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Abstract: There is a widespread concern about the negative impact of intensive livestock farming
on climate change and biodiversity loss. We analyzed the trade-off between meat production and
environmental variables related to global warming —energy consumption, use efficiency of energy,
greenhouse gas (GHG) emissions, carbon footprint, and GHG balance—of two alternative intensifi-
cation strategies of livestock farming in the Flooding Pampa: conventional intensification (CI) based
on external inputs, and ecological intensification (EI) based on maintaining native grassland in good
condition through adaptive multi-paddock grazing (AMPG). We also explored the relationship be-
tween meat production and the economic variables gross margin and its year-to-year variation. En-
ergy consumption was positively correlated with meat production (o = 0.95, p=0.0117), and EI farms
consumed less fuel energy and showed higher energy use efficiency than CI farms (294 + 152 vs.
2740 +442 MJ ha'y™, 38.4+28.8 vs. 1.23 £ 0.13 MJ kg LWy, p <0.05, respectively). GHG emissions
and carbon footprint did not show significant differences between EI and CI strategies. As soil car-
bon sequestration was significantly higher in EI farms than in CI farms (1676 + 304 vs. —433 + 343 kg
CO2¢q ha™! y!, p <0.05), GHG balance resulted almost neutral and higher under the EI strategy (-693
+ 732 vs. =3520 + 774 kg COzq ha! y, p <0.05). CI strategy obtained higher meat production but a
similar gross margin to the EI strategy and a more unstable economic return, as the coefficient of
variation in the gross margin doubled that of the EI strategy (84 + 13.3 vs. 43 + 2.6, respectively, p <
0.05). Ecological intensification of cattle production in the Flooding Pampa demonstrates the poten-
tial for a positive relationship between individual cattle farmers’ profits and overall societal benefits,
as reflected in improved environmental performance.

Keywords: Salado Basin; rangelands; external inputs; gross margin variability; sustainability;
stability; agroecology

1. Introduction

Agricultural production over the last five decades has been based on a set of technol-
ogies that have significantly increased production but with severe environmental impacts
[1]. Agricultural production is now considered to be a major driver of the Earth’s system
exceeding planetary boundaries, such as land system change, biosphere integrity, bioge-
ochemical cycles, and climate change [2]. In particular, there is widespread concern about
the negative impacts of intensive livestock production on climate change and biodiversity
loss [3-5]. In Argentina, the process of agricultural intensification over the last two dec-
ades has led to a drastic change in land use. In areas of extensive agricultural production,
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such as the Pampas region, where agriculture in the early 20th century was based on a
rotation between annual crops and cultivated pastures for livestock feed, pastures, and
other forage crops have been replaced by annual crops, mainly soybean [6]. This change
in land use has drastically reduced the area devoted to livestock production in the country
[7], which in turn has changed beef production systems. The most important change oc-
curred in the final stage of cattle production, as the traditional pastoral fattening that char-
acterized the Argentine beef system was gradually replaced by feedlot fattening. At the
same time, this intensification process led to an increase in stocking rates in areas with
edaphic constraints, where native grasslands were the dominant land cover and were re-
placed by annual forage crops or cultivated pastures [8].

The Pampas region is a grassland ecosystem that originally covered 40 million hec-
tares in the central-eastern part of Argentina [9]. The replacement of grassland com-
menced in the late 19th century and has accelerated in the last 25 years, with a significant
area of native grassland having been lost [6,10]. The Pampa region encompasses various
subregions based on their biophysical characteristics. The process of grassland replace-
ment is most prevalent in subregions with deep and fertile soils, such as the Rolling and
Flat Inland subregions. These subregions have experienced a significant loss of natural
grassland, with approximately 75% of the area replaced by annual crops [11]. In contrast,
the Flooding Pampa subregion (9 million ha) is notable for its preservation of a significant
area of natural or semi-natural vegetation (68%) [12] due to the limitations imposed by
shallow soil depth, soil salinity, and frequent flooding on crop production. Consequently,
extensive cattle grazing has constituted the principal economic activity in the region since
the Iberian colonization until the present day.

Grassland ecosystems provide several goods and services to society [13], both di-
rectly through the provision of food and indirectly through supporting and regulating
services [14]. Livestock farming often involves a trade-off between livestock production
and regulating and cultural services [15]. This is especially true in systems dominated by
natural grasslands because they have lower forage production compared to improved
pastures [16,17]. However, the provision of ecosystem goods and services heavily de-
pends on the state and condition of the grassland, which is influenced by human inter-
ventions [18]. Therefore, appropriate management practices can modify or avoid the
trade-off between provision and supporting and regulating services [19]. Furthermore,
the transformation of rangeland beef cattle production systems in response to the com-
bined impact of climate and societal drivers could result in the emergence of different
scenarios with varying relative weights of provisioning, regulating, and cultural services
[20]. In the Flooding Pampa, the trade-offs and synergies between grazing livestock pro-
duction and other ecosystem services have been poorly documented.

The Flooding Pampa grasslands are currently in a severely degraded state due to
almost a century of continuous grazing [21] and over 20 years of glyphosate application
[22]. The degradation processes have resulted in reduced stocking rates, secondary
productivity, and economic profits [23]. The medium-scale traditional farmer currently
achieves a low meat production of approximately 87.5 kg PV ha! year [24]. To increase
this low meat production, an intensification strategy that includes the replacement of na-
tive grasslands with pastures, an increase in the proportion of grains in cattle diets, and,
thus, an increase in stocking rates is currently widespread. In addition, increasing stock-
ing rates may exacerbate overgrazing of remnant native grasslands, with negative impacts
on aboveground net primary production; plant, bird, and mammal species diversity; soil
organic carbon; and erosion [12].

When deciding whether to maintain or replace natural grasslands, producers primar-
ily consider provisioning over-regulating or supporting ecosystem services. This decision
is influenced partly by profitability expectations between cattle grazing on natural grass-
lands or grassland replacement by cultivated forage and grain crops and partly by other
economic parameters such as risk minimization and income continuity throughout the
year [25]. Modeling to estimate the costs of different forage supplies in Flooding Pampa
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cattle farms concluded that livestock production systems require feeding regimes that di-
versify the forage base to improve carrying capacity while reducing dependence on exter-
nal inputs and vulnerability to economic risks [26]. Ecological intensification is an alter-
native to improve farm production while reducing external inputs [27]. Ecological inten-
sification of grazing livestock systems involves reducing the dependence on non-renewa-
ble resources by harnessing ecosystem services for support and regulation and imple-
menting management practices to maintain or enhance natural capital and ecosystem ser-
vices [28].

It is well recognized that grazing is the main tool for managing grassland when
ranchers understand and apply management principles that support ecosystem health
and resilience and the proper functioning of economic and social processes [29]. Control-
ling forage allowance is the main variable that can be adjusted in grazing management to
improve productivity and profitability while preserving biodiversity and enhancing resil-
ience [30]. Adaptive multi-paddock grazing (AMPQG) is a grazing system that manages
forage availability through high-intensity, short-term grazing and long periods of rest.
Research in several regions, including North America [18,31-33], Australia [34], and the
Flooding Pampas of Argentina [35,36], has shown that AMPG can maintain productivity
while preserving and restoring native grasslands. In addition, AMPG was recently found
to be positively associated with the physical well-being of Canadian ranchers [37]. There-
fore, this strategy could be a crucial factor in the ecological intensification processes of
livestock systems in the Flooding Pampa.

The aim of this paper is to analyze the trade-off between production output and en-
vironmental variables related to global warming of the two alternative intensification
strategies of livestock farming in the Flooding Pampa: conventional intensification (CI)
based on external inputs and ecological intensification (EI) based on maintaining native
grassland in good condition through AMPG. To achieve this, we examined the relation-
ship between meat production, a provision good/service, and variables related to global
warming (as regulating services): energy consumption, the use efficiency of energy, green-
house gas (GHG) emissions, the carbon footprint, and the GHG balance of livestock farms
that have adopted CI or EI intensification strategy. We also studied the relationship be-
tween meat production and the economic variables gross margin and its year-to-year var-
iation in livestock farms that have adopted CI or El intensification strategy.

2. Materials and Methods
2.1. Study Site

The study was conducted in the Salado River basin, which covers the largest area (6
M ha) of the Flooding Pampa subregion (9 M ha) (Figure 1). The climate is temperate sub-
humid, with mean annual temperatures ranging from 15.9 °C in the north to 13.8 °C in the
south. The average annual rainfall is about 900 mm, with no strong seasonal pattern. The
relief is extremely flat, with relative elevation differences rarely exceeding 4 m. Most soils
are saline and/or alkaline, with poor drainage, which determines the occurrence of fre-
quent flooding [38].
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Figure 1. (a) Location of the Flooding Pampa subregion in the Pampa region, Argentina; (b) Subdi-
vision of the Flooding Pampa and location of the eight farms studied (black circle), identified with
a numbered case, in the Salado River basin.

Native grasslands remain productive throughout the year because they contain cool-
season (C3) and warm-season (C4) grasses that peak in late winter and summer, respec-
tively [39]. Although cultivated pastures produce more biomass than degraded native
grasslands [12], the annual aboveground primary production of native grasslands in good
condition is high, around 5300 kg DM ha' [40].

The Salado River basin is the main area for cow—calf operation in Argentina, support-
ing 13 percent of the national stock [7]. Livestock intensification has increased the stocking
rate from 0.7 EV ha! in 2003 [41] to 1.54 EV ha in 2007 [42]. Native grasslands are the
main source of forage for cattle. However, the contribution of cultivated grassland, forage
crops, and cereals has been increasing with the increase in stocking rate. The average farm
size is 605 ha. Seventy percent of the area is owned by farmers, while the rest is owned by
companies or rented [12]. The number of farms did not change between 1999 and 2019,
even with an increase in the smallest ones [43], which shows a different process from the
rest of the Pampa region, where the intensification process concentrated productive activ-
ity and reduced the number of small farms [44]. Therefore, a significant number of family
producers remain in the lower basin of the Salado River.

2.2. Experimental Layout and Data Collection

We selected eight cattle farms to represent two intensification strategies: CI and EL
The farms were selected from the cases studied by Jacobo et al. [45]. We chose those farms
where the area of natural grassland, cultivated pastures, and fodder crops remained stable
for several years, indicating a stabilized production system. We collected data from 2013
to 2018 through semi-structured interviews with farm owners and managers. We consid-
ered a stabilized production system when the variation among variables between years
did not exceed 10%. Cl is a high input strategy including the replacement of native grass-
land by pastures or forage crops and increased contribution of grains in the cattle diet
(four cases), and El is a low input strategy based on maintaining native grassland in good
condition through “controlled grazing” and low use of external inputs (four cases). Con-
trolled grazing was developed by Deregibus et al. [21] and considered AMPG by Mann
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and Sherren [46]. Therefore, we refer to it as AMPG from here on. Within each different
intensification strategy, the selected farms included different farm areas, proportion of
not-flooded soils, producer typologies, and types of beef production systems (Table 1).
The farm owners or managers voluntarily participated in the study due to the complexity
and comprehensiveness of the data collection.

The semi-structured interviews with farm owners or managers were performed us-
ing questionnaires [47]. The questionnaires gathered information related to land use (area
and type of native grassland, cultivated pastures, and annual forage crops); agricultural
practices (tillage, fertilization, sowing of pastures and crops, agrochemical use); type of
beef production system (cow—calf operations, backgrounding, and full cycle); livestock
breed (Angus in all cases); livestock management (breeding, stocking rate, grazing meth-
odology and practices, feed supplements, and meat production); and the use of machinery
and inputs, including fertilizers, seeds, pesticides, and herbicides. These data allowed for
the calculation of the variables: consumption of fossil energy, energy use efficiency, emis-
sion of GHGs, balance of GHG, carbon footprint, average gross margin, and the coefficient
of variation in the gross margin.

Table 1. Main characteristics of the selected farms.

. Grazing Meat
Type of Farm Native Not- Type O_f Beef Methodology Feeding . Production
Case Area  Grasslands Flooded Production Sys- . Finishing
Producer . of Native Supplements (Kg LW ha™
(ha) Area (ha)  Soils (%) tem
Grasslands year™)
1  Enterprise * 2004 2004 0 Cow—calf AMPG *** - 99
2 Familiar* 280 260 7 Full cycle AMPG - Native 137
grassland
3 Familiar 250 210 7 Cow—calf AMPG - 146
4 Familiar 156 115 13 Cow-calfand AMPG - 196
backgrounding
448 kg ha™! corn grain
60 kg ha™' soybean ex-
5  Enterprise 2514 1081 8 Full cycle Continuous peller Feedlot 316
8.8 kg ha' urea
870 g ha™! mineral mix
1280 kg ha™ corn grain
80 kg ha™ sunflower ex-
6 Familiar 250 60 60 Full cycle Continuous peller Feedlot 389
48 kg ha™' urea
400 g ha' mineral mix
240 kg ha! corn grain
7 Familiar 198 22 21 Full cycle Continuous 97 kg ha™ barley grain ~ Feedlot 251
600 g ha™' mineral mix
8  Familiar 121 0 28 Full cycle - Cultivated 246
pastures

* Enterprise: The objective of the productive unit is to maximize profits and utilize salaried labor
[48]. ** Familiar: The objective of the productive unit is to satisfy the needs of the family and utilize
predominantly family labor [48]. *** AMPG: adaptive multi-paddock grazing.

2.3. Variables Calculation
2.3.1. Consumption and Use Efficiency of Fossil Energy

The calculation of fossil energy consumption of each farm included the direct use of
fossil energy (diesel fuel), the fossil energy used to produce the inputs (seed, diesel fuel,
fertilizer, and agrochemicals), and the farm machinery. We did not consider the fossil en-
ergy used for the following: (i) storage and transportation of inputs and products; (ii) hu-
man labor, because in extensive systems, it represents less than 0.2% of the total energy
input [49]; (iii) veterinary products, because their energy coefficient was not available; (iv)
fossil energy used related to the farm structure (heat and electricity for the house and
diesel fuel for personal transportation). We applied the energy coefficients provided by
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Iermano [50]. The consumption of fossil energy of each farm was expressed in megajoules
per hectare per year (M] ha™ year), and the fossil energy use efficiency was calculated as
the fossil energy input used to produce one kilogram of meat (M] kg live weight).

2.3.2. Emission of GHGs, Carbon Footprint, and GHG Balance

We calculated the emissions of GHG as the sum of emissions generated during the
production process (primary emissions) and those generated during the production of the
resources and machinery used in the production process (secondary emissions) [51].

Primary emissions are gasses produced during the care and handling of animals and
manure, such as CHs emissions from enteric fermentation and fecal deposition; N20 emis-
sions from fecal deposition in pastures or feedlots and cultivated soils; and CO2 emissions
from urea fertilization, decomposition of dead vegetation, mineralization of organic mat-
ter, atmospheric deposition, leaching, runoff, and soil C stock changes. We calculated pri-
mary GHG emissions using IPCC 2006 [52] tier 2 or tier 1 equations according to the avail-
ability of emission factors, as described in Jacobo et al. [53]. For the estimation of emissions
from the care and handling of animals and manure, we applied tier 2 because we recorded
or estimated all variables (number of animals per category, live and adult weight, daily
weight gain, grazing time, digestibility and crude protein content of feeds, average winter
temperature, etc.) of each farm to obtain the emission factors proposed in the IPCC equa-
tions [52]. For the estimation of N20 emissions from cultivated soils and CO:z emissions by
urea fertilization, we used tier 1 due to the lack of specific emission factors for the different
conditions studied, and we registered or estimated variables (area per type of crop for
animal feed, agronomic management (seeding, crop rotation, fertilization, etc.) of each
farm) that were used in the equations or allowed us to select the corresponding emission
factor proposed by the IPCC [52]. CH4 and N20 emissions were multiplied by the conver-
sion coefficient (25 and 298, respectively) [52] to express the results in terms of CO2-C
equivalent per hectare and year.

Secondary emissions include CO2 and N20 generated during the production of elec-
tricity, fuel, machinery, fertilizers, agrochemicals, and purchased feed used for animal
care, manure handling, and feed production [51]. We calculated secondary emissions ac-
cording to the methodology proposed by Stackhouse-Lawson et al. [54]. For this, the
amount of each input used was multiplied by the corresponding emission factors [54], and
the results were expressed per unit of area (ha) to be summed to the primary emissions.

The carbon footprint was calculated as the ratio between the total GHG emissions
and meat production and expressed as kg COzeq. kg LWL

To calculate the GHG balance, we considered total (primary and secondary) emis-
sions and the variation in SOC stock. The variation in SOC stock of each farm was calcu-
lated as the sum of the SOC stock variation in each type of forage resource (grassland,
cultivated pasture, annual forage crop) multiplied by the area of this resource relative to
the total area of the farm. To estimate the SOC stock variation in cultivated pastures and
annual forage crops, we used tier 1 [52] because specific emission factors for each forage
resource condition were not available. The SOC stock variation in native grasslands under
different grazing management and agronomic practices was estimated using coefficients
provided by our own studies in the same area [55,56].

2.3.3. Average Gross Margin and the Coefficient of Variation in the Gross Margin

The gross margin was calculated as the difference between direct livestock income
and direct livestock costs [57]. Direct costs were calculated based on information obtained
through the semi-structured interviews performed from 2013 to 2018, which detailed
management practices, inputs used, labor, and technical assistance. Income was estimated
based on livestock productivity and the proportion of the different categories (calves, heif-
ers, or steers) sold. To evaluate the economic stability of livestock farming, we calculated
the gross margin using prices from 2003 to 2023 and calculated the ratio of standard devi-
ation to gross margin [58].
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The price series were obtained mainly from the Agroseries Online database of
AACREA [59] and from those published in the magazine Mérgenes Agropecuarios [60] as
a secondary source. The results are expressed in USD ha'. The period considered (2003-
2023) included different market scenarios of the recent history of Argentina in terms of
relative product/input (wages, fertilizers, and crops) relationships.

2.4. Statistical Analysis

We explored the relationships between meat production and GHG emissions, GHG
balance, fossil energy consumption, gross margin, and the coefficient of variation in the
gross margin using the Spearman’s rank-order correlation (o: Spearman’s correlation co-
efficient) due to the non-normal data distribution. We performed a multi-response per-
mutation procedure (MRPP) [61] to test for multivariate differences among livestock
farms grouped by intensification strategies, using the variables grassland proportion (hec-
tares of grassland per hectare of total land) and meat production (from Table 1), consump-
tion of fossil energy, energy use efficiency, emission of GHG, balance of GHG, average
gross margin, and the coefficient of variation in the gross margin. A nonparametric one-
way Kruskal-Wallis test was performed on each variable to detect differences (p < 0.05)
between the intensification strategies.

3. Results

The MRPP technique showed a significant difference between CI and EI groups of
livestock farms (p = 0.021).

Fossil energy consumption was positively and very strongly correlated with meat
production (o = 0.95, p=0.0117) (Figure 2a). EI livestock farms consumed significantly less
fossil energy than CI farms (p < 0.05) (Figure 2b). Concomitantly, the energy use efficiency
was significantly higher in the EI farms with respect to the CI farms (p < 0.05) (Figure 2c).
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Figure 2. (a) Relationship between meat production and fossil energy consumption under ecological
intensification strategy (EI, black circles) and under conventional intensification (CI, black squares).
Insert: Spearman’s correlation coefficient o and p-value. (b) Fossil energy consumption and (c) en-
ergy use efficiency under ecological intensification (EI, white boxes) or conventional intensification
(CI, light grey boxes). The horizontal line inside the boxes indicates the median; the upper and lower
boundaries of the boxes indicate the lower and upper quartiles; the vertical lines (whiskers) indicate
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the lower and upper extremes of each data set. Different letters above the boxes indicate significant
differences between intensification strategies according to the Kruskal-Wallis test (p < 0.05).

Emission of GHG showed a moderate correlation with meat production (¢ = 0.64, p=
0.0890) (Figure 3a), and there were no significant differences between EI and CI farms in
GHG emissions (Figure 3b) and in carbon footprint (Figure 3c).
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Figure 3. (a) Relationship between meat production and GHG emissions under ecological intensifi-
cation strategy (EI black circles) and under conventional intensification (CI, black squares). Insert:
Spearman’s correlation coefficient ¢ and p-value. (b) GHG emissions and (c) carbon footprint under
ecological intensification (EI, white boxes) or conventional intensification (CI, light grey boxes). The
horizontal line inside the boxes indicates the median; the upper and lower boundaries of the boxes
indicate the lower and upper quartiles; the vertical lines (whiskers) indicate the lower and upper

extremes of each data set.

The greenhouse gas balance resulted from the summation of GHG emissions and the
variation in SOC stock. The variation in SOC stock was positive and significantly higher
in EI farms with respect to CI farms: 1676 + 304 vs. 433 + 343 kg COzeq ha™ y, p <0.05,
respectively. GHG balance was negatively and very strongly correlated with meat pro-
duction (o =-0.86, p = 0.0233) (Figure 4a), and in EI farms, it was positive or slightly neg-
ative and significantly higher than that of CI farms (p < 0.05) (Figure 4b).
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Figure 4. (a) Relationship between meat production and GHG balance under ecological intensifica-
tion strategy (EI, black circles) and under conventional intensification (CI, black squares). Insert:
Spearman’s correlation coefficient ¢ and p-value. (b) GHG balance under ecological n (EI, white
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boxes) or conventional intensification (CI, light grey boxes). The horizontal line inside the box indi-
cates the median; the upper and lower boundaries of the boxes indicate the lower and upper quar-
tiles; the vertical lines (whiskers) indicate the lower and upper extremes of each data set. Different
letters above the boxes indicate significant differences between intensification strategies according
to the Kruskal-Wallis test (p < 0.05).

The average gross margin was not correlated with meat production (o = -0.24, p=
0.5287) (Figure 5a), and neither were there differences in average gross margin between
El and CI farms (Figure 5b). However, the coefficient of variation in the gross margin was
positively and very strongly correlated with meat production ¢ = 0.98, p= 0.0098) (Figure
5c). Therefore, the coefficient of variation in the gross margin in EI farms was significantly
lower with respect to CI farms (p < 0.05) (Figure 5d).
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Figure 5. Relationship between meat production and (a) the average 2003—2021 gross margin and
(c) the coefficient of variation in the gross margin under ecological intensification strategy (EI, black
circles) and under conventional intensification (CI, black squares). Insert: Spearman’s correlation
coefficient ¢ and p-value. (b) Average 2003—2021 gross margin and (d) coefficient of variation in the
gross margin under ecological (EL, white boxes) or conventional intensification (CI, light grey boxes).
The horizontal line inside the box indicates the median; the upper and lower boundaries of the boxes
indicate the lower and upper quartiles; the vertical lines (whiskers) indicate the lower and upper
extremes of each data set. Different letters above the boxes indicate significant differences between
intensification strategies according to the Kruskal-Wallis test (p < 0.05).

The average gross margin valued at annual current prices from 2003 to 2021 was not
significantly different between intensification strategies for almost all years, except for
2008 and 2009 when the average gross margin of CI farms was negative and lower (p <
0.05) with respect to EI farms (Figure 6).
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Figure 6. Average gross margin 2003-2021 under ecological intensification strategy (E1: black cir-
cles) and under conventional intensification strategy (C1: black squares). Horizontal lines are stand-
ard error of mean.

4. Discussion

The Flooding Pampa region preserves a large area of temperate grasslands charac-
terized by great floristic richness and diversity and high productive potential [38,62].
These grasslands were not grazed by domestic herbivores before the Spanish colonization.
Cattle then roamed freely until the early 20th century, when wire fences were erected to
demarcate land ownership. The erection of wire fences prevented the movement of cattle,
which were confined to paddocks. Consequently, the practice of grazing became continu-
ous, which resulted in a modification of the floristic composition and structure of the na-
tive grassland, thereby initiating a degradation process [21]. Furthermore, in recent dec-
ades, farmers have adopted a new technology that involves the use of glyphosate and
nitrogen fertilization to increase winter forage productivity. This has been demonstrated
to result in a significant reduction in species richness and diversity, with the local extinc-
tion of several native perennial species [22] and a reduction in the annual amount of ANPP
[55]. This degradation process has intensified due to the increase in stocking rate resulting
from the movement of livestock from other sub-regions of the Pampas, where the area of
land cultivated with crops increased [7].

Adaptative Multi Paddock Grazing has been shown to be the most important tool to
stop and reverse the degradation processes caused by continuous grazing and high stock-
ing rates in the Flooding Pampa region [36]. It consists of i) subdividing the land surface
into homogeneous environments according to the type of plant community and ii) apply-
ing disturbances, mainly grazing with high instantaneous stocking rates followed by a
resting period of variable duration. The intensity and timing of grazing, as well as the
duration of the resting period, are determined according to the plant community, the sea-
son, and the objective pursued, such as restoring the vigor of species of high forage value,
controlling selectivity, modifying the competitive relationships between functional
groups, promoting germination and establishment, as well as flowering and fruiting of
the desired species [21]. A study conducted in the Flooding Pampa revealed that cattle
farms applying AMPG exhibited significantly superior grassland conditions, a reliable in-
dicator of grassland health and productivity [63], in comparison to those applying tradi-
tional continuous grazing methods [45]. Furthermore, the study indicates that farmers
who employed AMPG maintained a high proportion of native grassland, whereas those
who applied continuous grazing, which resulted in grassland degradation, opted to re-
place it with cultivated pastures or forage crops in order to enhance the low productivity
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of degraded grassland. The reduction in native grassland conditions through inappropri-
ate use and the conversion of native grassland to other uses are the main drivers of grass-
land degradation on a global scale [64].

The maintenance of a substantial proportion of the cattle farmland on healthy, high-
forage grassland serves to minimize the inputs required to sustain fertility; control weeds,
pests, and disease; and mainly to use grains to feed the cattle. Consequently, the fossil
energy use per unit area was found to be negligible (9—629 MJ] ha' year) on the EI farms.
The reduction in input requirements by feeding animals with natural vegetation is one of
the key principles for optimizing the ecological processes of animal production systems
[65]. On the other hand, the consumption of fossil fuels increased in farms where cattle
were fed primarily on cultivated pastures, forage crops, grains, and supplements. Conse-
quently, the use of fossil energy was considerably higher (1635-3530 MJ] ha! year-1) in the
CI farms. As expected, meat production increases as the use of inputs increases. However,
since the increase in secondary production is not proportional to the increase in fossil en-
ergy consumption, the efficiency of fossil energy use (energy input per unit of output) of
cattle farms under CI was lower. Meat production of farms under EI was quite variable.
In pure cow—calf systems on farms without an agricultural environment (case 1) and
therefore with grassland covering the entire area, EI allows for achieving 99 kg ha! year-'.
In backgrounding systems, on farms where the non-flooded area of native grasslands was
replaced by forage crops (13% del area, case 4), meat production achieved 196 kg ha!
yearl. The results indicate that a satisfactory level of secondary productivity can be
achieved by replacing a small proportion of grassland area, thereby increasing slightly the
energy consumption. Moreover, replacing a small area of the farm without environmental
constraints with pastures increases meat production more than proportionally, as has
been documented in pastoral goat systems in Spain [66] and in peasant systems in the
Argentine Chaco [67,68]. This may be an appropriate strategy to reconcile conservation
and production in small family farms in fragile environments.

The carbon footprint of EI farms was found to be 16.31 + 2.97 CO: equivalent (CO2
eq.) kg LW, while that of CI farms was 9.79 + 1.75 CO2 eq. kg LW. Despite the observed
difference in the media, no significant difference was found between them. Additionally,
the calculation of the carbon footprint, resulting from expressing COz emission rates per
kg of live weight (LW), involves a dilution effect; this effect is considered an artifact that
is often used to portray intensive livestock systems, such as feedlots, as being more sus-
tainable than graze-based systems [28]. There are two main reasons to explain this dilution
effect. A diet that includes cereal grains for cattle (cases 5, 6, and 7) has been demonstrated
to promote bypass rumination, which in turn leads to a reduction in methane emissions
per unit of dry matter consumed by the animals [69]. Furthermore, the production system
employed in cases 1, 3, and 4 of EI farms did not include the fattening stage, which is more
efficient in terms of the conversion of meat. The only case that included fattening (case 2)
involved animals being slaughtered at an older age than CI farms. As emission rates are
calculated over the entire life span of an animal, shorter life spans result in an additional
dilution effect on the average emission rate per unit of live weight.

The balance of GHG of the farms, which integrated total (primary and secondary)
emissions and the variation in SOC stock, was negatively correlated with meat produc-
tion. Although emission rates per unit of land area were found to be similar between the
two intensification strategies (2369 + 490 COzq. ha™! year under EI and 3087 + 813 COzeq.
ha! year? under CI), the overall GHG balance exhibited significant differences between
them. The GHG balance of CI farms was —3520 + 774 kg CO2 eq. ha™' year!, while the GHG
balance of EI farms was —693 + 732 kg CO:z eq. ha™! year™. The difference in the balance of
GHG was sustained by the variation in SOC stock levels of soils under both intensification
strategies. Soil carbon sequestration has a great potential to partially mitigate GHG emis-
sions from ruminant production. A review of the literature shows that avoiding tillage,
converting grasslands to cropland, and replacing heavy tillage with light tillage are man-
agement practices that reduce C losses and increase C sequestration [70]. In Flooding
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Pampa grasslands, AMPG has been shown to increase C sequestration in soils of different
grassland communities [55,56]. Our results showed that soils from cattle farms that used
moderate stocking rates and maintained a high area of native grassland under AMPG se-
questered carbon at rates ranging from 1041 to 2492 kgCO: eq. ha™' year'. These estimated
carbon sequestration rates were higher than those estimated for pastoral systems in the
USA and Australia [71-73] and similar to those measured for pastoral systems in Europe
[74]. The high C sequestration potential of the soils of EI farms in the Flooding Pampa
could be attributed to the temperate humid climate of the region, as C sequestration ca-
pacity is positively related to the relationship between rainfall and potential evapotran-
spiration [72]. On the other hand, farms under CI showed lower or negative C sequestra-
tion rates, as carbon was sequestered at a rate of 342 kgCO2 eq. ha™ year or lost at a rate
of 88 to 1179 kgCO: eq. ha™! year™., probably due to the replacement of grassland and
continuous grazing of the remaining grassland. Although emissions from both CI or EI
strategies were higher than those measured in other grazing systems [74,75], the high se-
questration capacity of grassland soils under AMPG [76] is effective in mitigating GHG
emissions, and therefore cattle farms under EI reduced or reversed net GHG emissions.
The reduced or even negative carbon sequestration of cattle farms under CI resulted in a
net source of GHGs to the atmosphere.

Exploring the trade-off between economics and environmental variables related to
global warming at the farm level is a key issue for livestock sustainability [77]. However,
there are few studies regarding this relationship in beef cattle. Our results showed no re-
lationship between meat production and average gross margin. Conventional input-based
intensification strategy increased meat production significantly more than EI, and there-
fore, their income was higher. However, this higher income did not translate into higher
profits with respect to EI, as the average gross margin did not differ between intensifica-
tion strategies. According to these results, it is possible to achieve satisfactory levels of
productivity and profitability under EI, as has been reported in livestock farms on native
grasslands in Uruguay [78,79]. Feeding strategy is one of the main farm management
strategies affecting both environmental performance and farm profitability of beef pro-
duction [80]. The feeding strategy of the EI was to increase the productivity of forage, the
quality of forage, and the harvesting efficiency of the native grassland through AMPG
[36]. As a result, feeding costs were very low or negligible when native grassland was the
only forage source provided (Case 1). High variability in average gross margin among
ecologically intensified farms (72-225 USD ha™' year™') was related to the different propor-
tions of native grassland (from 100 to 74%) and the different production system (cow—calf,
cow—calf and backgrounding, and full cycle) within this group. Highlighting the role of
grasslands in sustainable livestock production, Italian beef cattle farms based on perma-
nent grasslands showed that the farms with lower environmental impacts tended to be
characterized by better economic results [81]. Even in systems with higher demands for
nutritional quality, such as dairy farming, low-input grass-based dairy production has
allowed for both improved environmental performance and higher net food production
[82]. Farmers also emphasized the central role of pastures and grazing in the achievement
of autonomy and better cost control [83]. Good economic performance of cattle farms un-
der EI has occurred even when the output product is not overpriced, as is the case with
organic meat. In Argentina, the market for organic meat is still incipient, and the premi-
ums are minimal. This contrasts with other countries where prices of organic beef were
up to 25% higher than conventional prices [84].

In Argentina, the stability of the gross margin is a very relevant indicator since the
interannual variation in the input-output price ratio is very high [85]. Neither the produc-
ers who sell calves (cow—calf operations) nor those who sell finished animals (full cycle)
determine the output prices, and therefore their position in the food supply chain deter-
mines the fragile income situation of the farms [86]. Since EI farms are less dependent on
inputs, the year-to-year variation in gross margin depends only on the variation in meat
price, while the year-to-year variation in gross margin of the CI farm depends on both
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input and meat prices. We found that the farms that maintain a higher proportion of native
grassland in good condition through AMPG are characterized by a lower year-to-year var-
iability of the gross margin; that is, more predictable economic results and better response
to unfavorable price situations. On the other hand, in the face of less favorable price situ-
ations, the profitability of conventionally intensified farms is significantly depressed, in
some cases even negative (e.g., 2008-2009). The more stable returns of ecologically inten-
sified farms compared to conventionally intensified farms constitute a key feature in cop-
ing with exogenous perturbations, thus contributing to greater resilience of these socio-
ecological systems [87]. Therefore, our results suggest that there is no trade-off between
provisioning and regulating services or environmental and economic goals under EL

5. Conclusions

The most sustainable cattle ranching in the Flooding Pampa emerged as those that
combined increased environmental efficiency with satisfactory profitability and increased
economic stability. This was made possible by reducing production costs by minimizing
inputs such as fertilizers, pesticides, and externally purchased feed. A key driver of suc-
cess is the adoption of AMPG, which effectively exploits the potential productive capacity
of the temperate native grasslands of the Pampas. The study’s central finding indicates
that there is no trade-off between provisioning and regulating services related to global
warming under EI. These encompass indispensable provisioning services, exemplified by
increased beef production and income generation. Additionally, the practice facilitates
crucial regulating services, including carbon sequestration, climate change mitigation,
and the reduced utilization of non-renewable energy sources. These findings indicate the
potential of livestock systems in the Flooding Pampa for the simultaneous achievement of
individual and local benefits while contributing to societal and planetary benefits.
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