
Stockholm Resilience Centre
Research for Governance of Social-Ecological Systems

Master’s Thesis, 60 ECTS

Ecosystems, Resilience and Governance Master’s programme 2010/12, 120 ECTS

A shift from extensive to intensive 
livestock production system 

in Uruguay

Driver of local changes in water-related 
ecosystem services?

Ylva Ran



 1 

A shift from extensive to intensive livestock production system in Uruguay 

- driver of local changes in water-related ecosystem services?
1
 

 

Ylva Ran 

Ecosystems, Resilience and Governance (ERG) Master’s thesis (60 ECTS) 

Stockholm Resilience Centre, Stockholm University, 10691 Stockholm, Sweden 

Supervisor: Lisa Deutsch 

7th of September 2012 

 

ABSTRACT 

Livestock production is one of the largest and fastest growing agricultural subsectors in the 

world, contributing almost 40 % of agricultural GDP. The present global trend of livestock 

intensification affects water demand, resulting in local alterations of hydrological features. 

This study quantifies water requirements for livestock production and links them to local 

changes in water-related ecosystem services (WRES). It examines the present situation in 

Uruguayan beef production as it undergoes an intensification process by analyzing three 

systems: traditional extensive production, mixed systems and intensive production.  

Mixed production systems are most water-effective in terms of water requirement. However, 

extensive production has the least negative long-term effects on the studied WRESs: soil 

productivity, erosion control and grass, crop and livestock production. Intensive systems 

contribute the largest negative impacts on soil productivity due to management practices, e.g. 

continuous cropping and fertilizer application (which is also costly). However, intensification 

also increases short-term positive effects on crop and livestock production. Mixed systems 

offer opportunities to increase livestock production, water use efficiency and mitigate soil 

degradation. However, a threshold value to avoid an undesirable regime shift in soil 

productivity remains to be determined. 

This framework developed herein, maps and quantifies local ecosystem effects associated 

with livestock production from a water perspective. It required simplifications and thus needs 

further improvements to be of practical use as a tool for best management practices of 

livestock production. Such tools can assist decision-makers in Uruguay on how to manage 

multiple ecosystem services in an agricultural landscape and enhance the provision of desired 

ES without degrading other key ecosystem processes, goods and services. For sustainable 

production of livestock in Uruguay, one should consider if the tradeoff between long-term 

negative impacts of intensification on regulating services is justifiable in the context of the 

short-term economic gains in provisioning services.  

Key words: consumptive water use; water-related ecosystem services; livestock production; 

extensive and intensive agriculture; regime shift; conceptual matrix 
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INTRODUCTION 

In this study, livestock production is analyzed from a water resource perspective, through 

water consumption used to produce animal feed, in regard to the largely increasing production 

and trade of livestock products. This is further extended by developing an existing framework 

to link agricultural management practices to changes in ecosystems coupled with water. To 

enable such linkage simplifications about the studied systems were necessary. For example, 

only four indicators for ecosystem impact and five ecosystem services were studied and 

relationships between them were considered as linear, when in reality interrelationships are 

highly complex. The framework focus on long-term aspects and short-term impacts are 

included in the context of discussing the results of this study. 

Water resources are considered as part of ecosystems providing humans with certain 

services, such as livestock products and feed for animals. Besides increased production, the 

global "livestock revolution" (Delgado et al. 1999) results in an intensification of livestock 

production, where choices of production system influence both production efficiency and 

ecology. Uruguay follows global intensification patterns, both in terms of livestock 

production and as a large exporter of animal feed to nations worldwide. Thus, Uruguay serves 

as an ideal case study for analysis of ecosystem impact of livestock production along an 

intensification gradient from extensive, pasture-based livestock to an increasing amount of 

farmers starting to develop an intensive livestock production system, where cattle are finished 

in feed-lot dependent on cultivated crops for animal feed. 

The main aim of this study is to determine changes in water-related ecosystem services 

with the use of quantitative data of consumptive water usage, within defined production 

systems on a local scale in Uruguay, and discuss such data in the context of regime shifts. 

More specifically, the following research questions have been further investigated in this 

study: 1) How much consumptive water is required per animal and production quantity for 

each of the three production systems? 2) What are the expected consequences of the change in 

selected ecosystem impact indicators, for selected water-related ecosystem services? 3) Can 

changes in soil organic matter be identified as a local regime shift regarding soil productivity 

driven by agricultural intensification related to livestock production? 

The focus for the second and third research questions is primarily on changes in soil, as a 

result of management of agricultural land and linked to water-related ecosystem services 

(WRES). For example, the supporting service of soil productivity, here defined as 
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composition of soil in terms of e.g. bulk density as an indicator of soil compaction, porosity, 

microbial activity and nutrient composition, to be able to stimulate normal plant growth 

without posing any additional stress to organisms within the ecosystem (Marshall et al. 1996).  

Livestock production today constitutes about 40 % of global agricultural GDP and 1 billion 

people in developing countries depend on livestock for their income and livelihood. The 

sector attracts about 50 % of the worlds' farmers and provides a large amount of organic 

fertilizer used in agriculture wherefore livestock plays an important role in developing 

sustainable agricultural production, contributing to economic growth and reducing poverty. 

Livestock has become one of the fastest growing sub-sectors of agricultural production 

worldwide (World Bank 2009). 

Demand for animal food products continues to increase rapidly, particularly in the nations 

of the developing world. In combination with the already high demand for livestock products 

by industrial countries, this trend is accelerating a global increase in livestock production 

generally driven by population growth, urbanization, and increased income (Delgado et al. 

1999). The trend of fast increasing livestock production to meet demand is expected to 

continue over the following decades. Most of the production growth will take place in the 

developing world (Alexandratos et al. 2006, Alexandratos 2009). 

Agricultural lands and pastures, already covers about 38 % of the earth´s land area 

(FAOSTAT 2012), and to further increase food production for a continuously growing world 

population that is already starving, agriculture must expand even further, possibly moving to 

lands less suitable for agricultural practices (Ramankutty et al. 2002). Livestock production 

demands animal feed, which is generally constituted of feed crops and grasses, grown on 

lands that in many cases could also be used to produce food for humans. Foley et al. estimates 

that a 28 % increase, or more than one billion tons, of global food production could be 

achieved if 100 % of cultivated plants were consumed only by humans (Foley et al. 2011).  

Food production is by far the largest user of water resources with 70 %, compared to 10 % 

for households and industry respectively (Molden 2007). Estimates say that about 30 % of 

global cropland is used for cultivation of animal feed and in addition, 30 % of the ice-free 

land surface constitutes grazing lands providing pasture for livestock. Therefore, livestock 

production, and more specifically animal feed production, is argued to use huge amounts of 

water resources, i.e. more than 45 % of total evapotranspired water demand for global food 

production (Zimmer, D. Renault 2003). 
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Different livestock production systems will not merely, nor necessarily, result in a 

quantitative difference in water requirements, but also an overall difference in resource 

demands (Deutsch et al. 2011). Approximately 98 % of livestock water demand is assigned to 

animal feed (i.e. crops fed to animals as feed), fodder (i.e. ensilage or hay constituting of plant 

residues and grasses) and grazing (i.e. natural, improved or cultivated pastures) (Steinfeld et 

al. 2006). Water demand will increase or decrease accordingly with the demand and 

composition of feed at a specific site and, for a specific production system. 

Thus, there is a wide range of environmental impacts associated with livestock production 

and resource requirement of such, effecting at multiple scales. In Deutsch, Lannerstad, and 

Ran 2011) four key elements are identified besides consumptive water use. (1) Land use and 

land cover change, (2) greenhouse gas (GHG) emissions, (3) impacts on biodiversity and (4) 

nutrient flows of nitrogen and phosphorous. 

Different production systems as well as management methods will have different effects 

on ecosystems. Agricultural system, of which livestock are often an integral part, are 

multifunctional and can generate a whole bundle of ecosystem services simultaneously. Thus, 

depending on the production methods chosen, the relative abundance of services can change. 

For example, grazing areas in Sweden generate not only animal feed, but also sustain other 

ecosystem services such as culturally desirable open landscapes and biodiverse meadows 

(Pykälä 2000, Eriksson et al. 2002). 

Management practices, for example animal stock sizes, tillage practices, coverage of 

residues, species composition and crop-rotation patterns all have impacts on arable land and 

rangelands for animal feed in terms of i.e. soil erosion. In this study we refer to both physical 

erosion and erosion due to weather impacts, soil fertility and structure, henceforth referred to 

as soil productivity and soil water holding capacity. Tightly connected to these processes is a 

number of key hydrological flows and processes, i.e. infiltration through the soil and 

excessive above-ground run-off. Hence, the choice of agricultural management will affect 

livestock water requirements, resulting in alterations of hydrological features on a local scale 

and thus, affecting water-related ecosystem services (Falkenmark and Rockström 2004; Bot 

and Benites 2005; Steinfeld et al. 2006; Cederberg et al. 2009; Deutsch et al. 2010). 

Additional increases of cultivation of animal feed crops, such as. soybeans and cereals, 

resulting from increasing demand for animal food items are expected (Alexandratos et al. 

2006, Alexandratos 2009, FAOSTAT 2012).Thus, if agricultural productivity is not increased 

even further and more rapidly, cropland expansion will continue. This can result in land cover 
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changes for both exporting nations (e.g. through deforestation or pasture conversion in the 

tropics) and import countries (e.g. reforestation of meadows in Sweden (Pykälä 2000), 

reducing the multitude of ecosystem services provided for both producers and consumers 

(Deutsch & Folke 2006). 

While the production of meat and milk increased by 250 % and 170 %, respectively since 

1960, pastures and arable lands for feed crops only increased by 10% and 30 % over the same 

time period. Thus, productivity increase, characteristic of the intensified agricultural 

production from the "Green Revolution", has largely reduced the land requirement for 

meeting global demand of livestock products as well as the pressure on marginal lands 

(Steinfeld et al. 2006). 

Water consumed of different livestock production systems should not solely be considered 

a water use. It is said that "every land use decision is a water use decision" (Bossio et al. 

2007, p551) hence establishing the close relation between the two. Thus, when considering 

water in the context of agriculture, land use and land use management practices must be taken 

into account which is the focus of analysis in this study. 

This study will be presented according to following structure: First, the theoretical 

framework which forms the foundation of the study is outlined. In the next section, a case 

study description of Uruguay is presented followed by presentation of chosen methods 

described individually for each of the research questions. The last part of the study comprises 

the results which will be explained more in detail and compared with previous research in the 

discussion part and finally summarized in a short conclusive section. 
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THEORETICAL FRAMEWORK 

Water resources can be divided into the concepts of blue and green water flows and 

resources, introduced by Falkenmark (1995). Blue water resources refer to liquid water found 

in aquifers, rivers, lakes, dams and wetlands with associated hydrological flows, i.e. flow of 

ground water and surface run-off. Green water resources refer to rainfall that has infiltrated in 

the root zone of the soil also referred to as soil moisture (Deutsch et al. 2010) and green water 

flows, i.e. evaporation and transpiration, normally referred to as evapotranspiration (Jewitt 

2006).  

The inclusion of green water in the concept of water use and water demand for certain 

production is generally referred to as consumptive water use, or more specifically water 

evapotranspired, consumed by livestock and humans or incorporated into products and thus 

removed from immediate reuse within the same basin or water body (Shaffer and Runkle 

2007). Since research of water demand for crop and grass biomass production considers large 

amounts of evapotranspired water from plants and agricultural lands it is important to refer to 

the actual consumptive water use to ensure inclusion of all water resources dedicated to 

production of livestock and agriculture. Animal feed production affect water flows in three 

ways - through withdrawal of blue water for irrigation of animal feed crops, through land 

cover change (e.g. when rain forest is converted to agricultural and grazing land) and through 

alterations in water division due to changes in land use management (Deutsch et al. 2010). 

Analysis in this study concern agricultural systems that can be regarded as social-

ecological systems (SES) since humans exist together with and depend on ecological 

organisms in this type of systems (Walker and Salt 2006). Ecosystems provide benefits for 

humans, in form of ecosystem services (ES), that we depend on for our well-being (MA 

2005). These services can be of different sort and importance depending on definition and are 

normally divided into four groups; provisioning services such as food and drinking water, 

regulating services such as erosion control and drought regulation, supporting services such as 

cycling of nutrients and soil formation and cultural services such as religious, spiritual or 

other nonmaterial benefits (MA 2005).  

Agricultural systems, it can be argued, are designed to fulfill exactly this purpose by 

providing us with i.e. food and animal feed. Further they are highly complex, depending on 

numerous variables such as location for operation, climatic variables, desired outcome, 

management practices and many more. This also implies that the agriculture and livestock 
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SES does not only have influence over more than one ecosystem service but rather over a 

whole bundle of such ecosystem services operating at multiple scales (Raudsepp-Hearne et al. 

2010), differing along a gradient of intensification. Attempts to substantially manage such 

systems will have to deal with the challenge of managing multiple ecosystem services at the 

same time and across different levels of scale. Decisions of management practices improving 

the provisioning of certain ES may have negative impacts, tradeoffs, on the supply of others 

(MA 2005).  

The state of soil productivity is illustrated by the ecosystem indicator of soil organic matter 

(SOM) constituting of a number of different components i.e. microbiological organisms, but 

most of which originate from plant tissue. Soil organic matter has a key function role in 

providing plants with nutrients, as well as binding particles into aggregates, thus affecting 

both the bulk density and porosity of the soil and improving the soil's water holding capacity 

(SWHC) (Bot and Benites 2005). Another ecosystem service relevant in Uruguay is erosion 

control, the ability of a system to retain soil and prevent landslides (MA 2005). Erosion 

control is highly correlated to the current development of agriculture and changes in soil 

composition, hence, soil productivity (García-préchac and Durán 2001). 

Furthermore, this study focus on the concept of regime shifts (RS), or large, abrupt, 

persistent changes in the structure and function of systems (Biggs et al. 2012).Most important 

shifts on ecological systems are abrupt and nonlinear (MA 2005), wherefore studies of such 

regime shifts are highly relevant when considering development that influence ecosystems. 

The different regimes are separated by a certain tipping point, or threshold, that the system 

crosses as it shifts from one to the other (Biggs et al. 2012) and where, before the system 

crosses the threshold, feedback changes can be hard to detect while suddenly, after crossing 

the threshold, the system suddenly flips and enters a new regime (Scheffer and Carpenter 

2003). The effects of a system crossing a threshold and shift to another stable state, or regime, 

is widely documented (i.e.Scheffer et al. 2001; Scheffer and Carpenter 2003; Folke et al. 

2004; Carpenter et al. 2006; Gordon et al. 2008). 

Previous studies indicate an increased risk for regime shifts as a result of degradation of 

water quality and decreasing fresh water resources (e.g. Scheffer et al. 2005), which poses a 

large threat to successful management of agricultural ecosystems (Gordon et al. 2008). Both 

fresh water resources and water quality may be degraded as a result of livestock production of 

poor management (Deutsch et al. 2011). 
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Regime shifts that concern agriculture and water dynamics can occur at different stages in 

the hydrological cycle and can be divided between (1) agriculture and aquatic systems, i.e. 

changes in quantity and quality of run-off that effect aquatic regimes(2) agriculture and soil, 

i.e. changes in soil productivity and erosion control that result in terrestrial regimes and (3) 

agriculture and the atmosphere i.e. changes in evapotranspiration that can result in climatic 

regime shifts (Gordon et al. 2008). In this study we focus on the second group of agriculture 

and water related RS concerning agriculture and soil as well as water quality and quantity. 
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CASE STUDY DESCRIPTION 

Uruguay has a long traditional history of livestock, and in particular beef production, 

following global patterns of production increase over the last decades. However, a new and 

competing development in Uruguayan agriculture is the production of animal feed crops, such 

as soybeans, for export. As one of the last South American nations to begin with large-scale 

soybean cultivation (FAOSTAT 2012), Uruguayan soybean production has increased with an 

enormous rate over the last decade (MGAP 2010). This development induce another type of 

agriculture than the traditional rather small-scale and extensive, pasture-based farms. The 

emergence of intensive farmers introducing new concepts such as irrigation, technology 

packages and continuous cropping (i.e. Becoña pers.comm; Mazzeo pers.comm; Silveira 

pers.comm) makes Uruguay relevant in analyzing changes related to different stages of 

intensive agriculture and associated ecological impacts, here as effects on ecosystem services. 

Livestock production is one of the largest agricultural subsectors in Uruguay and has 

experienced a large increase in production and export since 2000 (Figure 1). Today 

production is about twice as large as in 1960 with more than five hundred thousand tons in 

2010 and cattle meat is by far the product with the highest economic value in the nation 

followed by cattle milk (FAOSTAT 2012). Export of cattle meat has increased from about 

hundred thousand tons annually to reach almost the same quantity as beef production and the 

increase is proportionally related to trends in price levels on cattle meat over time (Figure 1).  

 

Figure 1: Cattle meat production, export quantity and value of export in Uruguay between 1960-2010 

(FAOSTAT, 2012)  

Uruguay, with 70- 80 % of the land area consisting of permanent pastures and meadows 

(FAOSTAT 2012), well suited as grazing lands for animals (natural, improved and 
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cultivated), has a long history of cattle meat production. However, recent development 

indicates largely increasing cultivation of crops in the nation. Animal feed crops exported 

from Uruguay has increased from nonexistent in 1975 just over 4000 tons in 2001. The 

increase further exploded over the last decade surpassing one billion tons in 2009 (FAOSTAT 

2012). A significant shift in Uruguayan agricultural development can be detected in the 

beginning of the 21th century. Production of wheat and soybeans (Figure 2) , both major 

animal feed crops, increased largely at the expense of areas of cultivation for other crops and 

permanent pastures ( FAOSTAT 2012; MGAP 2010). For example, area for cultivation of 

soybeans, of which a large fraction of the yield is exported to be used as animal feed in i.e. 

Europe and China, has increased enormously, from less than 80 000 ha in 2002 to almost 900 

000 ha in 2010.  

 

 

Figure 2: Harvested area for the top most common animal feed crops in Uruguay between 2002/2003-2009/2010 

(MGAP, 2012) 

 

Moreover, the use of fertilizers has steadily increased over the past five decades from 23 

000 tons in 1961 to 130 000 tons in 2002 (FAOSTAT 2012). According to MGAP (2010) 
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tons in 2002 to as much as 570 000 tons in 2010. 
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systems based on pasture for animal feed, to semi-intensive systems with both pasture and 

supplements, to intensive more concentrate-based systems. However still with a significant 

amount of pasture, thus not following a traditional definition of an intensive production 

system (Åby et al. 2012). The intensification gradient is illustrated by three different 

production systems: 

1) Extensive beef production, based on a feed basket solely constituting of natural pasture 

with a lifespan of 46 months and with a low cattle herd density (figure 4a) 

2) Mixed beef production, where cattle are started on natural pasture for the first 30 

months, followed by 6 months of seeded pasture and added supplements (figure 3) in the 

finishing stage of production (figure 4 b). 

3) Intensive beef production, where cattle are fed on natural pasture for the first 30 months, 

but where the finishing stage is only 4 months, and where cattle is fed on feedlot with 

concentrates, hay and silage (figure 3) in a certain feed basket composition (figure 4c). 

 

 

  

Figure 3: Composition of supplements that constitutes 14 % of the feed basket for cattle in mixed, and 85 % of 

the feed basket for cattle in intensive beef production systems (Becoña 2012; Modernel 2012 Irigoyen, Majó, 

and Chalking 2011).. 
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Figure 4: Feed composition in regard to grass or animal feed crops for a) extensive, b) mixed and c) intensive 

beef production in Uruguay (Becoña 2012; Modernel 2012) 

 

A set of causal loop diagrams (CLDs) were developed to identify feedback changes, key 

variables and changes in system characteristics between the different production systems. 

These changes are related to the linkage of consumptive water use back to water-related 

ecosystem services. through, the associated land cover and land use, i.e. agricultural 

management practices, for each livestock production system. The causal loop diagrams were 

developed using VENSIM®PLE software, and are presented in figures 15-17 in Appendix 3. 

The resource requirements for beef production system in Uruguay has changed over time 

as a result of decreasing grasslands and more cultivation of crops for animal feed. From the 

CLDs it can be identified that the most important driver of changes between the systems is 

land cover change and resulting land use change. Land areas used for grasslands are 

decreasing, in favor for i.e. croplands and an improvement of existing grasslands is taking 

place; resulting in feedback changes regarding more intensified agricultural practices. Soil 

organic matter (SOM) becomes more central with intensified livestock production and more 

negatively effected through introduction of new variables in the system, such as tillage and 

continuous cropping. Other, more socially oriented drives of this change are meat prices, cost 

for the farmers to produce animal feed and composition of the feed in the different production 

systems. 

For this study of Uruguayan beef production, analysis will consider the ecosystem 

services: soil productivity, erosion control, crop- grass- and livestock production. Focus will 

be on the ecosystem impact regarding the indicator of soil organic matter linking to hydrology 

through soil water holding capacity. 
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METHODS 

Methods range from semi-structured interviews, global dynamic models and articulation of 

available data as well as data gathered during fieldwork in Uruguay. The chosen methods are 

operating at different scales and deal with different data formats. Triangulation was applied to 

analyze the widely different types of data and enable comparison of such. Statistical data is 

available until 2010 wherefore the model and other data sources has been calibrated up to this 

year to enable comparison between different sources. An extended methods section and 

critical reflection on methods is found in Appendix 2. 

To illustrate the relationship starting from livestock production and ending up in water-

related ecosystem services following the different steps in the methodology of this study, a 

flowchart model was developed (figure 5). This model is based on the framework of the 

composite matrix developed by Deutsch et al. (2010). for analyzing ecosystem effects of 

hydrological alterations due to changes associated with livestock production. The flowchart 

follows from left to right with the starting point of (1) resource requirement of animals in 

livestock production to (2) land cover for growing animal feed, fodder and grazing and 

consumptive water use for such cultivation, (4) different management practices associated 

with agricultural practices of the different production regimes, (5) ecosystem impact 

indicators, (6) water partitioning processes and, (7) ecosystem water determinants that 

connects indicators through hydrological flows and finally (8) water-related ecosystem 

services that either has a direct impact of the features associated with a livestock production 

system or an indirect impact through effect of one or several other ecosystem services. 
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 Figure 5: Flow chart model based on the composite matrix for analyzing ecosystem effects of hydrological 

alterations due to livestock production changes developed by Deutsch et al. (Deutsch et al. 2010). 

 

Consumptive water use for Uruguayan beef production (Research question 1) 

In this article, following the methodology developed by Lannerstad in previous research 

(Heinke et al. n.d., Ran 2010) the allocation for evapotranspiration of grasslands is calculated 

from the actual amount of grass consumed by cattle, thus, avoiding approximations and 

generalizations for how large a fraction of ET from grasslands should be assigned to 

livestock. 

Together with Lannerstad's allocation for grass, calculation of actual CWU in Uruguayan 

beef production, here referring to the water required to produce animal feed, fodder and 

grazing that constitutes more than 98 % of water demand for livestock (Steinfeld et al. 2006), 

was performed with the biophysical LPJmL model (Lund-Postdam-Jena model) that has been 

successfully applied on several case studies for hydrological estimations. 

The LPJmL model represents land and atmosphere exchange of water and carbon and 

terrestrial vegetation dynamics on a pixel scale (Gerten et al. 2004) where each pixel 

functions as in figure 6. 
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Figure 6: Water balance for a pixel in the LPJ model. Thick arrows indicate water fluxes. Source: Gerten et al. 

(2004) 

 

 The model generates results in the form of thirteen crop functional types (CFTs) that 

correspond to particular species or groups of species of crops and/or grasses with 

physiological and biophysical characteristics, but also include agro-ecosystem-oriented 

functions and parameters to the model such as sowing date and leaf area index. LPJmL further 

includes a dataset of land use connected to each CFT. This implies that the land cover of each 

CFT is represented for each pixel (both irrigated and rain-fed) on a yearly basis.  

Modeling with LPJmL depend on additional input data of climatic conditions (Bondeau et 

al. 2007) as well as soil texture and concentration of CO2 (Sitch et al. 2003). Monthly 

precipitation data is diverted over each day determined by a specific generator (Gerten et al. 

2004). 

Output data from LPJmL is in form of consumptive water use for each CFT in cubic meter 

per ton of produced fresh matter (FM) for crops or dry matter (DM) for grasses. To generate 

site specific water requirements for Uruguayan beef production LPJmL output, in this study, 

is connected with developed feed requirements and feed baskets for the different livestock 

production systems and recalculated for DM, on the assumption that 15 % of plant FM 

constitutes of water (Heinke, personal communication 2012).  

Animal feed requirements and feed baskets for the three beef producing systems are 

calculated based on information from experts and farmer representatives in Uruguay 
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coordinated through Pablo Modernel of MGAP (Modernel pers.comm) and Gonzalo Becoña 

of Plan Agropecuario/MGAP (Becoña pers.comm). This information is further extended with 

input data of slaughter weight (INAC 2012 adapted from Becoña pers.comm and unpublished 

material 2012) to distribute the total beef production between the three systems. The 

calculations of the feed requirements and feed baskets for the three systems can be viewed in 

Appendix 4. 

Since the three systems are defined by the changes in animal feed composition and related 

impacts on ecosystems that can be identified, variables such as herd sizes and biodiversity of 

the system, also having large impact on water-related ecosystem services, are not considered 

within the scope of this study. 

 

Linking ecosystem indicators and water related ecosystem services (Research 

question 2) 

Analysis for steps 4-8 in the flowchart model, the impact of different agricultural practices 

on hydrological water determinants and partitioning processes identified through literature 

review and a number of semi-structured interviews is summarized for each step and finally 

linked to water-related ecosystem services. Analysis start in nine management practices 

ending in corresponding effects on five selected WRES. The first and the last part of the 

matrix is presented in a table in the results section of this paper, however, for a complete 

version of the table see appendix 1. Impact is graded according to severity and assigned to 

one or several related indicators. The effect can be either strong or weak, and positive or 

negative, depending on the evidence from the different data sources that has been consulted 

throughout this research. If results are uncertain or sources claim contrasting relationships this 

is indicated in the table by coloring. 

It should be noted that the results are not compared to a case of no impact but are analyzed 

in relation to one another. Thus, a high impact is not quantified but high in relation to the 

impact of contrasting agricultural practices. For example, a strong positive effect is given to 

permanent pasture effects on infiltration and illustrated by indicator 1: soil organic matter 

(SOM). This means that in relation to the other management practices, permanent pastures 

results in high SOM which effects porosity and infiltration increases. Pasture-crop rotation 

has a negative effect on infiltration since it decreases SOM in the soil compared to permanent 

pasture, but continuous cropping induces a larger decrease of SOM and therefore is given a 

higher decrease in relation to impact on infiltration. Table 1 explains the selected indicators 
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and their effects on hydrological processes and ultimately WRES. These indicators were 

carefully selected based on data availability, literature and field work and developed to 

capture and explain analyzed systems, system processes and interrelationships between 

indicators as entirely as possible under present circumstances.  

Table 1: Key ecosystem indicators and their associated ecological effects used to link management practices to 

WRES 

Indicators Number in table Associated effects 

SOM 1 

Influences porosity and aggregation in soil 
which increases infiltration (a, b, c, e). Also 
influences nutrient composition and ability of 
soil particles to bind water, thus, increasing 
soil moisture (a, b, c, e) 

SWHC 2 

This is a further indication of the soils capacity 
to maintain water to produce/uphold WRES. If 
the capacity to hold water in the soil is 
increased ground water recharge will increase 
and stream flow decrease since more water is 
kept in the soil profile and not lost as above-
ground run-off water. Decrease in SWHC 
induces the opposite trends (e) 

Water availability 3 

This is the water available required for 
producing/maintaining the desired ecosystem 
services. An increase in water availability 
increases evapotranspiration and water flows 
in the system. A decrease in available water, 
i.e. a large outtake, will result in decreasing 
ground water resources and more water lost 
from the system.  

Vegetation type 4 

Type of vegetation influences WRES since 
different plants have different water uptake, 
hence, influences the amount of water 
transpired from plants and to some extent 
evaporated from soil. It also effects the 
systems resilience to erosion due to root-shoot 
ration and root depth. 

 

 

 

Effects of agricultural intensification on soil water holding capacity and erosion rates in 

a regime shifts context (Research question 3) 

 To address this question some quantifications of two of the indicators, namely; soil 

erosion and soil organic matter, were performed that both are identified as key feedbacks for 

the proposed regime shift. 

Soil erosion data is calculated with Erosíon 5.91 developed as a cooperation between the 

Faculdade de Agronomia (UDELAR), Direcion Nacional de Medio Ambiente (DINAMA), 

UNDP Uruguay and Ministerio de Viviete Ordenamiente Territorial y Medio Ambiental 
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(MVOTMA) and based on the Universal soil loss equation (USLE) together with information 

gathered in interviews (Clerici & delAqua, pers.comm). The model was calibrated for the 

most common agricultural soil type in Uruguay, a typical Argiudoll, in the area of Mercedes 

where all three systems have the potential to function well in regard to climatic conditions. 

The slope was set to 3 % and the length of terraces at 100m as an approximated average for 

Uruguay (Clérici pers.comm). 

Data of soil organic matter and soil organic carbon was gathered in interviews, through 

literature review and constitutes of both experimental and modeled data from a number of 

case studies in Uruguay. SOM data was recalculated as SOC with a Van Bemmelen factor 

(Buringh 1984) to be fitted for further analysis. This data was then linked with water-related 

ecosystem services through quantification of relationships between SOM levels and soil water 

holding capacity (SWHC) based on a calculation factor relative to change, that states that a 

1% decrease in SOM generates a 2,3 % decrease in SWHC, developed by Tunstall (Tunstall 

2006).  
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RESULTS 

Calculations of consumptive water use will be presented divided between green and blue 

water resources answering research question one. This will be followed by presenting the 

results of the analysis accordingly to the flow chart model answering research question two. 

Lastly the linkages of ecosystem indicator change and WRES will be analyzed within the 

concept of regime shifts answering the final research question. 

 

Consumptive water use for Uruguayan beef production 

Consumptive water use (CWU) for the different crops used as animal feed in Uruguayan 

cattle meat production are calculated and illustrated in figure 7. Grass has a relatively low 

consumptive water use in relation to crops with 530 liters per tons of DM in comparison with 

soybeans and wheat that requires 1380 and 1670 liters per tons of DM respectively. This will 

result in lower consumptive water use for cattle depending on larger quantities of grass in 

relation to other feedstuffs in their diet. 

 

Figure 7: Consumptive water use for different crops in Uruguay  

In figure 8 the CWU is calculated with regard to the size of production for each of the 

production systems. The beef from extensive production systems demand more water 

resources, about 19,3 m3/kg compared to beef from mixed, with 15,7 m3/kg and 

intensive production, with 18,9 m3/kg. Since mixed beef production in Uruguay 

constitutes about 50 % of Uruguayan beef production the mixed system has a larger total 
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CWU, about 4 Gm3 compared to 3 Gm3 and 2 Gm3 for extensive and mixed production 

respectively.  

  

Figure 8: Consumptive water use for three beef production systems in Uruguay estimated A) per product and B) 

as total consumptive water use 

To further explain the differences in water requirement between the systems figure 9 

shows the total consumptive water use distributed over the different crops and grasses used as 

cattle feed. Figure 9A shows that green water requirements, for all three systems, is 

significantly highest for grasses. Intensive production is the only one out of the three systems 

that has any notable water use for crops where wheat, sunflower and maize are the largest 

contributors to the systems CWU. In figure 9B we can see that the blue CWU for all systems 

are very low, and fore extensive production nonexistent.. However, mixed and intensive 

production requires some blue water related primarily to maize and sunflower seeds.  

 

Figure 9: Consumptive A) green water and B) blue water use for three different livestock production systems in Uruguay for the crops 

and grasses used for cattle feed. 

 

A summary of the calculated consumptive green and blue water use for each system is also 

illustrated in table 2. Blue water resource requirement are zero for extensive production since 
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no cropland is included in the extensive feed basket and the amount of blue water used on 

grasslands up to this point have been zero or close to zero and therefore not included by the 

model
2
. Mixed beef production requires 0,66 Mm3 blue water resources and intensive 

production 3,69 Mm3 respectively. Green water resource demand is highest for mixed 

production, 4,14 Gm3, followed by extensive production with 3,0 3Gm3 and lastly, intensive 

production with a green consumptive water use of 1,99 Gm3. When calculated as liters per 

product extensive production requires 19 300 liters per kg of beef followed by intensive beef 

with a water requirement of 19 000 liters and mixed production system requires 15 800 liters 

per kg of beef produced. 

Table 2 also shows the green and blue water requirements divided for different land 

covers, namely croplands and grasslands. It should be noted that blue water for cropland is 

only used for mixed and intensive production, and less than 1 % of the total consumptive 

water use is estimated to be blue water resources used on cropland. However, the amount of 

total green water used on croplands is much higher, 7 % for mixed production and almost 34 

% for intensive beef production in Uruguay. 

Table 2: Type of consumptive water divided between land resources and production systems in Uruguay 

2010. 

Type of water Extensive Mixed Intensive 

CWU  

  Blue (Mm3) 0,00 0,66 3,69 

Green (Gm3) 3,03 4,13 1,99 

CWU (liter/kg) 

  Blue 0,00 1 4 

Green 19 280 15 750 18 950 

Blue cropland 0,00% 0,05% 0,22% 

Green cropland 0,00% 7,23% 33,79% 

Green grassland 100,00% 92,72% 65,99% 

 

Linking ecosystem indicators and water related ecosystem services 

The table presented here (table 3) is not the complete version of the table but merely the first 

and the last part. To follow each step in the matrix see the complete version in appendix 1. 

                                                 
2
Irrigation of grasslands have been initiated in Uruguay but there is little or no information of how much and it is 

still a very small percentage of the grasslands that are irrigated although increasing (Silveira, pers.comm)  
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Management practices are not analyzed divided between the three production systems but as 

indicators of extensive or intensive agriculture and captures the most important features of 

Uruguayan agriculture. 

Table 3: Linkages of agricultural management practices to water-related ecosystem services following the 

methodology of flow-chart model developed for this study. Impact is either positive or negative and summarized 

for each step. 

 

A) Direct relationship between management practices & water partitioning processes  

  

 

Water- partitioning processes  

  

Management 
practices Transpiration Evaporation Infiltration 

Ground water 
recharge Stream flow 

Permanent 
pasture  4- (d) 4+ (g)  

1, 2++(a, b, c, 
e, h, i) 

1, 2++ (a, b, c, e, h, 
i) 1, 2- (a, b, c, e, h, i) 

Crop - pasture 
rotation 4 +/- (d) 4 +/- (g) 

1, 2- (a, b, c, 
h, i) 1, 2- (a, b, c, h, i) 1, 2+ (a, b, c, h, i) 

Continuous 
cropping 4- (d) 4- (g) 

1, 2-- (a, b, c, 
h, i) 1, 2-- (a, b, c, h, i) 1, 2+ (a, b, c, h, i) 

Seeding pastures 4- 4 ? 
1, 2+ (a, b, c, 
e, h, i) 

1, 2+ (a, b, c, e, h, 
i) 1, 2- (a, b, c, e, h, i) 

No-till     
1,2 + (a, b, e, 
h, i) 1,2 + (a, b, e, h, i) 1,2 - (a, b, e, h, i) 

Conservation 
tillage     

1, 2 - (a, b, e, 
h, i)  1, 2 - (a, b, e, h, i)  1, 2 + (a, b, e, h, i)  

Conventional 
tillage     

1, 2 -- (a, b, e, 
h, i)  1, 2 -- (a, b, e, h, i)  1, 2 + (a, b, e, h, i)  

Fertilizer 
application     1,2- (e) 1,2- (e) 1,2+ (e) 

Coverage of soil 
with residues   1, 2 - (a,b)  1,2 + (a, b, e) 1,2 + (a, b, e) 1,2 - (a, b, e) 

Irrigation 3+ (f) 3+ (f) 1,2,+/- (e) 3- (e) 3+ (e) 

 Indicators: 1: SOM, 2: SWHC, 3: Water availability, 4: Vegetation type  

D) Long-term ecological effects of changes in management practices on water-related ecosystem 
services  

 

Water-related ecosystem serices  
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Management 
practices Soil productivity 

Erosion 
control 

Crop 
production 

Grass 
production 

Livestock 
production   

Permanent pasture  ↑ ↑ ↑ ↑ ↑ 
Weak or 
highly 
contested 

Pasture-crop rotation ↗ ↗ ↗ ↗ ↗   

Continuous cropping ↓ ↓ ↓ ↓ ↓   

Seeding pastures ↗ ↗ ↗ ↗ ↗   

No-till ↗ ↗ ↗ ↗ ↗   

Conservation tillage ↘ ↘ ↘ ↘ ↘   

Conventional tillage ↓ ↓ ↓ ↓ ↓   

Fertilizer application ↘ ↘ ↘ ↘ ↘   

Coverage of soil with 
residues ↗ ↗ ↗ ↗ ↗   

Irrigation ↘ ↘ ↘ ↘ ↘   

Indicators: 1: SOM, 2: SWHC, 3: Water availability, 4: Vegetation type  

Strong increase Increase Decrease Strong decrease 

6-10 + 1-5 + 1-5 - 6-10 - 

↑ ↗ ↘ ↓ 
References: 

a Kätterer pers.comm 

b Terra and Garcia-Préchac 2006 

c Nosetto et al. 2011 

d Bot and Benites 2005 

e Gordon et al. 2005 

f Falkenmark and Rockström 2004 

 

Table 3a shows the variety of hydrological effects from the different management practices 

analyzed here. In general, opposite effects are found when comparing more extensive 
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agriculture, for example permanent pasture and no-till , with intensive practices such as 

continuous cropping and conventional tillage. Extensive agriculture has strong positive effect 

in relation to intensive agriculture when considering infiltration and ground water recharge 

through the indicator of SOM. Thus, those management practices, in relation to more 

intensive agriculture generate high levels of SOM, in turn positively effecting SWHC and 

lastly water available in soil and ground water resources. Seeding pastures and usage of 

residues are management practices used in mixed and intensive systems but influence ground 

water and infiltration positively by not largely decreasing SOM levels. Crop-pasture rotations 

are given negative impact as they decrease SOM levels in comparison with other practices, 

but not to the same extent as continuous cropping that has high impact. Transpiration and 

evaporation varies with type of vegetation and water availability. In general, croplands 

evaporate less but transpire more than grasslands and coverage of soil with residues also 

reduces evaporation.  

The second part, table 3 d, presents the summed effects induced by management practices 

in the last step of the water cycle, namely the selected WRES. Management impacts are the 

same for all the WRES since they are interrelated. Hence, if effect on soil productivity or 

erosion control(that behave simultaneously regarding studied indicators) is positive the effect 

on the three provisioning ES will be positive because they depend on soil productivity and 

erosion control The same pattern applies for the opposite relationship and all impacts are 

considered as long-term effects.  

Thus, permanent pasture has a strong positive effect on WRES, coupled to high levels of 

SOM thus high SWHC. The positive influence is decreasing along an intensification gradient 

where continuous cropping have a strong negative impact on producing and maintaining 

selected WRES in the long-run. Tillage of croplands, fertilizer application and irrigation also 

impacts production of selected WRES negatively. Residues usage and no-till are the only 

management practice associated with croplands (investigated here) that result in positive 

effects on livestock, crop and grassland production, erosion control and soil productivity as a 

result of keeping levels of SOM and SWHC relatively high. 

 

Effects of agricultural intensification on soil water holding capacity and erosion rates in 

a regime shifts context 
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To illustrate the local changes induced by an intensification of agriculture on hydrology, 

and ultimately in WRES, the relationship of SOM and SWHC was further studied and 

quantified.  

Figure 10 illustrates the change in SWHC between two different years and three different 

agricultural management practices. Based on the result of a Pearson’s correlation test, 

significantly higher decrease in SWHC can be identified when continuous cropping is applied 

on agricultural lands in relation to permanent pasture, and the trend is enhanced over time. 

For the case of continuous cropping with fertilizer application, the same trend is evident but 

the decrease of SWHC after 30 years is 60 % instead of 80 % while being almost 20 % for 

both cases in 1963. For the agricultural practice of rotation with forage crops we cannot 

identify any further change between the different years but the decrease of SWHC remains 

around 10 % in relation to permanent pasture. The difference between CC with and without 

fertilizer is most likely explained by fertilizer application increasing SOM in soil thus 

decrease in SWHC becoming less severe. 

 

 

Figure 10: Decrease in soil water holding capacity over time for continuous cropping and continuous cropping 

with fertilizer and crop with rotation of forage crops as a result of changes in levels of soil organic matter 

(Dogliotti 2003, Tunstall 2006) 

 

In terms of the relationship between SOM and SWHC we can also see change at different 

depths over time as illustrated in figure 11. Rotation with both crops and pasture over a longer 

period of time shows none or even negative trends of SWHC net change as depth increases. 

Decrease in SWHC for continuous cropping of short duration increases over time and reaches 
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the highest negative impact on SWHC for continuous cropping over a long-term perspective. 

However, this case also implies that at a depth of 12 cm, the lowest negative impact on 

SWHC is measured for continuous cropping (of short duration) and not crop-pasture rotation 

of neither time period, which could be expected. 

 

Figure 11: Decrease in soil water holding capacity at different depths for different agricultural management 

practices as a result of changes in levels of soil organic matter (Tunstall 2006, Garcia-Préchac et al. 2011) 

 

In a case study of continuous cropping in comparison with rotation of crops and pasture 

over a time period of 26 years the pattern of unexpected values reappears but over time a 

significantly increasing trend can be detected (with a Pearson's correlation test giving p<0,05) 

for a higher decrease in SWHC when agriculture is practiced with continuous cropping 

instead of including pasture in the rotation (figure 12). 
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Figure 12: Decrease in soil water holding capacity over time between continuous cropping and natural 

grasslands as a result of changes in levels of soil organic matter (Buringh 1984, Tunstall 2006, Garcia-Préchac et 

al. 2011)  

 

The exclusion of pasture rotations and more intensified crop rotation patterns shows 

significant decreases in soil organic matter verified by several of the interviewees and during 

data collection in the field (Dogliotti 2003; Becoña pers.comm; Mazzeo pers.comm; Perez-

Bidegain pers.comm; Terra pers.comm) resulting in decreased soil water holding capacity that 

plays an important role for soil productivity. However, results presented here cannot verify if 

this shift can actually be regarded as a regime shift.  

 

Focusing on effects of intensified agriculture management on erosion rates a number of 

estimates were performed with the model Erosion 5.91. Figure 13 presents calculations for 

different erosion rates in relation to crop rotation patterns and agricultural practices in 

comparison to erosion on natural grasslands with an erosion rate of 1,5 Mg/ha annually. The 

most severe case of erosion is detected for reduced tillage with continuous cropping of 

soybeans, where soil loss reaches almost 30 Mg/ha annually. The lower values for erosion are 

associated with the management practice, no-till, instead of conventional tillage of soil. 

However, also in these cases, soybean cultivation results in higher erosion than other crop 

rotations. 
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Figure 13: Soil erosion for different crop rotation patterns and tillage practices in relation to natural grasslands 

for a common Brunosol in Uruguay. 

 

For crop-pasture rotation the same patterns as for crop-cultivation appears and results are 

illustrated in figure 14. Lowest erosion values appear where no-till is applied and where 

duration of pasture rotation is the longest. All peak values have two rotations of soybean 

cultivation and tillage also generates higher erosion in comparison with direct seeding 

verifying patterns from figure 13. 

  

Figure 14: Soil erosion for different crop-pasture rotation patterns and agricultural management practices in 

relation to natural grasslands for a common Brunosol in Uruguay 

 

Results indicate a clear increase of erosion rates with increased intensification of 

agriculture in comparison with permanent pastures. Further, soybeans and tillage practices 
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seem to higher erosion rates further. These processes reinforce the decrease of soil organic 

matter from soils, thus, negatively influence productivity of soils in the long-term. However, 

evidence cannot verify a local regime shift considering soil productivity.  



 30 

DISCUSSION 

One of the key challenges in sustainable management of livestock production is 

enhancing the provisioning services of food production without degrading supporting 

services such as soil productivity or regulating services such as erosion control. The role 

of water in generating these services is a key area where further knowledge is needed. To 

address this challenge and increase understanding this study modified an existing 

framework and tests it on the case of agricultural intensification taking place today in 

Uruguay. Using the model the study 1) quantified consumptive water use 2) linked to 

effects on local water-related ecosystem services and 3) analyzed local changes in key 

ecosystem impact indicators, such as SOM coupled with SWHC and discuss them in 

regard to regime shifts. The study furthers development of a framework to make the role 

of water explicit in management choices associated with intensification, in particular the 

partial or total removal of pastures in crop rotations, tillage practices and use of 

fertilizers. The development includes the first steps towards quantifying the changes in 

terms of ecosystem services. 

 

Consumptive water use for Uruguayan beef production 

The first step in the model, and the first key result of this study, is the quantification of 

consumptive water use for the three different beef production systems. Extensive systems 

use most water closely followed by intensive both with just under 20 000 liters per kg of 

produced beef. Mixed beef production has the smallest water requirement per produced 

product with above 15 000 liters but has the largest overall CWU since it constitutes the 

largest fraction, 50 % of Uruguayan beef production. Blue water resources are almost 

nonexistent in Uruguayan beef production but about 85 % is used in intensive production 

and the remaining 15 % in mixed production systems. These estimates are rather low 

when comparing results with studies that are using the same model and method for 

allocation of grasslands (Ran 2010, Heinke et al. In review) and is most likely the result 

of that livestock production in Uruguay is still rather extensive in relation to other large 

beef producing nations. In general, intensive livestock production systems largely rely on 

concentrates for feed (Åby et al. 2012), thus in Uruguay the most intensive system still 

has a majority of grass in the feed basket for cattle with a water requirement significantly 

lower than for animal feed crops. 
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To avoid exaggeration of the impact of CWU from beef production the data can be 

interpreted differently. When dividing water resources over grasslands and croplands it is 

found that 7 % for mixed and 34 % for intensive production respectively, constitutes of 

green water from croplands. This could be argued to be a conflicting water use since 

croplands are already fit for producing human food directly (Heinke et al. In review) and 

should therefore be the only water to be included in the attempt to map out ecosystem 

impacts from livestock production. This would imply that the total CWU from extensive, 

93 % from mixed and 66 % from intensive production should not be included in the 

estimate of CWU for beef production in Uruguay. Thus, estimates would generate 

completely different water demand for the different systems with extensive beef not 

having any water requirement at all, mixed production would demand about 1100 

liters/kg of beef and intensive production would require 6450 liters/kg of beef produced. 

Hence, beef production is resource intensive and competes with production of crops 

for food provision and maintenance of key ecosystem functions. Further, figures of CWU 

of livestock production are only relevant in relation to local context, local system 

structures and water availability in the studied system. For example, water is a critical 

resource for successful livestock- and agricultural production, and becomes more 

important with drought frequency and high variability of rainfall exacerbated by changes 

in ENSO-patterns induced by climate change. This is the case in Uruguay, where rainfall 

quantity increased over the past decades, but interannual variation (Pisciottano et al. 

1994, Cazes-Boezio et al. 2003, Barreiro 2009) and frequency of dry spells (Mazzeo 

pers.comm; Silveira pers.comm)  increased as well,  thus, putting emphasis on the 

importance of CWU estimates for sustainable management of water resources. 

 

Linking ecosystem indicators and water related ecosystem services 

The concept of CWU should be extended beyond water estimates and the results of 

this study highlights the importance of not merely quantifying water use but to analyze 

the water-related alterations in soil parameters that ultimately effects water-related 

ecosystem services. 

The second main result of this research is related to the effects on ecosystem services. 

Changes in soil productivity are identified as a result of changes in levels of SOM driven 

by agriculture intensification i.e. the exclusion of pasture as a fallow period in rotation, a 
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shift that can lead to rapid losses in yield if SOM falls below a critical threshold (Gordon 

et al. 2008). These changes are directly connected to water resources and flows through 

the relationship of decreasing SOM that results in decreasing SWHC (Bot and Benites 

2005, Tunstall 2006, Gordon et al. 2008).  

Comparing the different production systems the most important feedback changes are 

related to soil organic matter and soil erosion (figures 8-10). Fertile soil becomes more central 

with intensity and new technology packages, including pesticides and fertilizers, and new 

agricultural practices are introduced to uphold soil productivity. These new variables in the 

system result in feedback changes and new feedbacks and loops. There is an evident and 

sudden change in Uruguayan agricultural practices locally, since early 2000 (MGAP 2010), 

and as confirmed in several studies and reports affects SOM, SWHC, infiltration, porosity and 

microbial activity in agricultural soils (Franzluebber 2002, Bot and Benites 2005, Gordon et 

al. 2008), thus having long-term effects on soil productivity (Bot and Benites 2005).  

The supporting ecosystem service, soil productivity, is linked to other ecosystem 

services with synergy effects, i.e. decreased provisioning ES in form of yield quantities as 

well as a decrease in the regulating ES, erosion control (Carlos et al. 1977, Baethgen and 

Clérici 1994, Victora et al. 1997, Garcia-prechac et al. 2004, Terra and Garcia-Préchac 

2006). Decrease in erosion control also creates a reinforcing feedback loop and 

contributes to decreased SOM and soil productivity, again reflecting negatively on 

provisioning ES. This synergy effect between the studied water-related ecosystem 

services is visible when looking at their linkage to agricultural management. The effect 

via selected ecosystem indicators will result in that one management practice have the 

same effect on all studied WRES. This does not reflect reality since relationships are far 

from linear and more than one pair of coupled inidcators, as SOM and SWHC, should be 

analysed to reflect the complexity of the systems. It should also be noted that if results 

are quantified, as in the Millenium Ecosystem Assesment (MA 2005), the effects of 

management practices should only be considered either for soil productivity and erosion 

control or for crop- grass- and livestock production to avoid double counting. 

Hence, developing a framework as intended in this study is highly complex and calls 

for large simplifications of systems and relationships between system's components. 

However, to be able to talk about the impact of CWU of livestock production such 

linkage is necessary and simplifications justified. The framework presented here is a first 

attempt to locally discuss CWU in the context of WRES and requires further 
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development and other comparative case studies. If further developed and improved, the 

outcome can result in a management tool that can be used to indicate what agricultural 

management practices are preferable at specific places, what impacts and feedback 

changes are alarming in regard to an undesired systems change and what measures can be 

used to mitigate unwanted development. 

 

Effects of agricultural intensification on soil water holding capacity and erosion rates in 

a regime shifts context 

The local changes of ecosystem impact indicators are induced by the shift in agricultural 

production methods in Uruguay. The large shift in cultivated crops (figure 4) and decreased 

areas for pasture, are also verifying the severe and abrupt nature of the agricultural shift and 

bringing up the discussion of this shift actually being a potential regime shift. Change in 

levels of SOM may induce a shift towards a new regime where SOM is decreased, in turn 

decreasing SWHC, infiltration and groundwater recharge, ultimately resulting in decreased 

soil productivity. Erosion increase further strengthens the feedback changes inducing the 

regime shift of soil productivity by soil loss contributing to loss of SOM in agricultural soils. 

Hence, the development could be pointing to a possible regime shift concerning soil 

productivity, where the two regimes are represented by either high or low soil productivity. In 

our case study results indicate that the first regime is associated with extensive agriculture 

without added fertilizers and pesticides, moderate grazing pressure and extensive agricultural 

practices. The second regime is signified by different agricultural practices i.e. intense 

cropping patterns, no fallow periods and expanding cropland areas at the expense of 

grasslands. This results in declining SOM content, soil compaction and crusting of soil that 

decreases the water holding capacity and finally the soil structure (Bossio et al. 2007) driving 

a local loss of soil productivity. 

However, the evidence of such a regime shift is rather weak and the identified 

differences are not primarily ecological (Gordon et al. 2008) which also applies for 

Uruguayan beef production, adding complexity to the identification of the threshold prior 

to the shift. In Uruguay this implies the inclusion of croplands and intensive farming 

practices that takes place in both mixed and intensive beef production systems and brings 

the same ecological issues to the table. However, in the intensive system the social-

ecological feedback changes have entered the system in a new state of feedback relations. 



 34 

The cost for the farmer to produce animal feed, or the income gain in producing high-

value crops for export over multiple harvest periods instead of slow-yield generating 

cattle export, and the technological packages that are required for sustaining intensive 

agriculture, put further pressure on farmers to produce more feed crops and animal feed 

stuffs, hence, reinforcing the intensifying feedback loop.  

This creates a certain lock-in where it is hard for the farmer to suddenly shift back to 

extensive livestock based production (Becoña pers.comm). Ecological effects from the 

intensification has altered soil structure, thus soil productivity, and affected soil water 

holding capacity. This decrease in SWHC will once again effect the productivity of soils 

negatively and fertilizers and possibly pesticides may have to be introduced into the 

system that to maintain high nutrient content in the soil as the natural nutrient buffer is 

depleted (Apeldoorn et al. 2011),. Thus, the farmer is kept in the new more short-term 

efficient and demand driven state that erodes the systems' natural resilience. This can be 

argued to be a social-ecological regime shift regarding Uruguayan beef production 

systems. 

There are several soil conserving agricultural practices available today (Bot and 

Benites 2005) and the biophysical reversibility of the regime shift proposed here is rather 

low in comparison to other RS (Gordon et al. 2008). Managing the feedbacks and 

possibly shifting them back from an undesired lock-in i.e. in terms of alternative 

agricultural practices as coverage of soil with plant residues and improved and seeded 

pastures as applied in the mixed production system will become an important tool to 

maintain resilience and prevent an undesired regime shift (Gordon et al. 2008). These 

methods however, have to be carefully designed according to local circumstances to 

enable such maintenance of resilience. For example, improved pastures that completely 

change the species composition in the grassland in favor of introduced species, can lose 

the natural adaptation to local climatic variations such as drought tolerance (Becoña 

pers.comm). 

In addition, mitigating measures may be costly and limit the possible income for 

farmers. Hence, incentives for applying such practices are increasingly lowered closing 

the reinforcing feedback loop of the new system state. The reversibility of the regime 

shift constitutes of social obstacles rather than biophysical in this case, verifying previous 

description of a similar regime shift (Gordon, Peterson, and Bennett 2008). 
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Results in this study are only considering long-term effects connected to hydrological 

parameters through alterations of SOM levels, as a result of choices about agricultural 

management. These choices i.e. continuous cropping and conventional tillage, may have 

short term positive effects on certain WRES such as production of crop and livestock but 

results from this study show a long-term negative effect as a result of decreasing SWHC 

that will negatively affect both livestock, grass and crop production over a longer time 

perspective. The short-term positive effect may, however, be of such magnitude that they 

compensate for the yield decline as a result of the biophysical degradation identified here 

wherefore the development will be allowed to continue (Apeldoorn et al. 2011).  
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CONCLUSIONS 

Presently, most studies of livestock production impacts on ecosystem services focus 

on productivity increases and GHG emissions, missing out the concept of water and the 

deliverable of multiple ecosystem services. This study focuses on the water perspective 

of livestock production and considers several ecosystem services related to water 

requirements assigned to livestock and associated agricultural production. 

In terms of water efficiency, mixed beef production systems in Uruguay require the 

least amount of water resources if only considering CWU and thus are preferable over 

intensive and extensive systems from a water resource perspective. However, when 

linking management practices to WRES there is a clear degradation of soil productivity 

with removal of pastures. Decreases in SOM and thus SWHC in comparison to extensive 

beef production occurs with both mixed and intensive management. However, for mixed 

systems it is only to the extent that intensive feed crops are cultivated. 

There are clear possibilities to mitigate losses with mixed systems and practices such 

as soil coverage with residues, improvement of pastures and pasture-crop rotations. Soil 

degradation is reduced for mixed livestock production since pastures are not completely 

excluded from rotation, maintaining levels of SOM. There is also the trend to seed 

pastures to improve their productivity, which if carefully developed and adapted could 

increase SOM levels and thus soil productivity. This improvement could allow farmers to 

increase production while reducing the risk of severe degradation of water-related 

ecosystem services. Thus, careful planning of management practices, such as 

improvement of pastures, pasture-crop rotations and soil coverage with plant residues, is 

key to avoid the risk of soil degradation and shifting the system into an undesired 

feedback loop and possibly a new regime. 

The framework developed here, maps and quantifies local ecosystem effects associated 

with livestock production from a water perspective. It required simplifications and thus 

require empirical studies of more ecosystem services and tradeoffs for further improvements 

necessary to enable development of a tool for best management practices of livestock 

production. Such tool can assist decision-makers in Uruguay on how to manage multiple 

ecosystem services in an agricultural landscape and enhance the provision of desired ES 

without degrading other key ecosystem processes, goods and services. For sustainable 

production of livestock in Uruguay, one should consider if the tradeoff between long-term 
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negative impacts of intensification on regulating services is justifiable in the context of the 

short-term economic gains in provisioning services.  



 38 

Literature cited 

 

Alexandratos, N. 2009. Expert Meeting on How to feed the World in 2050:1–32. 

Alexandratos, N., J. Bruinsma, G. Bödeker, J. Schmidhuber, S. Broca, P. Shetty, and M. G. 

Ottaviani. 2006. World agriculture : towards 2030 / 2050 Interim report. Page 71. Rome. 

Apeldoorn, D. F. V., K. Kok, and M. P. W. Sonneveld. 2011. Panarchy Rules : Rethinking 

Resilience of Agroecosystems , Evidence from Dutch Dairy-Farming. Ecology And 

Society 16. 

Baethgen, W. E., and C. Clérici. 1994. Estimación de la Evolución del Contenido de Carbono 

de los Suelos Agrícolas de Uruguay. Montevideo. 

Barreiro, M. 2009. Influence of ENSO and the South Atlantic Ocean on climate predictability 

over Southeastern South America. Climate Dynamics 35:1493–1508. doi: 

10.1007/s00382-009-0666-9. 

Biggs, R., T. Blenckner, C. Folke, L. Gordon, A. Norström, M. Nyström, and G. Peterson. 

2012. Regime Shifts. Pages 1–19 in A. Hastings and L. Gross, editors. Sourcebook in 

Theoretical Ecology. University of California Press, Berkeley. 

Bondeau, A., C. P. Smith, S. Zaehle, S. Schaphoff, W. Lucht, W. Cramer, D. Gerten, H. 

Lotze-Campen, C. Müller, M. Reichstein, and B. Smith. 2007. Modelling the role of 

agriculture for the 20th century global terrestrial carbon balance. Global Change Biology 

13:679–706. doi: 10.1111/j.1365-2486.2006.01305.x. 

Bossio, D., W. Critchley, K. Geheb, G. van Lynden, and B. Mati. 2007. Conserving land- 

protecting water. Pages 551–583 in D. Molden, editor. Water for food, Water for life. 

Earthscan. 

Bot, A., and J. Benites. 2005. The importance of soil organic matter. Page 80 FAO Soils 

Bulletin. Rome. 

Buringh, P. 1984. Organic Carbon in Soils of the World. Pages 91–110 in G. M. Woodwell, 

editor. THe role of Terrestrial Vegetation in the Global Carbon Cycle: Measurment by 

Remote Sensing. John Wiley and Sons Ltd. 

Carlos, V., K. Aarón, and F. Héctor. 1977. Soil erodibility assessments with simulated rainfall 

and with the USLE nomograph in soils from Uruguay. Pages 1–7. Montevideo. 

Carpenter, S. R., R. Defries, T. Dietz, H. A. Mooney, S. Polasky, W. V. Reid, and R. J. 

Scholes. 2006. Millenium Ecosystem Assessment : Research Needs. Ecology 314. 

Cazes-Boezio, G., A. W. Robertson, and C. R. Mechoso. 2003. Seasonal Dependence of 

ENSO Teleconnections over South America and Relationships with Precipitation in 

Uruguay. American Meterological Society:1159–1176. 

Cederberg, C., A. Flysjö, U. Sonesson, V. Sund, and J. Davis. 2009. Greenhouse gas 

emissions from Swedish consumption of meat, milk and eggs 1990 and 2005. SIK-report 

294. The Swedish institute for food and biotechnology. Gothenburg, Sweden. 

Chapagain, A. K., and A. Y. Hoekstra. 2004. Volume 1 : Main Report 1. 

Delgado, C., M. Rosegrant, H. Steinfeld, S. Ehui, and C. Cour. 1999. Live stock to 2020 The 

Next Food. Page 67. Washington. 

Deutsch, L., M. Falkenmark, L. Gordon, J. Rockström, and C. Folke. 2010. Water-mediated 

ecological consequences of intensification and expansion of livestock production. Pages 

97–111 in H. Steinfeld, H. A. Money, F. Schneider, and L. E. Neville, editors. Livestock 

in a Changing Landscape, VOlume 1: Drivers, Consequences and Responces. Island 

Press, Wallingford. 

Deutsch, L., M. Lannerstad, and Y. Ran. 2011. Responsible environmental choices for a 

sustainable “ Livestock Revolution .” Stockholm. 



 39 

Dogliotti, S. 2003. Exploring options for sustainable development of vegetable farms in South 

Uruguay. Wagenin University. 

Eriksson, O., S. A. O. Cousins, H. H. Bruun, A. O. Sara, and H. Henrik. 2002. Land-use 

history and fragmentation of traditionally managed grasslands in Scandinavia. Journal of 

Vegetation Science 13:743–748. 

FAOSTAT. 2012. FAOSTAT. Retrieved from http://faostat.fao.org/. 

Falkenmark, M. 1995. Land-water linkages: A synopsis, land and water integration and river 

basin management. Food and Agricultural Organization, FAO, Rome. 

Falkenmark, M., and J. Rockström. 2004. Balancing Water For Humans And Nature: The 

New Approach In Ecohydrology. Page 247 Earthscan. Earthscan. 

Foley, J. A., N. Ramankutty, K. A. Brauman, E. S. Cassidy, J. S. Gerber, M. Johnston, N. D. 

Mueller, C. O’Connell, D. K. Ray, P. C. West, C. Balzer, E. M. Bennett, S. R. Carpenter, 

J. Hill, C. Monfreda, S. Polasky, J. Rockström, J. Sheehan, S. Siebert, D. Tilman, and D. 

P. M. Zaks. 2011. Solutions for a cultivated¨planet. Nature 478:337–342. 

Folke, C., S. Carpenter, B. Walker, M. Scheffer, T. Elmqvist, L. Gunderson, and C. S. 

Holling. 2004. Regime Shifts, Resilience, and Biodiversity in Ecosystem Management. 

Annual Review of Ecology, Evolution, and Systematics 35:557–581. doi: 

10.1146/annurev.ecolsys.35.021103.105711. 

Franzluebber, A. J. 2002. Water infiltration and soil structure related to organic matter and its 

stratification with depth. Soil and Tillage Research 66:197–205. 

Garcia-Préchac, F., O. Ernst, A. Pedro, P.-B. Mario, P. Clara, F. Alejandra, and R. Mercedes. 

2011. Intensificación Agrícola: oportunidades y amenazas para un país productivo y 

natural. Pages 1–128. Montevideo. 

Garcia-prechac, F., O. Ernst, G. Siri-Prieto, and J. A. Terra. 2004. Integrating no-till into 

crop-pasture rotations in Uruguay. Soil and Tillage Research 77:1–13. doi: 

10.1016/j.still.2003.12.002. 

García-préchac, F., and A. Durán. 2001. Estimating Soil Productivity Loss Due to Erosion in 

Uruguay in Terms of Beef and Wool Production on Natural Pastures †. Pages 40–45 in 

D. E. Stott, R. H. Mohtar, and G. C. Steinhardt, editors. Sustaining the Global Farm. 

Purdue University and the USDA-ARS National Soil Erosion Reserach Laboratory. 

Retrieved from Purdue University. 

Gerten, D., S. Schaphoff, U. Haberlandt, W. Lucht, and S. Sitch. 2004. Terrestrial vegetation 

and water balance — hydrological evaluation of a dynamic global vegetation model. 

Journal of Hydrology 286:249–270. doi: 10.1016/j.jhydrol.2003.09.029. 

Gordon, L. J., G. D. Peterson, and E. M. Bennett. 2008. Agricultural modifications of 

hydrological flows create ecological surprises. Trends in ecology & evolution 23:211–9. 

doi: 10.1016/j.tree.2007.11.011. 

Gordon, L. J., W. Steffen, B. F. Jönsson, C. Folke, M. Falkenmark, and A. Johannessen. 

2005. Human modification of global water vapor flows from the land surface. 

Proceedings of the National Academy of Sciences of the United States of America 

102:7612–7. doi: 10.1073/pnas.0500208102. 

Heinke, J., M. Lannerstad, H. Hoff, C. Müller, M. Herrero, and P. Havlik. (n.d.). 

Consumptive Water Use in Global Livestock Production. Proceedings of the National 

Academy of Sciences:1–16. 

INIA. 2012. INIA. Retrieved from http://www.inia.org.uy/online/site/487894I1.php. 

Irigoyen, A., E. Majó, and D. Chalking. 2011. Relevamiento nacional de reservas forrajeras y 

caracterizacíon de su uso en establecimientos comerciales. 

Jewitt, G. 2006. Integrating blue and green water flows for water resources management and 

planning. Physics and Chemistry of the Earth, Parts A/B/C 31:753–762. doi: 

10.1016/j.pce.2006.08.033. 



 40 

MA. 2005. Ecosystems and human well being: Synthesis. (M. B. Reid, Walter V, Mooney, 

Harold A, Cropper, Angela, Capistrano, Doris, Carpenter, Stephen R, Chopra, Kanchan, 

Dasgupta, Partha Dietz, Thomas, Duraiappah, Anantha Kumar, Hassan, Rashid, 

Kasperson, Roger, Leemans, Rik, May, Robert M, Tony, A.J, McMichael, Pi, Ed.). 

Island Press, Washington. 

MGAP. 2010. Anuario Estadistico Agropecuario 2010. Montevideo. Retrieved from 

http://www.mgap.gub.uy/portal/hgxpp001.aspx?7,5,352,O,S,0,MNU;E;27;6;MNU;,? 

Marshall, T. J., J. V. Jones, and C. W. Rose. 1996. Soil Physics - Third edition. Page 457. 

Cambridge University Press. 

Mekonnen, M. M., and A. Y. Hoekstra. 2011. National water footprint accounts: The green 

blue and grey wate footprint of production and consumption. Retrieved from 

www.waterfootprint.net. 

Molden, D. 2007. Water for food, Water for life. Page 645 (D. Molden, Ed.). Earthscan. 

Nosetto, M. D., E. G. Jobbágy, a. B. Brizuela, and R. B. Jackson. 2011. The hydrologic 

consequences of land cover change in central Argentina. Agriculture, Ecosystems & 

Environment:1–10. Elsevier B.V. doi: 10.1016/j.agee.2011.01.008. 

Pimentel, D., and M. Pimentel. 2003. Sustainability of meat-based and plant-based diets and 

the. The american journal of clinical nutrition 78:660–663. 

Pisciottano, G., A. D’iaz, G. Cazes, and C. R. Mechoso. 1994. El Niño-Southern Oscillation 

Impact on Rainfaill in Uruguay. Journal of climate 7:1286–1302. 

Pykälä, J. 2000. Mitigating Human Effects on European Biodiversity. Conservation Biology 

14:705–712. 

Ramankutty, N., J. A. Foley, J. Norman, and K. Mcsweeney. 2002. The global distribution of 

cultivable lands: current patterns and sensitivity to possible climate change. Global 

Ecology and Biogeography 11:377–392. 

Ran, Y. 2010. Consumptive water use in livestock production – Assessment of green and blue 

virtual water contents of livestock products. Gothenburg University. 

Raudsepp-Hearne, C., G. D. Peterson, and E. M. Bennett. 2010. Ecosystem service bundles 

for analyzing tradeoffs in diverse landscapes. Proceedings of the National Academy of 

Sciences of the United States of America 107:5242–7. doi: 10.1073/pnas.0907284107. 

Scheffer, M., S. Carpenter, J. a Foley, C. Folke, and B. Walker. 2001. Catastrophic shifts in 

ecosystems. Nature 413:591–6. doi: 10.1038/35098000. 

Scheffer, M., and S. R. Carpenter. 2003. Catastrophic regime shifts in ecosystems: linking 

theory to observation. Trends in Ecology & Evolution 18:648–656. doi: 

10.1016/j.tree.2003.09.002. 

Scheffer, M., M. Holmgren, V. Brovkin, and M. Claussen. 2005. Synergy between small- and 

large-scale feedbacks of vegetation on the water cycle. Global Change Biology 11:1003–

1012. doi: 10.1111/j.1365-2486.2005.00962.x. 

Shaffer, K. H., and D. L. Runkle. 2007. Consumptive Water-Use Coefficients for the Great 

Lakes Basin and climatically similar areas. Page 191. Washington. 

Sitch, S., B. Smith, I. C. Prentice, A. Arneth, A. Bondeau, and W. Cramer. 2003. Evaluation 

of ecosystem dynamics , plant geography and terrestrial carbon cycling in the LPJ 

dynamic global vegetation model. Global Change Biology 9:161–186. 

Steinfeld, H., P. Gerber, T. Wassenaar, V. Castel, M. Rosales, and C. de Haan. 2006. 

Livestock’s long shadow. (C. Steinfeld, Henning. Gerber, Pierre. Wassenaar, Tom. 

Castel, Vincent. Rosales, Mauricio. de Haan, Ed.). Food and Agricultural Organization, 

FAO, Rome. 

Terra, J. A., and F. Garcia-Préchac. 2006. Soil Use Intensity impact on SOM. Adv 

Geoecology. 



 41 

Tunstall, B. 2006. Calculating the effect of organic matter on soil water, nutrient and carbon 

storage. Retrieved August 13, 2012, from 

http://eric.com.au/docs/research/soil/eric_calculating_OM.pdf. 

Victora, C., A. Kacevas, and H. Fiori. 1997. Soil vulnerability in Uruguay : potential effects 

of an increase in erosive rainfall on soil loss. Climate Reserach 9:41–46. 

Walker, B. H., and D. Salt. 2006. Resilience Thinking: Sustaining Ecosystems and People in a 

Changing World. Page 174. Island Press. 

World Bank. 2009. Minding The Stock. Bringing Public Policy To Bear On Livestock Sector 

Development. 

Zimmer, D. Renault, D. 2003. Virtual water in food production and global trade: review of 

methodological issues and preliminary results. in A. Y. Hoekstra, editor. Virtual water 

trade: Proceedings of the international expert meeting on virtual water trade. UNESCO-

IHE Institute for Water Education, Delft. 

Åby, B. a., L. Aass, E. Sehested, and O. Vangen. 2012. A bio-economic model for calculating 

economic values of traits for intensive and extensive beef cattle breeds. Livestock 

Science 143:259–269. Elsevier B.V. doi: 10.1016/j.livsci.2011.10.003. 

 

  



 42 

Appendix 1: Matrix linking agricultural management practices to water-related 

ecosystem services 

 

Complete version of table 3: Linkages of agricultural management practices to water-related ecosystem services 

following the methodology of flow-chart model developed for this study. Impact is either positive or negative 

and summarized for each step. 

 A 

Management 
practices 

Transpiration Evaporation Infiltration Ground 
water 
recharge 

Stream 
flow 

Permanent 
pasture  

4- (d) 4+ (g)  1, 2++(a, b, 
c, e, h, i) 

1, 2++ (a, b, 
c, e, h, i) 

1, 2- (a, b, 
c, e, h, i) 

Crop - pasture 
rotation 

4 +/- (d) 4 +/- (g) 1, 2- (a, b, c, 
h, i) 

1, 2- (a, b, c, 
h, i) 

1, 2+ (a, b, 
c, h, i) 

Continuous 
cropping 

4- (d) 4- (g) 1, 2-- (a, b, 
c, h, i) 

1, 2-- (a, b, 
c, h, i) 

1, 2+ (a, b, 
c, h, i) 

Seeding pastures 4- 4 ? 1, 2+ (a, b, c, 
e, h, i) 

1, 2+ (a, b, c, 
e, h, i) 

1, 2- (a, b, 
c, e, h, i) 

No-till     1,2 + (a, b, 
e, h, i) 

1,2 + (a, b, 
e, h, i) 

1,2 - (a, b, 
e, h, i) 

Conservation 
tillage 

    1, 2 - (a, b, 
e, h, i)  

1, 2 - (a, b, 
e, h, i)  

1, 2 + (a, b, 
e, h, i)  

Conventional 
tillage 

    1, 2 -- (a, b, 
e, h, i)  

1, 2 -- (a, b, 
e, h, i)  

1, 2 + (a, b, 
e, h, i)  

Fertilizer 
application 

    1,2- (e) 1,2- (e) 1,2+ (e) 

Residues usage   1, 2 - (a,b)  1,2 + (a, b, 
e) 

1,2 + (a, b, 
e) 

1,2 - (a, b, 
e) 

Glyphosphate           

Irrigation 3+ (f) 3+ (f) 1,2,+/- (e) 3- (e) 3+/- (e) 

            

 

 

Water- partitioning processes 

B Water 
determinants 

Transpiration Evaporation Infiltration Ground 
water 
recharge 

Stream 
flow 



 43 

Management 
practices 

Soil moisture -  - + (e) + (e) - (e) 

  Ground water 
flow 

- - + (e) + - (e) 

  Stream flow 
regime 

- - - (e) - (e) + 

  Precipitation + + ? ? ? 

Permanent 
pasture  

Soil moisture 4 +(d) 4 - (g) 1, 2 ++ (a, b, 
c, e, h, i) 

1, 2 ++ (a, 
b, c, e, h, i) 

1, 2 - (a, b, 
c, e, h, i) 

  Ground water 
flow 

4 +(d) 4 - (g) 1, 2 ++ (a, b, 
c) 

1, 2 ++ (a, 
b, c) 

1, 2 - (a, b, 
c, e, h, i) 

  Stream flow 
regime 

4 + (d) 4 - (g) 1, 2 - (a, b, 
c, e, h, i) 

1, 2 - (a, b, 
c, e, h, i) 

1, 2 + (a, b, 
c, e, h, i) 

  Precipitation 4 + ? 4 + ? ? ? 

Crop-pasture 
rotation 

Soil moisture 4 +/- (d) 4(+/-) (g) 1, 2 - (a, b, 
c, h, i) 

1, 2 - (a, b, 
c, h, i) 

1, 2 + (a, b, 
c, h, i) 

  Ground water 
flow 

4 +/- (d) 4(+/-) (g) 1, 2 - (a, b, 
c, h, i) 

1, 2 - (a, b, 
c, h, i) 

1, 2 + (a, b, 
c, h, i) 

  Stream flow 
regime 

4 +/- (d) 4(+/-) (g) 1, 2 + (a, b, 
c) 

1, 2 + (a, b, 
c) 

1, 2 + (a, b, 
c) 

  Precipitation 4 +/- (d) 4(+/-) (g) ? ? ? 

Continuous 
cropping 

Soil moisture 4 - (d) 4 + (g) 1, 2-- (a, b, 
c, h, i) 

1, 2-- (a, b, 
c, h, i) 

1, 2 + (a, b, 
c, h, i) 

  Ground water 
flow 

4 - (d) 4 + (g) 1, 2-- (a, b, 
c, h, i) 

1, 2-- (a, b, 
c, h, i) 

1, 2 + (a, b, 
c, h, i) 

  Stream flow 
regime 

4 - (d) 4 + (g) 1, 2+ (a, b, c, 
h, i) 

1, 2+ (a, b, 
c, h, i) 

1, 2 + (a, b, 
c, h, i) 

  Precipitation 4 - (g) 4 - (g) ? ? ? 

Seeding pastures Soil moisture 4 + (d) 4 -? 1, 2 + (a, b, 
c, e, h, i) 

1, 2 + (a, b, 
c, e, h, i) 

1, 2 - (a, b, 
c, e, h, i) 

  Ground water 
flow 

4 + (d) 4 -? 1, 2 + (a, b, 
c) 

1, 2 + (a, b, 
c) 

1, 2 - (a, b, 
c, e, h, i) 

  Stream flow 
regime 

4 + (d) 4 -? 1, 2 - (a, b, 
c, e, h, i) 

1, 2 - (a, b, 
c, e, h, i) 

1, 2 + (a, b, 
c, e, h, i) 

  Precipitation 4 -? 4 -? ? ? ? 
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No-till Soil moisture     1, 2 + (a, b, 
c, e, h, i) 

1, 2 + (a, b, 
c, e, h, i) 

1, 2 - (a, b, 
c, e, h, i) 

  Ground water 
flow 

    1, 2 + (a, b, 
c) 

1, 2 + (a, b, 
c) 

1, 2 - (a, b, 
c, e, h, i) 

  Stream flow 
regime 

    1, 2 - (a, b, 
c, e, h, i) 

1, 2 - (a, b, 
c, e, h, i) 

1, 2 + (a, b, 
c, e, h, i) 

  Precipitation 4 +/- (g) 4 +/- (g) ? ? ? 

Conservation 
tillage 

Soil moisture     1, 2 - (a, b, 
c, h, i) 

1, 2 - (a, b, 
c, h, i) 

1, 2 + (a, b, 
c, h, i) 

  Ground water 
flow 

    1, 2 - (a, b, 
c, h, i) 

1, 2 - (a, b, 
c, h, i) 

1, 2 + (a, b, 
c, h, i) 

  Stream flow 
regime 

    1, 2 + (a, b, 
c) 

1, 2 + (a, b, 
c) 

1, 2 + (a, b, 
c) 

  Precipitation 4 - (g) 4 - (g) ? ? ? 

Conventional 
tillage 

Soil moisture     1, 2-- (a, b, 
c, h, i) 

1, 2-- (a, b, 
c, h, i) 

1, 2 + (a, b, 
c, h, i) 

  Ground water 
flow 

    1, 2-- (a, b, 
c, h, i) 

1, 2-- (a, b, 
c, h, i) 

1, 2 + (a, b, 
c, h, i) 

  Stream flow 
regime 

    1, 2 + (a, b, 
c, h, i) 

1, 2 + (a, b, 
c, h, i) 

1, 2 + (a, b, 
c, h, i) 

  Precipitation 4 - (g) 4 - (g) ? ? ? 

Fertilizer 
application 

Soil moisture     1, 2 - (e) 1, 2 - (e) 1, 2 + (e) 

  Ground water 
flow 

    1, 2 - (e) 1, 2 - (e) 1, 2 + (e) 

  Stream flow 
regime 

    1, 2 + (e) 1, 2 + (e) 1, 2 + (e) 

  Precipitation     ? ? ? 

Residues usage Soil moisture   1,2 - (a,b) 1, 2 ++ (a, b, 
e) 

1, 2 ++ (a, 
b, e) 

1, 2 - (a, b, 
e) 

  Ground water 
flow 

  1,2 - (a,b) 1, 2 ++ (a, b, 
e) 

1, 2 ++ (a, 
b, e) 

1, 2 - (a, b, 
e) 

  Stream flow 
regime 

  1,2 - (a,b) 1, 2 - (a, b, 
e) 

1, 2 - (a, b, 
e) 

1, 2 - (a, b, 
e) 

  Precipitation   1,2 - (a,b) ? ? ? 
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Irrigation  Soil moisture 3 - (f)  3 - (f)  1,2 +/- (e)  3 - (e)  3 + (e)  

 Ground water 
flow 

 

3 - (f) 3 - (f) 1,2 +/- (e) 3 - (e) 3 + (e) 

  Stream flow 
regime 

3 - (f) 3 - (f) 1,2 +/- (e) 3 - (e) 3 + (e) 

  Precipitation 3 + (f) 3 + (f) ? 1,2 +/- (e) ? 3 - (e) ? 3 + (e) 

   Precipitation  3 + (f)  3 + (f)  ?  ?  ? 

C  

 

Water-related ecosystem serices  

Management 
practices 

Water 
determinants 

 3 + (e, f) 4+ (e, f) 3 + (e, f) 3 + (e, f) 3 + (e, f) 

 
Soil moisture 3 + (e, f) 4 + (e, f) 3 + (e, f) 3 + (e, f) 3 + (e, f) 

 Ground water 
flow 3 +/- (e, f) 4 +/- (e, f) 3 +/- (e, f) 3 +/- (e, f) 3 +/- (e, f) 

 Stream flow 
regime 3 + (e, f) 4 + (e, f) 3 + (e, f) 3 + (e, f) 3 + (e, f) 

 Precipitation 3 + (e, f) 4 + (e, f) 3 + (e, f) 3 + (e, f) 3 + (e, f) 

Permanent 
pasture  Soil moisture +++ +++ +++ +++ +++ 

 
Ground water 
flow +++ +++ +++ +++ +++ 

  Stream flow 
regime           

  
Precipitation ++ ++ ++ ++ ++ 

 
 Sum impact  ++++++++ ++++++++ ++++++++ ++++++++ ++++++++ 

Crop-pasture 
rotation  Soil moisture - - - - - 

 Ground water 
flow - - - - - 

  Stream flow 
regime +++ +++ +++ +++ +++ 
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Precipitation           

 

 Sum impact  + + + + + 

Continuous 
cropping  Soil moisture --- --- --- --- --- 

 Ground water 
flow --- --- --- --- --- 

  Stream flow 
regime           

  Precipitation -- -- -- -- -- 

 
 Sum impact  -------- -------- -------- -------- -------- 

Seeding pastures  
Soil moisture ++ ++ ++ ++ ++ 

 Ground water 
flow ++ ++ ++ ++ ++ 

  Stream flow 
regime           

  
Precipitation -- -- -- -- -- 

 
 Sum impact  ++ ++ ++ ++ ++ 

No-till  
Soil moisture + + + + + 

 
Ground water 
flow + + + + + 

  Stream flow 
regime           

  
Precipitation           

 
 Sum impact  ++ ++ ++ ++ ++ 

Conservation 
tillage Soil moisture - - - - - 

 
Ground water 
flow - - - - - 

  Stream flow 
regime           

  
Precipitation -- -- -- -- -- 
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  Sum impact  ---- ---- ---- ---- ---- 

Conventional 
tillage  Soil moisture --- --- --- --- --- 

 Ground water 
flow --- --- --- --- --- 

  Stream flow 
regime           

  Precipitation -- -- -- -- -- 

  
 Sum impact  -------- ------- -------- -------- -------- 

Fertilizer 
application Soil moisture - - - - - 

  Ground water 
flow - - - - - 

  Stream flow 
regime           

  Precipitation           

  
 Sum impact  -- -- -- -- -- 

Residues usage 
Soil moisture ++ ++ ++ ++ ++ 

 Ground water 
flow ++ ++ ++ ++ ++ 

  Stream flow 
regime           

  Precipitation - - - - - 

  
 Sum impact  +++ +++ +++ +++ +++ 

Irrigation Soil moisture - - - - - 

 Ground water 
flow -- -- -- -- -- 

  Stream flow 
regime           

  Precipitation ++ ++ ++ ++ ++ 

  Sum impact  - - - - - 

 D 

 

Water-related ecosystem serices  

  

Weak or highly 
contested  

Management 
practices 

Soil 
productivity 

Erosion 
control 

Crop 
production 

Grass 
production 

Livestock 
production 
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Strong increase Permanent 
pasture  ↑ ↑ ↑ ↑ ↑ 

6-10 + Pasture-crop 
rotation ↗ ↗ ↗ ↗ ↗ 

↑ 
Continuous 
cropping ↓ ↓ ↓ ↓ ↓ 

Increase  Seeding 
pastures ↗ ↗ ↗ ↗ ↗ 

1-5 + 
No-till ↗ ↗ ↗ ↗ ↗ 

↗ 
Conservation 
tillage ↘ ↘ ↘ ↘ ↘ 

Decrease Conventional 
tillage ↓ ↓ ↓ ↓ ↓ 

1-5 - Fertilizer 
application ↘ ↘ ↘ ↘ ↘ 

↘ 
Residues 
usage ↗ ↗ ↗ ↗ ↗ 

Strong decrease  
Irrigation ↘ ↘ ↘ ↘ ↘ 

6-10 -             

↓ 

 References: 

a Kätterer pers.comm 

b Terra and Garcia-Préchac 2006 

c Nosetto et al. 2011 

d Bot and Benites 2005 

e Gordon et al. 2005 

f Falkenmark and Rockström 2004 
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Appendix 2: Extended methods section and critical reflection 

 

Table 4: Extended methods description divided between research questions 

Research 

question 
Method Model description Additional information 

1 System 

specific feed 

basket and 

requirement 

These were developed based on a number 

of interviews, unpublished work from 

interviewees and follow-up 

communication between interviewer and 

interviewees (Becoña pers.comm; 

Modernel pers.comm). They were 

calculated for three different life stages, all 

of different feed requirement, within each 

system and per animal and lifecycle. 

Results were interpolated over the 

sampling year of 2010 and then calculated 

for the portion of production assigned to 

each production system.  

The different sizes of production from each 

system were based on approximations 

from slaughter statistics developed 

together with Gonzalo Becoña (2012). 

These are not very specific and will 

generate some bias to the calculations. 

Also feed baskets need an up-date since 

they include data from early 2000 and 

agriculture in Uruguay has been through 

large changes in the past decade wherefore 

feed baskets may very likely look 

somewhat different and should be updated 

as often as possible. 

This model is a global vegetation model 

with 0,5 degrees, a scale that is not 

designed for smaller case studies as in this 

research. Modeling on a smaller scale with 

i.e. SWAT or equivalent model would be 

preferable but within the scope of this 

study there were no available input data for 

such a model wherefore LPJ was used as a 

first attempt of calculation 

Triangulation with data from statistical 

summary, literature review and interviews 

was applied to generate presented results 

LPJmL 

hydrological 

model 

Outputs from this model were delivered in 

forms of water requirement of different 

crops per ton of DM. These were then 

applied on the system specific feed baskets 

generating amount of feed per different 

feed crops and grasses. Results outcome 

were delivered in terms of m3/kg of 

product and total consumptive water use 

(CWU) for each system. 

Statistical 

summary 

Statistical data from three different 

databases (FAOSTAT, MGAP, DIEA) 

were consulted and results were treated in 

excel 

Literture 

review Literature was consulted to bring a 

perspective of the case study over time and 

results of this review were primarily 

structured in the flowchart matrix 

developed for excel 

These are a great tool to illustratively 

present qualitative data from i.e. Literature 

and interviews as they have been used 

here. They also provided as a tool to 

clearly define systems and set systems 

boundaries. 
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2 

 

Semi-

structured 

interviews 

 

The different sizes of production from each 

system were based on approximations 

from slaughter statistics developed 

together with Gonzalo Becoña (2012). 

These are not very specific and will 

generate some bias to the calculations. 

Also feed baskets need an up-date since 

they include data from early 2000 and 

agriculture in Uruguay has been through 

large changes in the past decade wherefore 

feed baskets may very likely look 

somewhat different and should be updated 

as often as possible. 

Flow chart 

model/matrix 
Data gathered in statistical summary, 

literature review and semi-structured 

interviews were synthesized and analyzed 

in a designed flow chart model (figure 8) 

to highlight the data flow from input, 

livestock production, and WRES. 

Practically it was designed as a matrix in 

excel where starting point was agriculture 

management practices that were appointed 

strong or weak, negative or positive, 

effects on 1) water partitioning processes 

2) ecosystem water determinants and lastly 

3) water-related ecosystem services based 

on the methodology developed by Deutsch 

et al (2010). Effects were assigned to key 

ecosystem indicators responsible for the 

impacts in each step.  

This model should be used for measured 

input data rather than rely on available data 

and literature summary. It is planned to be 

developed as to enable quantification of 

WRES rather than solely indicate trends as 

results provide from this research. The 

model is designed so that it can with small 

justifications be applicable for a variety of 

case studies on different locations 

3 SWHC 

calculations 

with 

calculation 

factor 

Calculations were performed with 

available data of the ecosystem indicator, 

soil organic matter for different 

agricultural management practices, to 

connect it to hydrological flows through 

soil water holding capacity by a 

calculation factor developed by Tunstall 

2006 and analyzed in regard to regime 

shifts. 

This relationship is not linear and should 

optimally be measured rather than 

calculated based on general assumptions 

 
Soil erosion 

model 

Erosion 5.91 

Erosion rates for different agricultural 

management practices were calculated 

with model Erosion 5.91 developed by 

UDELAR, DINAMA, UNDP and is based 

on the universal soil loss equation (USLE). 

The model was calibrated with input data 

based on personal communication with 

Carlos Clérici (2012) 
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Critical reflection on methods 

The LPJmL model used for calculation of CWU is a global dynamic vegetation model 

and is not designed to be applied on a more local scale, for example nations. This results 

in that accuracy of CWU calculations can be much improved by more local scale 

modeling, for example using a model for watershed, i.e. SWAT or equivalent. However, 

such models have a very high demand for input data and were not possible to use for 

analysis within the scope of this study due to limited time for data collection and 

sampling in the field. Future continuation of the project should, however, include 

modeling on such scale to deliver more accurate estimates of CWU for Uruguayan beef 

production. 

Comparing with other quantifications of livestock CWU, using different methodology, 

the quantifications in this study are both higher and lower than previous estimates (i.e. 

Mekonnen and Hoekstra 2011; Chapagain and Hoekstra 2004; Pimentel and Pimentel 

2003) and this is most likely depending on how the different estimates deal with the 

allocation of evapotranspiration over grasslands (Deutsch et al. 2010). This study is using 

the approach developed by Lannerstad (Heinke et al. n.d.) and allocates all blue and 

green water evapotranspired for the quantity of grass consumed by cattle. Previous 

calculations has widely different methods for allocating CWU for grasslands ranging 

from including all evapotranspired water to completely excluding water from pastures 

since this water is considered not to have any other use of human interest (Deutsch et al. 

2010) and explains the huge variety between results. 

When developing table 3 linking agricultural management practices to WRES, short-

term effects were not considered wherefore some results may be contradicting to other 

studies (MA 2005) where such development was accounted for. Since the table is not 

based on quantified results the effect is shown for all ecosystem services. It should be 

noted, however, that some effects might be synergy effects of other WRES impacts. For 

example, the negative effect is due to a negative effect on the ES of soil productivity. 

Should these be quantified the results should only be quantified once to avoid for double-

counting. Analysis of this magnitude, dealing with non-linear relationships, multiple 

scale and synergy effects, would do better to analyze effects both short-term and long-

term to enable inclusion of all processes affecting the system rather than those associated 

with the focus-variable as in this study. 
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The calculation of relationship between SOM and SWHC also calls for a more 

thorough analysis. In this study, SOM levels are calculated for SWHC rather than 

measured in the field, which will generate a possibly large bias since the relationship is 

far from linear (Kätterer pers.comm) and would require sampling over several 

agricultural years to deliver more scientifically reliable results. Again, the time was a 

limiting factor within the scope of this analysis but future experiments are planned to 

deliver data for a thorough analysis of the relationships between SOM and SWHC. The 

purpose of such calculation in this study was merely to highlight and establish the 

relationship between the two variables under studied circumstances rather than accurately 

quantify them and focus analysis on what such quantities may imply. However, to 

identify and conclude if the intensification of agriculture in Uruguay can be regarded as a 

regime shift looking at soil productivity, such quantifications are needed. 

Since this is a first attempt to map rather than calculate, in the context of ecosystems, 

the consumptive water use of livestock production, the methodology and developed 

model calls for major refinements. It should also be designed to deal with measured input 

data applicable for multiple cases and not rely on available data, as in this first attempt, in 

order to deliver results of higher validity and possibly a tool to manage livestock 

production in a way to ensure that the local bundle of ecosystem service associated with 

livestock production generates desirable and sustainable outcome within the planetary 

boundaries. 
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Appendix 3: Causal loop diagrams 

 

  

Figure 15: Causal loop diagram for extensive beef production in Uruguay 
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In the extensive livestock production, key feedback loops are centered around soil water holding capacity. For example, a reinforcing 

feedback loop states that the more SWHC, the less evaporation, negatively effecting infiltration capacity that positively impacts infiltrating water 

that results in more water holding capacity. Evapotranspiration is also in a reinforcing feedback loop with SWGHC. A balancing feedback loop 

can be identified for SWHC related to soil productivity grass biomass, transpiration and evapotranspiration. Another key feedback loop is grass 

biomass positively influencing the amount of root biomass that generates more soil organic matter, in turn increasing soil productivity that finally 

has an increasing influence on produced grass biomass. 
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Figure 16: Causal loop diagram for mixed beef production in Uruguay 
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In figure 16 a number of changes from the extensive production system can be seen, illustrated in figure 15. New key variables appear since 

the animal feed in this production system can be either grass from natural pastures, improved pastures or supplements, constituting of cultivated 

crops for animal feed. Thus, an intensification of agriculture creates a vast number of new feedback loops and variables that come into play. 

Fertilizers and pesticides and management practices such as continuous cropping and tillage become important pathways in new loops and soil 

organic matter and soil water holding capacity are key variables in this causal loop diagram involved in a large majority of the most important 

loops. For example, improved pastures increases soil organic matter, hence soil productivity that has a positive impact on improved pastures 

creating a reinforcing feedback loop. Feed crops follow a similar pattern but through management practices such as tillage and continuous 

cropping, both which negatively affect soil organic matter resulting in balancing feedback loops. Grass biomass, through increased root biomass 

in relation to crops, like improved pastures because of higher nitrogen content in vegetation, increases soil organic matter creating yet another 

reinforcing loop back to vegetation type and since improved pastures also contain grass biomass further strengthens their positive effect on soil 

organic matter and soil productivity. 
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Figure 17: Causal loop diagram for intensive beef production in Uruguay. 
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When comparing figure 16 and 17 there is one important change to be identified as the production system becomes even more intensive. On 

the left hand side of the diagram a new feedback loop has been established that includes the cost to produce animal feed, which negatively affects 

the economic margins for the farmer which has a positive effect on livestock production establishing a balancing feedback loop between the three 

elements. Further differences between the two livestock production systems, mixed and intensive, rather concern the amount or relationship 

between the different variables, i.e. how much feed crops in relation to grass and pasture are used, thus how much agricultural land is tilled, 

wherefore such differences cannot be illustrated in a CLD. 
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Appendix 4: Calculations of feed requirements 

 

Table 5: Feed calculations for the three production systems in Uruguay over an agricultural year 

 

Extensive Mixed Intensive 

Relative 
carcass 
weight per 
animal (kg) 

Yield 
grade 
calc. 

factor  

         Dry matter 
intake 
(kg/animal/
day) 9,5 10 12,3 451,23 1,477 

      1 year 
Extensive Step 1 Step 2 Step3 Total 

1 year 
Mixed 

Step 
1 

Step 
2 Step3 Total 

1 Year 
Intensive 

Step 
1 

Step 
2 Step3 Total 

Feed each 
step 238,6 1908,8 1272,6 3420 

Feed 
each step 310,9 

248
7,3 654,5 

3452
,7 

Feed 
each step 331,0 

2647
,7 571,4 

3550
,1 

               

Percentage 
over year 0,07 0,56 0,37 

 

Percenta
ge over 
year 0,09 0,72 0,19 

 

Percenta
ge over 
year 0,09 0,75 0,16 

 

Weight 
gain/ step 41,9 55,8 41,9 139,5 

Weight 
gain/ 
step 54,5 72,7 54,5 

181,
8 

Weight 
gain/ 
step 58,1 77,4 58,1 

193,
5 

Percentage 
over year 0,3 0,4 0,3 

 

Percenta
ge over 
year 0,3 0,4 0,3 

 

Percenta
ge over 
year 0,3 0,4 0,3 

 Feed req 8,4 50,5 44,9 

 

Feed req 8,4 50,5 17,7 

 

Feed req 8,4 50,5 14,5 

 

Production 47160 62880 47160 157200 

 

7860
0 

104
800 

7860
0 

2620
00 

Productio
n 

3144
0 

4192
0 31440 

1048
00 

   

Control 157200 

   
Contr 2620

   
Contr 1048
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ol 00 ol 00 

Total feed 
use 397035,3 

31762
82,59 

2117521,
7 5690839,6 

 

6617
25,5 

529
380
4,3 

1393
106,4 

7348
636,
3 

 

2646
90,2 

   

               

Beef cattle Total feed use (tDM) 

  

VWC m3/ton 
Blue water 
(m3/tDM) 

Green water 
(m3/tDM) 

Blue 
water 

Blue 
water 

Blue 
water 

Green 
water 

Green 
water 

Green 
water 

Green 
water 

 

Extensive Mixed Intensive 

   

Exten
sive Mixed 

Intens
ive 

 

Exten
sive Mixed Intensive 

Wheat 0 81405,0 182520,0 3601,0 
2,0164E-
13 1674,2 0 

1,641
45E-
17 

3,680
33E-
17 

 

0 0,14 0,31 

Rice 0 0 0 1425,3 398,7 595,6 0 0 0 

 

0 0 0 

Maize 0 29248,0 65577,6 1870,4 41,0 1624,1 0 0,001 0,003 

 

0 0,048 0,11 

Sorghum 0 
22450,92
245 

50337,7100
4 5006,5376 

9,78422E-
14 1195,150305 0 

2,196
65E-
18 

4,925
15E-
18 

 

0 
0,0268
32227 

0,0601611
3 

Pulses 0 0 0 1374,7 
7,44947E-
14 998,9 0 0 0 

 

0 0 0 

Temperate 
roots 0 0 0 NA NA NA NA 

   

NA NA NA 

Tropical 
roots 0 0 0 NA NA NA NA 

   

NA NA NA 

Sunflower 0 34009,0 76252,4 3512,358999 20,7 2402,2 0 
0,000
7 0,002 

 

0 0,08 0,18 

Soybean 0 4205,0 9428,1 1825,4 
1,81164E-
13 1380,1 0 

7,617
91E-
19 

1,708
03E-
18 

 

0 0,006 0,013 
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Groundnut
s 0 0 0 6972,4 

7,80491E-
13 13570,0 0 0 0 

 

0 0 0 

Rapeseed 0 0 0 NA NA NA NA 

   

NA NA NA 

Pasture & 
Grass 5690839,6 

7174642,
9 

2450429,91
3 7125,9 0 532,7 0 0 0 

 

3,0 3,8 1,3 

Other 0 2038,3 4570,1 3634,9 51,2 2663,7 0 
0,000
1 

0,000
2 

 

0 0,005 0,012 

Total 5690839,6 
7347999,
1 2839115,9 36348,9 511,6 26636,6 0 3,8 1,5 0 3,0 4,1 2,0 

 


