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Abstract: Because of environmental constraints, beef cattle was for more than a century the only viable farming option in the extensive semiarid and subhumid lands of Argentina and the main source of nutrients for humans as well. However, a growing concern and criticism have risen today about its possible negative impact on the climate and the environment. These worries tend to affect current public opinions, national policies, and international trade. Based on 40 beef cattle farms scattered across different semiarid and subhumid regions of Argentina, here we evaluated the impact of extensive cattle production on carbon, water, and nutrient pollution. Life-Cycle Assessment (LCA) and Land-Based Assessment (LBA) were the two approaches we used here to compare the environmental impact of beef production. While the environmental footprint (EF) resulting from LCA expresses the impact per unit of food, the environmental balance (EB), derived from LBA, aims at quantifying the impact per unit of land. As such, the EB considers both negative and positive impacts on the farm as an integrated system. Following standardized procedures, we evaluated EF and EB up to the farm gate, leaving aside delocalized post-farm impacts such as those of processing, packaging, and transportation that occur beyond the farm gate. In agreement with previous evidence, our results show that the EF tends to decrease as per-head production increases. Correlation coefficients and statistical significance were the following for carbon (R = −0.574; p < 0.01), water (R = −0.561; p < 0.01), and N (R = −0.704; p < 0.01) and Phosphorus (P) pollution (R = −0.802; p < 0.01) footprints. On the contrary, the EB seems to be highly sensitive, and as per-hectare beef production increases. Correlations were the following for carbon emissions (CE: R = 0.955; p < 0.01), water consumption (WC: R = 0.822; p < 0.01), nitrogen excretion (NE: R = 0.948; p < 0.01) and phosphorus excretion (PE: R = 0.945; p < 0.01). What our results suggest is that the notion of EF is useful to evaluate the environmental impact in intensive beef production systems, and the EB is suitable to assess the impact of the extensive ones. In practice, both approaches provide different perspectives on the environmental-impact problem and they should be complementary used. We concluded that the methodological rigidity of EF does not allow proper discrimination among farms in the extensive systems. On the contrary, the EB approach tended to be highly sensitive to detecting differences between individual farms and farmers, thus allowing the identification of successful options for extensive beef production in terms of public image, policy-making, and commercial opportunities.
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1  Introduction

Because of environmental constraints, beef cattle was for more than a century the only viable farming option in the extensive semiarid and subhumid lands of Argentina, and the main source of nutrients for humans as well. However, a growing concern and criticism have risen today about its possible negative impact on the climate and environment. These worries tend to affect current public opinions, national policies, and international trade.

Cattle farming has a significant global relevance, not only in terms of beef and milk production and a livelihood for farmers in environments that lack other food options [1,2] but also because of its role in the international trade of proteins and global food security [3,4]. However, in the last two decades, many prestigious academic and scientific media have assumed that cattle farming hurts the environment [5,6], the climate [7], and even human health [8].

Beyond the soundness of such arguments, those authors set aside other essential roles and functions that extensive cattle production systems play in nature and human wellbeing. Many grazing lands in the world are located in semi-arid and arid regions. Due to water shortages and soil conditions, these lands are unable to produce plant-based food and other byproducts. Nor is it possible to raise domestic animals such as pigs and poultry that demand concentrated feed that these regions do not produce. Only fibrous forages of very low nutritional value thrive in these areas, and only the ruminants can convert these resources into proteins of high biological value and other essential nutrients [9]. Furthermore, in poor regions where humans must overcome extreme conditions, ruminants offer life insurance. They not only contribute food (meat and milk), but also reduce the biological and economic risk of surviving there. Besides traction, bovines provide feces and urine as well, which are used as a source of soil nutrients, bioenergy, and construction material. Urine may also act as a disinfectant and repellent resource for animal-borne pests [1,10]. Likewise, grazing lands are still an undervalued carbon sink in marginal lands [11].

In recent years, metrics aimed at quantifying the environmental impact of different agricultural activities have proliferated. Life-Cycle Assessment (LCA) is a well-known metric tool to account for environmental impacts at different stages in the food system, from “cradle to grave”. Thus input manufacturing, primary production, transport, processing, retailing, and domestic consumption are relevant stages throughout the entire food chain [12]. Studies increasingly rely on full LCA to identify footprint categories, such as those related to carbon emission, water consumption, land demand, eutrophication, acidification, and fossil energy use [6,13]. Since LCA provides numerical data on emissions, waste, and resource use per unit (kg or ton) of food, it become a useful information source for consumers and policymakers. The carbon footprint (CF) is a well-known tool for guiding people to choose or refuse a product on the supermarket shelf [14,15]. Thus, LCA has had an increasing influence on trade, marketing, and consumption strategies by establishing benchmarks in the food system [16,17].

Is LCA a useful tool for judging different beef production systems? This question gave us enough space to pose some hypotheses. Despite its usefulness in evaluating the environmental load per kg or ton of product, LCA may not be so effective in quantifying the environmental impact per hectare in areas where land abounds [18–20]. In such cases, a Land-Based Approach (LBA) may be more informative to assess extensive, grazing cattle production systems. Since LBA is only relevant at the farm stage, a comparison with a multi-stage LCA may sound inappropriate.

Considering that both methods differ a lot, to allow a viable comparison, we decided to focus our study on the initial stage, that is the farm-stage one. One reason to do that was that the farm stage is the only one that the cattle farmer can control. The remaining stages are de-localized and involve extra-farmer sectors that are part of the food chain. Because of the inability of operators to collect equally reliable data from all stages within a food chain, Rønning et al. [21], and van der Meer et al. [22] raised some skepticism about the practical use of LCA beyond the farm stage because transparency may be lacking. Another reason was that the impact at the farm stage weighs significantly on the impact of the entire chain. According to Poore et al. [6], the farm stage appears may globally account for about 50%–60% of impacts occurring in the beef supply system. Thus, LCA and LBA comparison was undertaken at the farm stage.

Within these analytical arguments, the objective of this research was to compare LCA and LBA in 40 georeferenced beef-production farms scattered across different climatic regions of Argentina. To do that, we assessed three environmental-impact categories: carbon (C), water (W), and pollution risk by nitrogen (N)-phosphorus (P).

LCA and LBA approaches provide different perspectives on the environmental impact of beef production and consequently should be handled in a complementary way. Taking into account that EF does not allow proper discrimination among primary producers, we expected that EB would be useful in detecting such differences. This will allow identifying successful options for extensive beef farming, and benefit them in terms of public image, policy-making, and commercial opportunities.

2  Methods

2.1 The Analytical Approach

We divided the analysis in four parts: First, we accounted for C, W and N-P pollution per t of food. Second, we did the same per hectare of land. Third, we calculated C and water balance per hectare. Fourth, through regression analysis we calculated the performance of each environmental indicators and compared them per unit of product and per unit of land.

2.2 Surveyed Farms

During the farming year 2019–2020, we surveyed 40 commercial farms mostly scattered across semiarid and subhumid regions that cover about one million hectares in Argentina (Fig. 1). We selected 40 of them in which beef cattle raising was the predominant activity. The selection of farms was driven by the availability of reliable records that were necessary to undertake the analysis. Both farm owners and agronomic advisors provided data on land use, land cover, land conversion, areas affected by wildfires and burning, native forest logging, cattle-herd composition, management practices, input-use and productivity of beef farming activities. In cases in which quantitative data on input use was scarce or uncertain, we decided to rely on data from published regional reports in order to detect dominant practices. After a thorough data checking, we set aside several farms because of inconsistencies, retaining only those whose records fell within well-known and safe ranges. Farms differ in their size from less than 2500 to more than 50,000 hectares.
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Figure 1: The geographical location in Argentina of 40 cattle-raising farms analyzed in this study

Many of the studied systems in semiarid areas, generally known as “beef production on native woodlands”, respond to some of the typologies of silvo-pastoral systems that involve extensive cattle farming with cows and steers spending part of the year in woodlands that host native grasses. Native species of the genus Erodium, Medicago, Stipa, Poa and Panicum are common and frequent in vegetation patches, especially in temperate semi-arid lands. In the open sectors of the farms, native species tend to be replaced by C4 cultivated grasses such as Gatton panic or Panicum spp. This substitution model is spreading rapidly especially in subtropical and temperate semarid lands. In order to supplement the pastoral base, some agricultural plots may be allocated to produce forage from cultivated species in the more intensive production schemes.

2.3 Comparing Approaches for Carbon Accounting

While the EF resulting from LCA expresses the impact per unit of food (t), the EB, derived from LBA, aims at quantifying the impact per unit of land (ha). Based on the International Panel on Climate Change (IPCC) [23] guidelines and default factors, we computed on annual basis both emissions and capture/storage of C.

Main emissions sources of carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) were converted in CO2eq and then into C multiplying by a factor of 0.273, obtaining the C emitted (CE) (Eq. (1)). The study includes those emissions due to (i) changes in C stocks due to land-use change (LUC), (ii) biomass burning (fire/burning), (iii) CH4 from enteric fermentation (enteric), (iv) CH4 and N2O from manure deposited on pasture by grazing animals (manure), (v) CO2 soil management practices (Soil mng), (vi) N2O from fertilizers use (N-fert) and (vii) CO2 from fossil-fuels used in field operations (fuels). Beyond the analysis of emissions due to beef production, we included emissions from the most common annual crops of soy and maize in order to estimate the C footprint of grains used as cattle supplementary feeds.


CE=[LUC+fireburning+enteric+manure+soil mgn+N−fert+fuels]×0.273
(1)

In terms of default data/factors, we relied on different sources that included data from IPCC Tier 1 [23], FAO [4,24], Tubiello et al. [25], Allen et al. [26], Cain et al. [27], Smith et al. [28], Brander et al. [29], Colomb et al. [30] and ICSU EU [31]. In Tables S1–S5, we show the default factors that we used in this work.

We expressed production outputs in terms of kilograms of live weight leaving the farm gate in the case of beef and in terms of fresh weight in the cases of maize, soybean and wheat production. We computed the same data to account for both, emissions per unit of product (kg C t product−1) and emissions per unit of land (kg C ha−1 year−1).

Various sources [11,32–38] were used to an annual account for C captured/stored in dry matter (CDM) by above-ground (AGB) and below-ground biomass (BGB). We did not considered C stored in soil organic matter (the most stable fraction) because of uncertainty regarding reliable values. AGB and BGB were the resources (r) that we used to assess capture and store of C in woody vegetation (wbr). On the other hand, we only assessed BGB in the case of grazing resources (g) (grasslands, cultivated pastures, etc.) and crops (c) because the aerial biomass (gcbr) was the fraction consumed in the case of grazing animals, and harvested by humans in the case of annual crops. A factor = 0.47 was used to convert the dry matter of biomass into C (Eq. (2)). In Tables S1–S5, we show the default data we applied to estimate C stored by biomass in different biomes.


CDM= [∑n=1wbrAGBBGB x wbr]+ [∑n=1gcbr⁡BGB x gcbr] x 0.47
(2)

The annual CB in areas of beef production was the result of the difference between the carbon captured/stored by different biomass resources, and the carbon emitted from different sources (Eq. (3)). Expressing both in terms of t C ha−1 year−1, the net result can be positive, neutral or negative. Positive balances only involve cases in which the stored C is greater than C emitted, and thus the farm can show a C credit.


CB=CDM−CE
(3)

2.4 Comparing Approaches for Water Accounting

Water use in farming is an issue of increasing global interest because the competition for freshwater between different economic and social sectors grows. Most studies generally refer to water withdrawals, but studies about evaporative water use (or water consumption) are rather scarce. We focused our research on this last issue.

Without being a mirror image, the notions of water footprint (WF) and water balance (WB) resemble the notions of CF and CB. Agricultural activities consume and pollute water. We refer here to the WF as the total water consumed and polluted by a given product throughout different stages in its food chain. The concept of WF was originally developed by Zimmer [39–41]. Based on the guidelines of the Water Footprint Network, Mekonnen et al. [42] quantified the water footprint of global crops and their derived products, such as flours, beverages, fibers and biofuels. Primary production normally occurs at a specific site, but the WF of a final product in a super-market may show spatial and temporal disconnection from water processes that occur at the farm stage. According to Hoekstra et al. [43], the global food system accounts for about 85% of global freshwater consumption.

The WF of the beef chain represents the total volume (liters (l) or cubic meters (m3)) of freshwater used, directly or indirectly, to produce one kg or ton beef. On the other hand, the WB (expressed as m3 ha−1 year−1) refers to amount of water used to produce beef at the farm stage. The WB is the difference between the amount of water consumed and the amount of water demanded by beef cattle per hectare in one year. Both indicators comprise different sources: Water may come from rain, from water body reserves or circulating water, or from polluted wastewater. The green water refers to the rainwater directly captured and transpired by plants at the farm stage. The blue water refers to the volume of surface and groundwater consumed for producing beef, milk or animal feeds. The grey water refers to the volume of freshwater that is loading pollutants.

In the case of the WF of beef (WF beef), expressed in liters per kg beef, is equal to the sum of water consumption (WC) based on WF of feeds consumed (WF feeds) plus the water drunk (WD) by different cattle categories k (cows, steers, finishing steers, bulls), and then divided by beef production P (kg) (Eq. (4)).


WF beef= ∑n=1k⁡[WF feeds+WDP]
(4)

We relied on data from a publication by Frank et al. [44] based on the survey of 198 commercial farms in the Pampas of Argentina. Authors utilized an approach that assessed the water consumed by different farming activities. In the case of beef production, the two main ways of consumption were drinking water and the water used for the production of animal feeds. The notion of ‘‘water memory’’ referred to the indirect usage of water through the food (grasslands, pastures, concentrates) consumed by each animal. Despite there are factors affecting the daily consumption of drinking water by cattle, like dry matter intake, animal size, activity or environmental factors [45], a mean value of 60 liters per head−1 day−1 was adopted. In the study areas, cattle are raised under grazing conditions, and eventually, fattening steers normally stay a short period of time (less than 20% of their life cycle) in pens for intensive feeding [46]. Around 35% of the fattening steers are finished using supplements [47]. Cattle usually graze freely on cultivated pastures, rangelands, annual crop-forages and maize stubble throughout the whole year. The “water memory” of each feeding resource was estimated for each grazing resource. We expressed water used for plant growth in terms of evapotranspiration (ET0), which comprises both fractions, evaporation (E) and transpiration (T). Likewise, we estimated the water use of grazing resources and concentrate feed through default values proposed by the standards provided by the FAO-56 approach [48]. The amount of water consumed by cattle was determined through indirect equations that estimate the daily food intake (kg dry matter head−1 day−1) for different cattle categories. To calculate water consumption, we relied on the estimation of daily dry matter (DM) consumed by each cattle category (Table 1).
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To estimate the “water memory” supplied by main grain-crops (soybean and maize) utilized for animal feeding, we calculated the water consumption per crop (WCCr), expressed in mm year−1 [48], by multiplying the Kc (a dimensionless factor) of each crop and its mm of evapotranspiration rate (ET) during the evaluated farming year (Eq. (5)). Based on data from Murphy et al. [49] we obtained local ET values for the study areas in Argentina. The crop coefficient (Kc), introduced by Jensen [50], corresponds to the ratio between etc., and a reference ET (ET) value that corresponds to the atmospheric evaporative demand of a pre-defined grass typology. Data on crop coefficients, which has been empirically determined for many crops, aims to incorporate into the equation the crop type, variety and development stage. Later, we adjusted WCCr values by introducing a yield relation (Y) that represents the proportional difference between actual yields from field records, and the theoretical yields provided by literature (Eq. (5)).


WCCr=∑i=13 ET x Kc x Y
(5)

2.5 Accounting for Nutrients Pollution

Assessments on intensive beef cattle warn that nitrogen (N) and phosphorus (P) excretion (among other elements) are increasingly polluting water, soil and air. Most of the excreted N pollutes through volatilization, denitrification, leaching to groundwater, and runoff to surface water. On the other hand, runoff of P excretions to waterways causes eutrophication, strongly affecting the quality of water resources [51]. International assessments predict that global livestock production will increase by 115%, triggering 23% and 54% of N and P surpluses, respectively, towards year 2050 [52].

Regarding N, the prediction of pollution risk was not still well developed. Duda et al. [53] pointed out that there is no a comprehensive, universal method to assess it in response to land-use change in agricultural and non-agricultural areas. Methods to assess nitrate pollution were described by Teng et al. [54–58].

Pollution risk in relation to the amount of N and P excreted by cattle relates to several excretion factors. Excretion coefficients vary a lot with animal categories. In order to assess cross-country estimates of pollution risk, universal excretion coefficients should aim at a common methodology supported by updated statistics. It did not still occur. In practice, there are no standardized and accurate accounting methods for calculating N and P excretion coefficients per cattle category and production level. In an attempt to clarify the issue, Šebek et al. [59] compared excretion coefficients among 10 selected European countries. Regional as well as cross-country differences in N and P excretion coefficients are large and not always comparable. The authors concluded that the so-called Balance Approach tends to be the best option available to estimate N and P excretion based on country figures.

Beyond uncertainties, we estimated the pollution risk of beef cattle production by relying on the well-documented German experience that uses a Balance Approach supported by input/output measurements. The German methodology, described by DLG [60] and Haenel et al. [61], calculates excretions for a 365-day period by subtracting the mineral deposition in feces and urine from the mineral intake via feed. The following data were required for calculations: (i) N and P content of diets, (ii) feed intake levels, (iii) amount of produced animal products and (iv) N and P contents of animal products. On this basis, we estimated the percentage of excreted minerals for different cattle categories (breeding cows, suckling calves, growing heifers, fattening steers and bulls) under extensive production conditions of Argentina (Table 2).
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As mentioned above, we focused our study on the farm stage. In the case of beef production, expressed in kg of N or P per head per day, the calculation (Table 2 and Eq. (6)) comprised the sum of N and P consumed (C (N; P)) by each animal through feed, multiplied by the excreted N or P (Exc (N; P)) divided by 100. We estimated the consumption of N and P through the N and P density per kg dry matter of pastures and feeds that were consumed per day by each cattle category (k); N(k) represents the number of heads of each cattle category k. The factor 365 allows expressing excretions on annual basis.


PR(N;P)= ∑n=1k⁡[C(N;P) × Exc(N;P)/100 × N(k)]×365
(6)

3  Results and Discussion

The results show the environmental impact per (i) each ton of beef produced per head and (ii) per hectare of land affected to beef production. The purpose of this comparison is to evaluate which approach is the best suited to represent the environmental impacts of grazing cattle along a varying range of intensification.

In the case of carbon, the balance arises from the difference between vegetation capture/storage and emissions. In the case of water, the balance refers to the self-capacity of the system to depend exclusively on green water, or the dependency of more intense systems on supplementary water supply. As there is no a compensation mechanism to assess a balance in mineral pollution, only N and P emissions were assessed.

3.1 Characterization of Extensive Beef Production Systems in Argentina

Across the Argentine rangelands, most farmers in water-scarce regions raise beef cattle under extensive production conditions. In the most intensive cases, forage accounted for more than 80% of the feed and steers eventually received high-grain diets during a short finishing period. In our study, the maintenance of beef cattle occurred on large areas of grazing lands, which comprise a combination of native grasslands, shrublands, cultivated pastures, woody renewals and lands of sparse vegetation [11,62,63]. Worldwide, some authors consider that the extensive grazing systems play a dual role of both the beef production and the maintenance of the rural landscape [64,65].

During the last 40 years, many attempts were done to define typologies of extensive beef production systems that rely on a variety of farming views and management practices [64,66]. Since farmers in Argentina pay special attention to cattle density for handling their forage resources, quantifying stocking rates and per hectare is a suitable way to represent the notion of extensive beef production. Based on the surveyed 40 farms scattered across rangelands and pasturelands in Argentina, in Fig. 2, we show the relationships between stocking rate and per-hectare beef production. Up to certain stocking densities, the positive relationship between the number of heads per unit area and the beef production per hectare is well known. We used here the animal density as an indicator of beef cattle intensification. The lowest stocking rate and productivity per hectare correspond to the most extensive systems, and the opposite occurs as the stocking density and productivity increase. The deployment of sampled farms allows us to work on the range that varies across an extensive-intensive gradient under grazing conditions. Thus, we assumed that the most extensive beef production systems are those that fell below an annual stocking rate of one head per hectare and a beef production below 100 kg ha−1 year−1. Higher stocking rates fell within a range that varies between semi-intensive to intensive beef production systems. About 43% of analyzed data was categorized as extensive farms.
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Figure 2: Relationships between stocking rate of beef cattle and annual productivity per hectare

3.2 The Environmental Footprint Per-Head

Cattle producers have continuously improved beef production efficiency in Argentina during the last 30 years by improving their breeding and management practices. The annual rate of beef production per cattle head is an important determinant of various environmental footprints [67]. Given the increasing demand for beef, cutting C emissions is a global priority. Thus, reducing the carbon footprint (CF) of beef production (expressed in kg carbon emitted per ton of beef) became an important climate mitigation strategy [68].

We found that the four evaluated footprints (C, W, and N and P pollution) tend to decline as the annual production rate per head increases (Fig. 3). In statistical terms, these environmental indicators kept in all cases a negative and significant relationship (p < 0.01) with per head beef productivity. At first sight, one may conclude that the extensive, grass-fed cattle tend to reduce their CF by consuming grasses with no intervention of feeds that demand fossil fuels for their manufacturing. On the other hand, this advantage tends be attenuated by a lower productivity rate in comparison to concentrate-fed animals. In practice, free-ranging cattle generally spend more time grazing on fields (and then emitting more C) before reaching the market [69]. In agreement with many evidences, our results show is that the CF tends to decrease as the beef production system becomes more intensive and more productive per unit of time. However, another aspect that sparks a debate deserves consideration. Most LCA methods has the limitation of setting aside the capture and storage of C in biomass and soil. As Blaustein-Rejto et al. [70] state, this gives an incomplete picture of the C economy in farming. For example, the notion of carbon footprint implies the sole consideration of carbon emissions as the only indicator of environmental impact. Under this vision, the possibility of capturing and retaining carbon in biomass and soil, as occurs in terrestrial ecosystems is set aside. Footprinting therefore offers only a partial picture of the carbon economy in the case of extensive grazing systems. To compensate for this shortcoming, here we introduced the concept of carbon balance (CB) in Section 3.4, which not only accounts for emissions losses, but also for carbon gains through captures and storage in some biophysical components of the ecosystem. In Fig. 3 and Table 3, we show the estimated footprints for C, WF and N and P pollution.
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Figure 3: Relationships between per head beef productivity (kg head−1 year−1) and the environmental footprints of carbon (C), water (W), and nitrogen (N) and phosphorus (P) pollution in 40 beef production farms of Argentina

[image: images]

[image: images]

Figure 4: Relationships between per hectare beef productivity (kg ha−1year−1) and the environmental footprint of carbon, water, and nitrogen and phosphorus pollution in 40 beef-production farms of Argentina
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Figure 5: Relationships between per hectare beef productivity (kg head−1 year−1) and the environmental footprint of carbon, water, and nitrogen and phosphorus pollution in 40 beef-production farms of Argentina

Regarding the water footprint, the growing demand of beef due to the growth of world population has risen concerns about the pressure of beef cattle on water resources [71]. Pahlow et al. [72] have investigated impacts of intensive and extensive production systems. Cattle raised under the traditional extensive system generally utilize lands of poor soils that receive low precipitation. Those lands are generally unsuitable for cropping and breeding of non-ruminant species. Besides, extensive beef cattle systems largely depend only from scarce rainfall (green water) to persist. On the other hand, the most intensive systems usually require supplementary feeds produced elsewhere to sustain a higher beef productivity. In practice, this represents a non-material input of extra water embedded in the external feeds. In turn, this input should be added to the WF calculations. In agreement with research from Deutsch et al. [73–75], our results show that the WF tends to decrease as the intensity of beef production increases. Given that the more extensive systems utilize only green water, the competition with other sectors for extra water disappear. As Ricard [76] demonstrated, more than 90% of green water use in Argentina, Brazil, Paraguay and Uruguay occurs in lands allocated to extensive beef production.

The multiplication of pollution cases due to the release of excessive amounts of P and N to the environment are increasing cause of concern since many years ago [77,78]. In USA, for example, the estimations indicate that more than 30% of the total N and P loading to the national drinking water resources is related to livestock activities, which are a primary accelerator of global nutrient cycling [79]. Few investigations have provided enough information about the potential for nutrient pollution of extensive cattle farming in Argentina. The opposite occurs with intensive cattle farming, which is a cause of growing concern in areas where this type of livestock systems tends to increase.

In response to the method applied, our results show pollution trends that were similar to those of the CF and WF. Both, N and P emissions, tends to decrease in response to the increasing cattle head production. Despite this decreasing response, the total amount of nutrients released to the environment grows as the intensification level increases.

3.3 The Environmental Footprint Per-Hectare

Do environmental footprints maintain the same trends when evaluated per hectare instead of per animal head? If trends stayed the same, environmental footprints would be equally useful both for farmers who prioritize per capita production and for producers who favor production per hectare. We should not expect a symmetrical behavior.

When we display the environmental footprints in relation to beef productivity per hectare, we found that the relationships were not statistically significant (p > 0.05) in any case (Fig. 4 and Table 3). The notion of EF, which is valuable and useful when evaluated in terms of animal production, does not seem to be equally useful when analyzed per hectare of land. A recent research in Argentina [80] showed that the CF is insensitive to variations in the production intensity of the farm. In other terms, CF appears as a rigid method that does not detect the transition from an extensive system to a more intensive one.

This lack of relationship may confound beef producers who are accustomed to handle the hectare of land as a reference unit. A possible alternative to clarify the matter is to replace the notion of environmental footprint with the notion of environmental impact per hectare. In countries where intense beef production predominates, the notion of environmental impact per hectare is rarely used in practice. Most research generally relies on the LCA approach as universal method and the EF as a reference indicator [81,82]. However, the impact per hectare seems to be useful and necessary in areas of extensive beef production where land is a not-limiting resource [11,18,20,80].

In Fig. 5 and Table 3, results show what happened with the environmental impact per hectare when associated with the beef production per hectare. The coefficients of determination (R2) were highly significant (p < 0.01) with each of the indicators assessed.

The impact increases linearly with the level of farming intensification, and clearly the most extensive systems appear to be most friendly in environmental terms. The producers can rapidly understand the sense of this linear relationship, and even can be easily understood by consumers and social actors not strictly linked to livestock farming. This alternative insight strongly contrasts with the LCA estimates that show that EF decreases as intensification increases. Common sense indicates that both approaches are useful to interpret reality and can fruitfully be used as complementary tools to illustrate producers, consumers and policy makers.

Regarding the N and P pollution through feces and urine, there is little evidence that the accumulation of nutrients in extensive cattle farming adversely affect the surrounding environment. On the contrary, as livestock production intensifies, the long-term accumulation of N and P may become an important concern for society [83]. Based on the 40 livestock farms investigated, in Fig. 6, we display a frequency distribution of different N and P ranges of excretion. The study of the frequency distribution in the case of both nutrients allowed us to detect within which excretion ranges the most frequent impacts can occur. Both figures demonstrate that the highest frequency occurs in the lowest ranges of N and P excretion, which reveals a typical characteristic of extensive livestock systems of low animal density and low beef productivity per hectare.
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Figure 6: Estimated frequency of cases within different ranges of pollution by nitrogen and phosphorus excreted per hectare per year by cattle in 40 beef-cattle farms in Argentina

For both nutrients, almost 85% of the study farms fell within the lowest pollution range. Only a few semi-intensive and intensive farms fell within the higher pollution ranges. These results simply reflect a low risk of nutrient pollution in extensive cattle systems.

3.4 The Environmental Balance Per-Hectare

An interesting view emerged when a third dimension was incorporated into the analysis: the notion of environmental balance. The concept of balance is not generalizable to all environmental indicators since it is suitable to evaluate some of them (such as C and W) but not to others such as those of N and P pollution. In the first two cases, but not in the second ones, operate a compensation factor (e.g., C capture can offset C emission).

Due to its implication on climate change, the CB is surely the most relevant in extensive livestock farming. The CB per hectare involves both, C sources and C sinks. C sources implies all ways of emission, and C sinks are associated with plant photosynthesis. Following the conventional guidelines that IPCC Tier 1 recommends [23,36], we used default values to estimate both, the C emissions by cattle and farm operations and the C capture and store in biomass. Despite IPCC applied this procedure to forest lands, as mentioned above we extended our calculations to a variety of grazing areas that comprised grasslands, savannahs, cultivated pastures, shrublands, woodlands, woody renewals and semi-desert areas of sparse vegetation [11].

In Fig. 7, we deploy data from our analysis of CB in the 40 surveyed cattle-farms. The identification of farmers that generated C credits was quite feasible, opening a window to certify a positive CB (positive green bars). On the opposite side fell the farmers who presented a negative C balance (negative red bars). Their failed performance can be explained by deforestation of native forests and the frequent use of fire as common management practice. Farmers that can show verifiable C credits may eventually get a financial reward, a tax advantages or a public social recognition. Unlike the advantage provided by the CB, the CF would not provide the same benefit because it only estimates emissions and not C capture.

[image: images]

Figure 7: Estimation of the annual CB per hectare by accounting both annual carbon emission and capture in 40 beef cattle farms in Argentina. Green bars: farms showing positive balance. Red bars: farms showing negative balance

Although not strictly comparable to the CB, the WB offers a novel perspective about the use of water resources. Contrary to C, various sectors in society usually need to compete for water. Based on the method described above, the WB allows differentiating those extensive systems that only depend on green water to persist (self-sufficient), from the more intensive ones that depend on a supplementary supply of water to sustain a higher beef production level. In dependent cases, the greater productivity is supported by water embedded in supplementary feeds. Fig. 8 allows differentiating livestock systems that are self-sufficient (green bars) from those that require supplementary water (blue bars). Clearly, the most extensive livestock systems are those that show less dependence on supplementary water supplies.

[image: images]

Figure 8: Estimation of the annual WB (m3 ha−1) in 40 beef cattle farms of Argentina. The balance accounted for the difference between farms that were self-sufficient in terms of pastures that only consume green water (green bars), and those that also depended on the water embedded in supplementary feeds (blue bars) produced outside the farms

3.5 Limitations of the Study and Additional Considerations

This type of studies based on the analysis of real commercial farms is limited by data availability and data quality. As we mentioned above in the methodological section, the selection of the study farms was driven by the access to reliable records. Thus we discarded farms that showed doubtful data in relation to the average values recorded in each study region. This procedure was used to reduce the degree of uncertainty regarding the information and data, assuming that some biases were inevitable in a context of practical farming.

We based our study on a limited sample of beef production farms in Argentina. Although the data reflect common farming conditions in the analyzed sites, the geographical extrapolation of results to geographically larger areas is not feasible.

Regarding analytical results, it is clear that correlation does not mean causality. Beyond the statistical significance of the relationships, other factors not considered in this study can partially explain the trends showed by our regression analyses.

4  Conclusions

Given its usefulness for informing the consumer located at the end of the food chain, the notion of Footprint allows quantifying the environmental impact of a full beef supply system. It is understandable how easy may be for a consumer in industrialized countries to interpret an impact per unit of weight of the product they are buying at the supermarket.

It may not be the same case for producers and consumers in developing societies that are located at the beginning of the beef supply chain. The notion of Footprint may not necessarily be equally useful. It is more useful to quantify the Environmental Impact per unit of land allocated to cattle farming. Even more useful if it allows differentiating the individual performance of each livestock producer. This benefit materializes if society wills to reward good management practices through tools such as C credits (valuable in the C market), tax exemptions, or simply to reward social recognition because of their transparency to in managing critical environmental variables.

The notions of CB and WB are relevant in these times in which the production and marketing of beef is associated with climate change and the use of increasingly scarce resources such as land and freshwater. Limiting land and freshwater is probably more relevant in developed countries than in developing ones. In the particular case of Argentina and other South American countries, neither land nor water is dramatically limiting the production of beef as occurs in the European Union. The availability of grazing land (especially in semi-arid regions) makes it possible to sustain extensive systems in which not only carbon emissions are relatively low, but also carbon capture and storage in biomass and soil is significant. These systems do not normally impose pressure on blue water reserves; instead, they depend almost entirely on green water use. Since land and rainfall are not limited to sustaining an extensive beef cattle system, there is no competition with other social and economic sectors for land and freshwater resources.

These differential characteristics determine that it is not equally useful to use the same ideas, concepts, and indicators to assess the environmental impact in countries of extensive cattle farming as in countries where intensive beef production predominates. Beyond differences, the dissemination of data resulting from applying both tools (Footprints and Environmental Impact) at the same time may become an important step to address a more comprehensive view of the environmental assessment and the certification of production processes.

Regarding climate change, it is essential to consider the practical implications of using different environmental indicators to address policy-and decision-making. Practical examples can support mitigation strategies and climate adaptation efforts. Both policymakers and stakeholders can get reliable information to make decisions under an increasingly unpredictable climate. Future research should focus on the refining of existing approaches and propose novel methods for improving the environmental impact assessment in extensive beef-production systems.
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Table 1: Water embedded (liters) per kg dry matter of predominant diet typologies in the study cases

Predominant diet typologies Water embedded (1 kg DM ™)
Sparse vegetation 4500

Native grassland 3833

Native grassland + pasture 3567

Cultivated pastures 1300

Pastures + annual crops 1113

60% annual crops + 30% silage + 10% grain 759

20% cultivated pastures + 20% annual crops + 30% silage + 30% 839

concentrates
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Table 3: Statistics of the independent variables of carbon, water, nitrogen and phosphorus as they relate to
per animal and per hectare beef productivity. Statistical coefficients correspond to data displayed on Figs. 3—5

Independent Versus Beef a Slopeb R*> R SE p
variable productivity

Carbon footprint Per animal 7671.1 —26.69 0330 —0.574 1941.53 p<0.01
Water footprint Per animal 116292 —485.81 0.315 —0.561 3122147 p<0.01
N pollution footprint Per animal 1.391 —-0.0062 0.595 —0.704 0.221 p<0.01
P pollution footprint Per animal 1.872 —-0.0062 0.643 —0.802 0.026 p<0.01
Carbon footprint Per hectare 5030.1 —2.304 0.098 —0.313 2307.12 p <0.05
Water footprint Per hectare 65375 —38707 0.093 —0.305 35926.02 p<0.05
N pollution footprint Per hectare 0.711 —-0.0004 0.079 —0.280 0.332 p <0.05
P pollution footprint Per hectare 0.098 -4E-05 0.073 —0.270 0.04 p<0.05
Carbon emission Per hectare 115.99 3.017 0.912 0.955 1425.06 p<0.01
Water consumption Per hectare 2E+06 32529.13 0.778 0.822 5164625.23 p <0.01
N release Per hectare 11.52  0.443 0.899 0.948 40.93 p<0.01

P release Per hectare 1.872  0.062 0.892 0.945 5.99 p<0.01
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Table 2: Percentage of nitrogen (N) and phosphorus (P) excretion with respect to N and P consumption for
different cattle categories in this research

% excreted nitrogen/consumed nitrogen % excreted phosphorus/consumed phosphorus

Breeding cows  78.87 78.24
Suckling calves 71.83 69.23
Growing heifers 90.36 84.38
Fattening steers 78.44 77.44

Bulls 80.12 79.35
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