprint studies globally, assessments for South African pasture-based dairy farming systems are currently absent (Smit et al., 2021; Mazzetto et al., 2022) although livestock accounts for ~50% of annual CH4 emissions in South Africa (Department of Forestry, Fisheries and the Environment, 2021). In addition, dairy cattle account for ~12% of the annually emitted enteric CH4 from all livestock in South Africa (Tongwane and Moeletsi, 2020). This indicates a critical gap and highlights the need to evaluate the carbon footprint of South African pasture-based dairy farming systems in order to establish the effects of current on-farm agronomic and livestock management practices on the environment (Du Toit et al., 2013). The aim of this study was to assess the carbon footprint of South African pasture-based dairy farming systems using a farm-gate LCA approach. Our analysis explored the amount and range of GHG emissions and the specific factors influencing the GHG emissions. Sustainable opportunities to lower the carbon footprint of pasture-based dairy farming systems and future research options are presented.



Materials and methods


Data sources and overview

A total of 82 pasture-based dairy farming systems across three provinces in South Africa, namely the Western Cape, Eastern Cape, and KwaZulu-Natal provinces, were included in the assessment, representing data ranging from 2012 to 2022. Data were collected from farmers that form part of the Trace & Save farmer program and the Woodlands Dairy Sustainability Project (Trace and Save, 2023). Many of these farms use a comprehensive data management and reporting tool called Fourth Quadrant (2023) which were used to obtain data from farmers. Data points included dairy cattle numbers, milk production, animal movement practices, total nitrogen fertilizer application rate, fodder production and herbage growth rates. Raising heifers within each farming system was not general practice across the various farming systems. Therefore, in order to create a dataset that is representative of the entire pasture-based dairy farming system, and to allow for suitable comparisons between farms, observations were removed from the dataset based on the following criteria: (i) where the heifer proportion of the entire herd was <17% (too few heifers for replacement); (ii) where the average heifer weights were <150 kg and the proportion <30% (for the case where the farming system is raising a lot of young heifers and the older heifers are not within the system of the collected data); and (iii) where the dry cow proportion was <4.5% thereby assuming the dry cows were managed on separate land outside of the farming system of the collected data. As farmers complete the datasets themselves, for example in Fourth Q, data screening to ensure data quality was done manually by Trace & Save, which forms part of the operational and professional services provided to farmers, and if there were any discrepancies, the farmers were contacted for clarification.



Farm-gate life-cycle assessment of GHG emissions

Greenhouse gas emissions were assessed and categorized as specified by the FAO's Global Livestock Environmental Assessment Model (GLEAM) “cradle-to-gate” emissions (Food and Agriculture Organization, 2021), as well as the IPCC's 2019 refinements to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories (International Panel on Climate Change, 2019a). Direct emissions included enteric fermentation and manure management, pasture, and crop production parameters (i.e., N fertilizer usage; International Panel on Climate Change, 2006a,b, 2019a,b; Du Toit et al., 2013), and fossil fuel usage (International Panel on Climate Change, 2006c; Department of Environmental Affairs, 2017; Figure 1). Indirect emissions included electricity usage, purchased feed production (Food and Agriculture Organization, 2018; Blignaut et al., 2019; Food Agriculture Organization, 2020a,b), fertilizer and pesticide production (Audsley et al., 2009; Kool et al., 2012), transport (Department of Environment, Food and Rural Affairs and Department of Energy and Climate Change, 2022), and embedded energy (Food and Agriculture Organization, 2018; Figure 2). The physical allocation method is used to allocate emissions between milk and meat production as recommended by the International Dairy Federation (2015). Since the assessment was carried out at the farm gate, the functional unit to assess GHG emissions was a kilogram of fat- and protein-corrected milk (International Dairy Federation, 2015). Therefore, to establish the carbon footprint and GHG emissions of the dairy products from the farming systems, the amount of carbon dioxide equivalents per kilogram of fat- and protein-corrected milk produced (kg CO2eq kg−1 FPCM) were determined. According to the IPCC Sixth Assessment Report (International Panel on Climate Change, 2021), 1 kg of CH4 is calculated as 27 kg of CO2eq and 1 kg of N2O is calculated as 273 kg of CO2eq.
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FIGURE 1
 Life-cycle inventory flow diagram indicating the direct GHG emissions datapoints collected from each dairy farming system to determine the emissions per source.
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FIGURE 2
 Life-cycle inventory flow diagram indicating the indirect GHG emissions datapoints collected from each dairy farming system to determine the emissions per source.


While we acknowledge the importance of assessing the impact of dairy farming per unit area of land that is used for production, this is however outside the scope of this study and should be investigated in future.



Data processing and statistical analyses

To explore the range of GHG emissions and carbon footprints resulting from pasture-based dairy farming practices in South Africa, the minimum, maximum and the average emissions per tercile was calculated per emission source. The terciles were created by grouping the observations into thirds, i.e., a lowest third, middle third and top third of emissions per source. The average amount of GHG emissions was then calculated per tercile per source.

Partial productivity measures were used to explore the underlying effects of the crop and livestock management practices on the carbon footprint within the dairy farming systems. Spearman's correlations (the data were not normally distributed, Shapiro-Wilk = 0.826; P < 0.001) were carried out between GHG emissions and the partial productivity measures. The partial productivity measures were further used to investigate the similarities between farming systems characterized by vastly different carbon footprints (high vs. low). The average level of all the partial productivity measures was calculated for farming systems with the lowest carbon footprint (i.e., the observations with the lowest 15% of kg CO2eq kg−1 FPCM), and the farms with the highest carbon footprints (i.e., the observations with the highest 15% of kg CO2eq kg−1 FPCM). A Student's t-test was used to test for differences between the average partial productivity measures for the lowest and highest carbon footprint groups (α = 0.05).




Results and discussion


Carbon footprint of pasture-based dairy farming systems in SA

The average carbon footprint across all farming systems was 1.36 ± 0.21 kg CO2eq kg−1 FPCM, which was in alignment with (Meissner and Ohlhoff, 2022) who reported GHG emissions from milk production in South Africa range between 1.2 and 1.4 kg CO2eq kg−1 milk. Smit et al. (2021) measured GHG emissions directly from soil in response to N fertilizer treatments in the Western Cape province of South Africa and reported a carbon footprint of 1.3 kg CO2eq kg−1 energy corrected milk, for treatments receiving <200 kg N ha−1 year−1, and a maximum carbon footprint of 2.6 kg CO2eq kg−1 ECM when 800 kg N ha−1 year−1 was applied. Compared to similar cradle-to-farmgate life-cycle assessment of GHG emissions studies performed outside South Africa, the average carbon footprint found in our assessment was greater. For example, the average GHG emissions from pasture-based dairy farms in Ireland was 1.11 kg CO2eq kg−1 FPCM, with a range of 0.87–1.72 kg CO2eq kg−1 FPCM (O'Brien et al., 2014). In New Zealand (Chobtang et al., 2017), reported average GHG emissions of 0.8 kg CO2eq kg−1 FPCM based on 53 pasture-based dairy farming systems, while (Christie, 2019) reported a value of 1.04 kg CO2eq kg−1 FPCM based on 41 farming systems in Australia. Similarly, the average GHG emissions from dairy farms representing various sizes and management practices in six regions of the United States of America was 1.01 ± 0.09 kg CO2eq kg−1 FPCM (Rotz et al., 2021). When compared to the global carbon footprint for milk production in 2015, the carbon footprint of pasture-based dairy farming systems in South Africa was 55.5% lower and fairly similar to dairy farming systems located in the Oceania region (Food and Agriculture Organization and Global Dairy Platform, 2018).



GHG emission sources

The contribution of each emission source to the carbon footprint are shown in Table 1. Exploring these factors provides insights to understanding the contributing sources of GHG emissions and designing management to appropriately manage or mitigate them on farm-level (Mazzetto et al., 2022). Enteric fermentation had the largest influence on the carbon footprint, coinciding with the findings of Pirlo et al. (2014) in Italy. In addition, Du Toit et al. (2013) found that the average CH4 emitted per head of cattle was 71.8 kg CH4 yr−1 in South African pasture-based farming systems. Methane production is unavoidable in farming systems with ruminants, as the release of CH4 is a by-product during enteric fermentation and allows dairy cattle to absorb protein and fatty acids from roughages. Several strategies to reduce enteric CH4 emissions have been proposed thus far (Galloway et al., 2018b), mainly focusing on breeding, feeding, and dietary supplements (de Boer et al., 2011). Increasing the ratio of concentrates over roughages may reduce enteric CH4 emissions, however, the additional N2O and CO2 emissions associated with the transport and production of higher volumes of concentrates may limit the total net GHG reduction. Importantly, including forages like white clover (Trifolium repens) or chicory (Cichorium intybus) in the diets of dairy cows may reduce enteric CH4 emissions. Although white clover produce very low levels of tannins in leaves (Kagan, 2021), some tannins are found in the flowers and seeds coats. Previous breeding attempts to increase tannin levels in the foliage of white clovers has been unsuccessful, although progress has been made (Roldan et al., 2022). Tannins have been found to affect methanogenesis (Haque, 2018) by inhibiting the growth and activity of the methanogen population, however, reducing enteric CH4 production using tannins has been inconsistent (Bodas et al., 2012; Cieslak et al., 2013; Ku-Vera et al., 2020).


TABLE 1 Minimum, maximum and average GHG emissions (kg CO2eq kg−1 fat- and protein corrected milk) per tercile (n = 119) per emissions source from 357 observations on 82 pasture-based dairy farming systems in South Africa.
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White and red (T. pratense) clovers and chicory often form part of the species-composition for dairy pastures in the Western and Eastern Cape provinces (Viljoen et al., 2020), as they are adapted to the cooler weather experienced along coastal production areas. Nitrogen fixation by clover enhances soil fertility, a crucial benefit for productive dairy pastures under intensive grazing conditions with dairy cows (Botha et al., 2008a). Nonetheless, two limitations associated with clover inclusion are often encountered by farmers: suboptimal establishment and reduced herbage production, particularly when contrasted with grass species. Notably, these limitations are not commonly observed with chicory, underscoring the significance of meticulous forage species selection to optimize pasture productivity and sustainability (Botha et al., 2008b; Van der Colf, 2011) within the context of low carbon footprint dairy farming.

Apart from enteric fermentation, significant contributors to the carbon footprint also included manure management, crop and pasture production, fertilizer and water management, electricity and purchased feed production. Cattle manure is a source for CH4, N2O, ammonia (NH3) gas and urea, and limited management strategies are available to reduce manure GHG (Pirlo et al., 2014). Improving the N use efficiency of milk not only reduces the amount of N emitted from manure (and N losses to the environment), but also reduces unnecessary costs such as feeds and N fertilizers. The application of N fertilizers to promote pasture productivity produces significant quantities of nitrogenous gasses like N2O and NH3, highlighting the importance of implementing site-specific management practices to enhance N use efficiency therefore mitigating these gas emissions.

The relationship between crops, pasture, and livestock management can also mediate various other GHG mitigation pathways, such as soil organic carbon sequestration (Soussana et al., 2010; Paustian et al., 2016; Brewer et al., 2023). Increasing soil organic carbon content provides the opportunity to negate the need for high volumes of inorganic N fertilizers, a characteristic of these intensively managed pastures. Greater soil organic carbon levels lead to improved nutrient cycling in the soil and consequently improved plant-available nutrients such as N, phosphorus, and potassium (Fageria, 2012; Lal, 2015). Indeed, the soil C:N ratio can be taken as proxy of relative soil N availability (Terrer et al., 2019) where a ratio of 15:1 may be used as a threshold between relatively abundant or limited N in soils (Bai et al., 2023). A higher ratio may result in poor soil microbial activity due to the limited N levels present (Lal, 2015). Management practices that improve soil organic carbon content are generally also less intensive on the environment, such as long-term perennial pastures (permanent soil cover and actively growing roots), rotational high-density grazing, optimal fertilizer application rates and minimum- to no-tillage (Badgery et al., 2014; Rutledge et al., 2015; Swanepoel et al., 2015). A recent study by Frasier et al. (2022) highlighted the importance of continuously growing plant roots when restoring and increasing soil organic carbon levels in pasture-dominated systems alongside minimum soil disturbance. Cropping systems with large root inputs such as mixed legume-grass crops (Porwollik et al., 2022) under minimal soil tillage can lead to higher soil carbon content.



Efficient milk production

Table 2 shows the average partial productivity measures for the observations with the lowest and highest GHG emissions. Table 3 provides an overview of the relationship between partial productivity measures and the various sources of GHG emissions. Dairy farming systems with the lowest carbon footprints had an average milk production efficiency of 1,323 L 100 kg−1 live weight, 107 kg solids 100 kg−1 live weight, 20.4 L cow day−1 and 17,650 L ha−1, as opposed to the farming systems with the highest carbon footprints showing an average milk production efficiency of 1,052 L 100 kg−1 live weight, 79 kg solids 100 kg−1 live weight, 17.0 L cow day−1 and 11,909 L ha−1 (Table 2). The opposite effect is implied for higher GHG emissions, where the opposite effect is at play. For example, for influencing factors where a lower value is associated with lower emissions, a higher value for this influencing factor will result in higher emissions. A response in milk efficiency production indicates that the less productive farming systems can reduce their carbon footprint by increasing milk production efficiency.


TABLE 2 The average partial productivity measures for the 357 observations on 82 pasture-based dairy farming systems in South Africa representing the highest (n = 53) and lowest (n = 53) 15% of GHG emissions (kg CO2eq) per kilogram of fat- and protein-corrected milk (FPCM), and the student t-test results indicating significant differences between the average measures of the two groups.
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TABLE 3 The relationship between partial productivity indicators and GHG emissions (kg CO2eq kg−1 FPCM) based on Spearman correlations for 357 observations on 82 pasture-based dairy farming systems in South Africa.
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In our assessment, the highest correlation coefficients were the negative correlation between total GHG emissions and milk production efficiency (milk solids per 100 kg−1 live weight: r = −0.58, P < 0.001; liters of milk produced 100 kg−1 live weight: r = −0.53, P < 0.001; Table 4). Efficient milk production is a critical factor to reduce GHG emissions from pasture-based dairy farming systems (Wall et al., 2009). Also negatively correlated, but with lower coefficients, are GHG emissions and milk production per hectare and per cow (Table 4). This is aligned with previous studies, which have found the same relationship between higher milk production efficiency and lower carbon footprints (O'Brien et al., 2014; Morais et al., 2018; Lorenz et al., 2019).


TABLE 4 Correlation results between all the variables investigated in the life cycle assessment of 82 pasture-based dairy farming systems in South Africa.
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Breeding efficiency has a large impact on milk production efficiency (Clark et al., 2007; Capper et al., 2009). To avoid inefficient milk production and hence greater carbon footprints, breeding management systems should be established to ensure effective heat-spotting and artificial insemination to guarantee efficient breeding strategies. Additional management factors influencing milk production efficiency include optimal health care, the selection of ideal cow genetics for the farm system and climate, and correct ration formulation (Clark et al., 2007; Capper et al., 2009).

Despite the importance of milk production efficiency to reduce GHG emissions per milk production (Yan et al., 2010), dairy farmers should caution to maximize milk production thoughtlessly. Additional environmental and profitability factors should also be accounted for when considering the overall sustainability of pasture-based dairy production. For example, pasture herbage utilization per hectare is a critical indicator of profitability on pasture-based dairy farms (Hanrahan et al., 2018). In this study higher pasture percentage of the total diet was negatively correlated with cow size (r = −13, P = 0.01) and milk production per cow (r = −14, P = 0.01) with no correlation to milk production per 100 kg liveweight (liters and solids). A higher percentage of pasture in the diet for smaller cows is probably due to the selection of smaller cows for grazing systems, where cows are expected to walk longer distances and spend more time grazing, which is better suited to smaller animals. The negative correlation between pasture percentage in the diet and milk production per cow could be an indirect association to the cow size factor, where smaller cows would produce a smaller amount of milk per day, than larger cows which are fed a higher concentrate and roughage diet to supplement pasture intake. The lack of correlation between percentage of pasture intake and milk production per 100 kg liveweight indicates that the other associations discussed in this paragraph are not indicative of milk production efficiency. There are other management factors which contribute to the efficiency of milk production (O'Brien et al., 2014) when assessed per liveweight, rather than per cow. There is a negative correlation between milk production per 100 kg and concentrates fed (g l−1), both in total and to cows in milk. The association between milk production efficiency and feed conversion efficiency (Beever and Doyle, 2007) is further indicative that the difference between farms is related to management practices rather than specific farm systems, as it relates to cow size and percentage of pasture in the diet.



Herd dynamics

A negative correlation was found between the proportion of cows in milk on the farm, and total GHG emissions (Table 4). Also, a positive correlation was found between the proportion of heifers on the farm, and the herd replacement rate (heifers being raised on the farm as a percentage of adult cows) and total GHG emissions. This was expected, as the carbon footprint assessment calculations are mostly influenced by the emission sources like enteric fermentation and manure management from animals, which is divided by total milk production. Therefore, the more milk producing animals there are proportionately on the farm, the lower the emissions will be, explaining why dairy farmers aim to raise a greater number of heifers than they require for replacement in the future (O'Brien et al., 2010; Zehetmeier et al., 2014).

The herd replacement rate (percentage of adult cows replaced each year) is negatively correlated with total GHG emissions (Table 4), which contrasts with other studies reporting no correlation with replacement rate and carbon footprint (O'Brien et al., 2014; Lorenz et al., 2019). An explanation for this is that a higher herd replacement results in higher meat production from the farm, and there is therefore a higher allocation of emissions to meat production in these farming systems, as indicated by the negative correlation between GHG emissions allocation to meat production and GHG emissions from enteric fermentation (Table 4). In addition, herd replacement rate was positively correlated with milk production efficiency (liters and solids per 100 kg liveweight) which may serve as an indication that the dairy farmers with lower herd replacement rates may not be culling inefficient cows, while farming systems with higher production efficiency showcase a greater rate at removing unproductive and inefficient cows.

There was a positive correlation between concentrates fed (g L−1 milk produced) and total GHG emissions (Table 4). Also, there was a negative correlation between concentrates fed and all milk production efficiency measures. Importantly, farming systems should not aim to increase milk production efficiency by feeding higher amounts of concentrates. From Table 2 it is clear that farms with lower emissions are more efficient at converting concentrates into milk (310 g L−1 to CiM) than farms with higher emissions (391 g L−1 to CiM; P < 0.001). Interestingly there were no significant correlations observed between total GHG emissions and pasture percentage, bought roughage (g L−1) and home-grown roughage (g L−1; Table 4). Also, no differences were found between the lowest and highest GHG emissions farms for pasture, concentrate and home-grown roughage percentage in the diet (Table 2). The only significant difference was found for the percentage of bought roughage between the lowest (12%) and highest (7%) emission farms. This was associated with the positive correlation between bought roughage (g L−1 and % of diet) and milk production efficiency measures as stated in Table 4. It is imperative to provide lactating animals with sufficient and well-balanced diet (de Boer et al., 2011). Efficient feed conversion is also affected by the daily storage and handling of feeds, where feed losses should be limited. From the animal perspective, many factors influence effective feed conversion (Clark et al., 2007; Capper et al., 2009) such as selective breeding to improve the feed conversion of pasture biomass.

No correlation was found between stocking rate and total GHG emissions, although a positive correlation was found between stocking rate and GHG emissions per hectare (r = 0.95, P < 0.001; Table 4). Since the focus of this assessment is GHG emissions per unit of milk production and not per hectare, this will be discussed in a separate paper.



Inorganic nitrogen management

Despite no significant correlation between inorganic nitrogen (N) fertilizer and total GHG emissions (Table 3), a difference (P < 0.05) was found for inorganic N fertilizer between dairy farming systems with the lowest and highest GHG emissions (Table 2). On average, the farms with the highest GHG emissions used 30% more inorganic N fertilizers per hectare than the farms with the lowest GHG emissions. In addition, a positive correlation was found between inorganic N fertilizer usage and GHG emissions from crop and pasture, and fertilizer production. Dairy farmers use high amounts of nitrate- and urea-based N fertilizers to increase pasture productivity (Swanepoel et al., 2014a) with greater amounts of GHG emissions associated with higher N fertilizer usage. The primary aim of these pasture systems is to achieve high biomass yields and allowing the expression of the genetic production potential of the species found in the pasture in response to the prevailing environmental conditions. In addition, soil quality and health play a pivotal role to ensure high production rates and quality herbage in dairy pastures over the long term (Swanepoel et al., 2014b), which is directly influenced by soil tillage practices (Swanepoel et al., 2015) and nitrogen fertilizer management (Galloway et al., 2018a; Phohlo et al., 2022). Improved soil health can therefore provide pathways to lower N fertilizer usage and the carbon footprint of a pasture-based dairy farming system. Healthier soils can provide ecosystem services such as efficient nutrient cycling, sustainable N mineralization and sustain soil microbial activities (Verhulst et al., 2010). These ecosystem roles can support productive crop and pasture growth, negating the need for high amounts of inorganic N fertilizers on a regular basis (Bolan et al., 2004; Monaghan et al., 2007).

As this study focused on the carbon footprint of South African pasture-based dairy farming systems, it is important to note that additional management practices, which are not discussed in this paper, can further promote the sustainability of these systems. Examples of these practices are improved effluent and water management (Zonderland-Thomassen and Ledgard, 2012; Sobhi et al., 2021), and optimized grazing and pasture management (O'Brien et al., 2016; Ledgard et al., 2020). These practices influence the abovementioned factors directly and are therefore important to consider when optimizing the sustainability of dairy farming systems.



Outlook for sustainable dairy production and future research agenda

Sustainable dairy production is important to address the high dairy demands in South Africa. Pasture-based dairy farming systems are intensively managed and demand high inputs to ensure a favorable cost-to-income ratio. These complex farming systems require adaptable management approaches whereby all soil, crop and livestock in-field activities and challenges are considered (Van der Laan et al., 2017). The soil and crop management principles of regenerative agriculture have been proposed as an adaptable approach to address the soil erosion and degradation effects of high-input conventional management practices (Haarhoff et al., 2020; Musto et al., 2023). These regenerative agriculture practices include minimum tillage, growing multi-species perennial pastures, effective inorganic fertilizer management and optimal grazing management (Khangura et al., 2023). Building soil organic carbon is central to the regenerative agriculture management approach, thereby inter alia increasing the soil water holding capacity and improving overall microbial activity which in turn promotes the available ecosystem services and functions (Verhulst et al., 2010).

To address sustainability challenges for South Africa pasture-based dairy farming systems, scientific research is needed to provide dairy farmers, researchers, and extension workers with an improved decision-making roadmap. Current knowledge gaps were identified, and the following future research agenda is proposed for pasture-based dairy farming systems in South Africa.

• Explore modeling approaches to assess the economic and environmental impact of dairy production in South Africa, offering a holistic understanding of the system dynamics while also quantifying net carbon emissions or sinks, including the evaluation of carbon storage potential and sequestration capacities within the dairy production systems.

• Assess GHG emissions not only per unit area (hectare), but also use alternative metrics such as emissions per unit of milk produced, per cow, per kilogram of forage consumed, per unit of milk product, per operational output, per unit of nutrient cycled on the farm (e.g., N), or per productivity or efficiency metric (e.g., milk per hectare). These various metrics can provide a comprehensive understanding of GHG emissions efficiency and sustainability in dairy production systems, contributing to a more holistic assessment of environmental impact and management strategies.

• Formulate management guidelines for regenerative agriculture practices for low carbon economy dairy pasture systems, such as no-tillage and multi-species pastures. Nitrogen management and judicious use of agrochemicals should receive specific attention in the context of regenerative agriculture guidelines.

• Explore alternative feed sources and precision feeding techniques to reduce reliance on inorganic fertilizers.

• Investigate advanced grazing management strategies, such as holistic grazing management of multispecies pastures, to maximize forage utilization, herbage productivity and persistence of multiple species in a mix, while maintaining animal welfare.

• Develop a framework to assess the ecological impact of current and alternative pasture and livestock management practices, with particular emphasis on biodiversity, water quality of nearby water bodies, soil organic carbon levels and ecosystem services.

• Analyse consumer preferences and market opportunities for sustainably produced dairy products, emphasizing regenerative agriculture practices.




Conclusion

In this study we have assessed the carbon footprint of 82 pasture-based dairy farming systems across South Africa representing data from 2012 until 2022. These dairy farming systems are highly complex and require intensive livestock, soil and pasture management to sustain profitable production. The average carbon footprint across all farming systems was 1.36 ± 0.21 kg CO2eq kg−1 FPCM, which is slightly greater compared to dairy systems outside South Africa. Enteric fermentation had the largest influence on the carbon footprint, as high volumes of CH4 are associated with ruminants. Other significant contributors to the carbon footprint included manure management, crop and pasture production, electricity and purchased feed production, highlighting the opportunities for improving the carbon footprint of these systems. It was clear that efficient milk production is a critical factor to reduce GHG emissions from pasture-based dairy farming systems. Farming systems with high GHG emissions were characterized by greater N fertilizer usage, indicating alternative N fertilizer management strategies are required to improve pasture N uptake and utilization. In order to address all the complexities and demands within pasture-based dairy farming systems, an adaptable management system is required where each management practice can be tailored according to the prevailing soil and climatic conditions, farming system challenges and advantages.
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west tercile Middle tercile  Highest tercile ~ Maximum

Enteric fermentation 0.461 0.567 0.636 0.753 1.038
Manure management 0.049 0.127 0.199 0.284 0.435
Crop and pasture production 0.036 0.082 0.129 0219 0921
Fuel 0.004 0.014 0.023 0.039 0.139
Electricity <0.001 0.047 0.083 0.151 0.363
Purchased feed production 0.010 0.123 0.167 0226 0.364
Fertilizer production 0.001 0.021 0.039 0.072 0.188
Transport <0.001 0.004 0.010 0.035 0.402
Embedded energy 0.004 0.005 0.006 0.008 0.012
Total 0.937 1.154 1.329 1.584 2.294

*Pesticide production was excluded due to insufficient data.
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Carbon footprint (kg CO,eq kg™! FPCM) 1.08 171 —269 <0.001
Herd size (cows in milk; CiM) 1,025 750 32 0.000
Herd size (dairy cows) 164 154 0.6 0.551
Herd size (heifers) 621 569 0.9 0.391
Cows in milk (% of total animals) 56% 51% 4.4 <0.001
Dry cows (% of total animals) 9% 11% =21 0.042
Heifers (% of total animals) 35% 39% -29 0.000
Cow size (kg live weight of CiM) 470 495 —-2.8 0.012
Stocking rate (kg live weight ha™') 1642 1,500 12 0242
Herd replacement (% adult cows replaced year™) 23% 15% 47 <0.001
Herd replacement (heifers raised as % of adult cows) 28% 33% =27 0.012
Milk production (total L) 7,586 000 4,620 000 5.0 <0.001
Milk production (L ha") 17,650 11,909 49 <0.001
Milk production (L cow™) 204 17.0 6.6 <0.001
Milk production (L 100 kg live weight™) 1323 1,052 10.0 <0.001
Milk production (solids 100 kg live weight™') 107 79 113 <0.001
Farm size (ha) 443 447 —0.1 0.946
Concentrates fed total (g L) 370 487 —59 <0.001
Concentrates fed to CiM (g L™) 310 391 —49 <0.001
Home-grown roughage (gL™') 84 146 —24 0.02
Bought roughage (gL™') 172 130 17 0.090
Pasture fed (% of total available food) 52% 54% —0.9 0.371
Concentrates fed (% of total available food) 30% 32% —14 0.161
Home-grown roughage (% of total available food) 6% 7% -1.0 0.333
Bought roughage (% of total available food) 12% 7% 35 <0.001
Inorganic fertilizer (kg N ha™') 130 182 —27 0.010
Organic fertilizer (kg N ha™") 18 8 17 0.101

Bold P-values denote significance between the lowest and highest groups at P < 0.05.
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