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Grande é a poesia, a bondade e as dangas...
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Flores, misica, o luar, e o sol que peca
S6 quando, em vez de criar, seca.
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E Fesus Cristo,

Que ndo sabia nada de finangas
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ABSTRACT

This Thesis presents a spatially and temporally explicit and novel framework to identify, quantify and
map soil erosion prevention aimed at establishing the links between the provision of ecosystem services
and policy implementation and land management. Recent studies show that introducing the ecosystem
service concept into policy and decision-making requires spatially explicit information on the state and
trends of ecosystems and their services. Current spatially explicit approaches often fail to make a
distinction between the actual ecosystem service provision and the underlying ecosystem capacity to
provide a specific service.

Here we propose and test a spatially and temporally explicit ecosystem service assessment framework
to assess the provision of the soil erosion prevention service based on the combination of
biogeographic, ecological and land management factors. This ecosystem service is of particular
importance in Mediterranean areas dominated by silvo-pastoral systems, which are prone to soil
degradation, often caused by a wide variety of social and policy drivers. The proposed framework
estimates the service provision based on the spatial and temporal arrangement of potential impacts
and its relation to the actual and potential ecosystem service provision, allowing to identify thresholds
of management change and vulnerability hotspots.

Results show that it is not possible to directly relate the capacity for ecosystem service provision with
the actual ecosystem service provision. In the particular case of regulating services, establishing this
link in mapping and assessment exercises will result in incorrect evaluations due to the spatial and
temporal mismatch between these two indicators. The results also show the importance and impacts of
land management and policy implementation in the provision of soil erosion prevention in
Mediterranean land use systems. Overall, the combination of the different aspects of this Thesis
provides a comprehensive overview of the potential applications of the proposed ecosystem service
indicators to quantify and map soil erosion prevention and to support monitor and decision-making
exercises at both land management and policy levels.

x1






Um quadro de andlise espacialmente explicito para a avaliagao da vulnerabilidade da prevencao de
erosao hidrica: contribui¢gdes para o mapeamento e gestao de servigos de ecossistema em usos do solo
mediterranicos

RESUMO

Esta Tese apresenta um novo quadro de analise espacial e temporalmente explicito para identificar,
quantificar e mapear o servigo de ecossistema de prevencao de erosao do solo com o objectivo de
estabelecer relacdes entre a provisao de servicos de ecossistema e a implementacao de politicas e a
gestao da terra. Estudos recentes mostram que a introducao do conceito de servigos de ecossistema
esfera politica e na tomada de decisdao requer informacao espacialmente explicita sobre o estado e as
tendéncias dos ecossistemas e seus servicos. Atualmente as abordagens espacialmente explicitas muitas
vezes nao conseguem capturar a distin¢do entre a provisao de servicos de ecossistema efetiva e da
capacidade do ecossistema para fornecer um servico especifico.

Aqui propomos e testamos um quadro de andlise, espacial e temporalmente explicito, para avaliar a
provisao do servico de ecossistema de prevencao de erosao do solo com base na combinagao de fatores
biogeograficos, ecoldgicos e de gestao da terra. Este servigo de ecossistema ¢ de particular importancia
nas zonas mediterranicas dominadas por sistemas silvo-pastoris, que sao propensas a degradacao do
solo, muitas vezes causada por uma grande variedade de fatores sociais e politicas. O quadro de
analise proposto estima a provisao de servicos de ecossistema com base no arranjo espacial e temporal
do impacte potencial e sua relacdo com a efetiva e potencial provisao de servigos de ecossistema,
permitindo identificar limiares de mudanca de gestao e hotspots de vulnerabilidade.

Os resultados mostram que nao ¢ possivel relacionar diretamente a capacidade de provisao de servigos
de ecossistema com a efetiva provisao de servigos de ecossistema. No caso particular dos servicos de
regulacao, estabelecer esta relacdo em exercicios de mapeamento e avaliacdo ird necessariamente
resultar em avaliaces incorretas devido ao desencontro espacial e temporal entre esses dois
indicadores. Os resultados também mostram a importancia e os impactes resultantes da gestao da
terra e da implementacao de politicas na prevencao da erosao do solo em sistemas de uso da terra
Mediterranicos. De uma forma geral, a combinacao dos diferentes aspectos desta Tese fornece uma
visao abrangente das potenciais aplicagdes dos indicadores de servigos de ecossistema propostos para
quantificar e mapear a prevencao da erosao do solo e apoiar exercicios de monitorizagao e de tomada
de decisao, tanto ao nivel da gestao da terra como da definicao de politicas.
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During the last decades, European ecosystems and particularly Mediterranean ones have been under
constant stress due to a high dynamic in human activities and constant policy shifts and productivist
guidelines. In this context it is of the utmost importance to devise monitoring systems that can collect
relevant data that can contribute to future policy design at the same time that can be useful to land
managers to fulfill the policy requirements. This would allow to determine vulnerable areas where
action is needed and to give guidelines to tackle the identified vulnerabilities.

The challenge is that this process of supporting decision-making has to include indicators that reflect
the ecosystem dynamics both at the land management and the policy scales. To overcome this
challenge it 1s necessary to develop an analytical framework focused on process related indicators that
are suitable to monitor highly dynamic realities. These have also to be representative both in space
and time, as most ecological processes vary in these two dimensions. So the question now 1s what and

how to monitor.

The ecosystem service concept provides a step forward in the communication of natural values to
decision makers. Although current methodological approaches focus on proxy indicators of ecosystem
service provision, there is a significant amount of scientific background to develop new frameworks to
tackle the previously identified issues. In the case of regulating services, ecosystem service provision
results from the mitigation of a potential impact by the ecosystem service provider. If it is possible to
measure and assess the spatial and temporal distribution of the ecosystem service provision, the next
step would be to test and evaluate the sensitivity of this indicator for policy and land management
support. Within the current scientific background, illustrating the potential of ecosystem service
indicators to monitor, assess and evaluate specific policies and land management practices requires a
novel conceptual and methodological framework and the selection of a relevant ecosystem service to
test 1t.

This is the beginning of this PhD project and the main idea behind this dissertation.






1

INTRODUCTION




1.1 Fundamental challenges and research opportunities

The ecological balance of our planet 1s rapidly changing (Ellis 2011; Hughes et al. 2013) and these
changes are expected to accelerate during the next decades (MA 2005a; IPCC 2007; EEA 2015). Over
the last few centuries, the world’s cultural and natural landscapes have changed profoundly (Thuiller
et al. 2008; Darnhofer et al. 2010), affecting their functions, processes and values (Castro et al. 2010).
As these problems become more apparent, world leaders have also become more aware of the social,
economic and ecological implications resulting from these impacts (Daily and Matson 2008).

In this context, several conventions and protocols meant to protect natural values were signed both at
the European' and global? levels. These and other policy guidelines aim to improve global and
regional sustainable management of ecosystem resources and natural values, and imply a coordinated
response from signatory countries (Le Blanc et al. 2012). They also brought visibility to nature’s values
and have raised awareness to the need to prioritize biodiversity, ecosystems and the services they
provide in several areas of decision-making and social-economic development (SCBD-UNEP 2010).
This prioritization is reflected in several European?3 and national* directives, policies and/or
assessments that constitute the backbone of the European wide environmental protection strategy.
Although many efforts were made, studies show that the targets that were set were not met (Leadley et
al., 2010; Jones et al., 2011a; Pereira et al., 2012a) and that in some cases the main pressures and
impact drivers are intensifying (Thuiller et al. 2008; Abbott and Le Maitre 2009; Lindner et al. 2010).

In the European context some of the most important drivers include: 1) increasing human pressure in
rural and peri-urban areas and the implementation of regional/high dimension projects (Swaffield and
Primdahl 2010; Rounsevell et al. 2012); 11) intensification of productive strategies (Onate et al. 2007;
Dibden et al. 2009); 111) abandonment of productive activities and land, specially in rural, economically
undeveloped and socially depreciated regions (Henle et al. 2008; Figueiredo and Pereira 2011); 1v) the
application of uncoordinated economic, social and environmental policies (Korhonen and Seager
2008; Pe’er et al. 2014); and v) the increase of environmental risks resulting from man made
disturbances and/or climate change (Schréter et al. 2005; Scholze et al. 2006; Lindner et al. 2010;
Shrestha et al. 2013). These and other still existing drivers raise the importance of the evaluation and
impact assessment of policy design and implementation not only for current and past conditions but
also for future policy and environmental scenarios (Maes et al. 2013b).

The need to establish causal relations between social/environmental variables and the resulting
impacts, and to mitigate their social and ecological consequences puts a focus on having monitoring
systems that provide information not only on the impacts themselves but also on their related

Le.g. the European Diploma of Protected Areas [1965], the Convention on the Conservation of European Wildlife and Natural
Habitats [1979], the European Outline Convention on Transfrontier Co-operation between Territorial Communaties or Authorities
[1980], the European Landscape Convention [2000], the Convention on the Value of Cultural Heritage for Society [2003], the
EU Biodwersity Strategy to 2020.

2 e.g. the Convention concerning the Protection of the World Cultural and Natural Heritage [1972], the Ramsar Convention
[1971], the Convention on Biological Diversity [1992], the UN Framework Convention on Climate Change [1994], the Global
Strategy for Plant Conservation [2002], the Nagoya Protocol [2010], the Strategic Plan for Biodwersity 2011-2020 and the
Aichi targets.

5 e.g. Water Framework Directive, Habitats Directive, Soil Thematic Strategy, Biodwersity Information System _for Europe.

+e.g. National Ecosystems Assessment (UK), National Environmental Policy Plan (The Netherlands), National Strategy on
Biodwersity (France), National Strategy for the Conservation of Nature and Biodiversity (Portugal).
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processes. Although existing monitoring systems provide a significant and important pool of data on
ecosystems’ states and dynamics, they often fail to deliver useful information to monitor and to
mitigate environmental risks. This results from the fact that they usually focus on impact indicators
(e.g. soil erosion, flood area) rather than on indicators of mitigation capacity and/or effectiveness (e.g.
soil erosion prevention, flood protection) (Gobin et al. 2004; Dawson et al. 2009).

One particular case is the monitoring of soil erosion effects/impacts (Fig. 1.1a) without a focus on
monitoring soil erosion prevention (Fig. 1.1b). While the first is related to the impact itself, and thus
dependent on broad scale variables (e.g. climate), the second is a key factor where land management
can act to reduce or mitigate the impact that is being generated. This difference of monitoring focus
can have a substantial effect in the success of environmental protection measures/policies by providing
land managers and policy makers with relevant data to assess and monitor the implications of
production and policy goals. In agricultural and forest areas land management determines the land use
and consequently the land cover of a particular area (Fig. 1.1). This underlines the importance of the
decisions/management choices taken by the land manager, making them the backbone of territorial
shaping (Darnhofer et al. 2012). These vary according to a combination of regional, environmental,
social, economic and policy dynamics and constrains (Box 1.1 gives a synthesis of the main drivers for
Mediterranean Europe).

a) b)
External External
drivers and drivers and
actors actors
/i Land /i Land
Land Land
Use Use
management management
options 2 options )
soil cover soil cover
|
Land mitigation Land mitigation
manager capacity manager capacity
N N
\
benefit soil erosion Soil
mitigation) erosion

Climate Biophysical Climate Biophysical
conditions conditions conditions conditions

D monitoring focus § biophysical process / direct relation /1 indirect relation

Figure 1.1 Focus of environmental monitoring within the erosion process: a) current environmental risk

monitoring; and b) ecosystem service based approach.



Land management 1s on of the main pillars of land transformation (Darnhofer et al. 2012). This s
particularly relevant in Mediterranean conditions where environmental, social, economic and policy drivers
and constrains are extremely present in the decision process of each land manager (Pinto-Correia et al. 2011).
In these conditions, land management and the respective land use options are always tested against a_fragile
equilibrium of scarce environmental resources (Geeson et al. 2002), growing environmental risks (Boardman
and Poesen 2006) and pressuring social, economic and policy dynamics (Darnhofer et al. 2012).
Considering the contribution of souls to the farm system sustainability (Vanslembrouck and Van Huyenbroeck
2005) and thewr characteristics in Mediterranean Europe, soil erosion us presently one of the main driwvers of
soil degradation under these conditions (Van-Camp et al. 2004). At the same time, most cultivated areas are
located in areas with sediment accumulated from past erosion and without it the soil would be too thin to
allow for an intenswe agricultural use (Grove and Rackam 2001). This dichotomy s exacerbated by the
current and foreseen climatic trends, regional topography, water availability, but also by the political and

social pressures felt by the land manager, configuring a complex web of decisions that ultimately results in very

specific and multi-functional land use types.

At a larger scale, land management is therefore responsible for shaping the landscape and for having a
significant role in maintaining its resources and ecological functions. In the case of soil resources and
processes, soil erosion prevention is rarely the target of management options, mostly oriented to
optimize production outputs. This often results in increased impacts mainly caused by land
management practices with unsuitable environmental goals. Shifting the focus of environmental
monitoring from the impact to the mitigation process (Fig. 1.1) allows to evaluate the implications of
land managers’ choices and eventually to steer their decision process to a more environmental friendly
pathway. Therefore, monitoring the effectiveness of impact mitigation in specific land management
systems could then provide important information to assess potential causal relations between land
management and the associated impacts resulting from environmental risks. At a different scale, it
would also be helpful in policy evaluation and to support future policy design in the context of scenario
building assessments.

In order to interpret and assess existing causal relations it is necessary to describe the structure,
relations and dynamics between the different social-ecological system elements (Folke et al. 2010).
From this perspective, it is not possible to assess the different system elements by themselves, rather it is
necessary to focus on the interactions and feedbacks between them in order to determine the relative
influence of each element to the final system outcome (Bergengren et al. 2011; Galic et al. 2012). This
implies that the focus of the analysis has to be on process related indicators that target the systems’
interactions. Consequently it is necessary to introduce new concepts and tools that allow to produce
direct information about the vulnerability of these systems and ecological functions.

At the same time, it is becoming more evident for policy makers that nature-based solutions, e.g. using
wetlands for water purification, flood protection or carbon storage, may indeed be more cost-effective
than implementing other type of technical solutions and infrastructures (Maes et al. 2012). As part of
this process, the use of ecosystem service based approaches has transcended the academic sphere to
reach the decision making process (Kumar 2010; EC 2011).

8



Pushing the ecosystem service agenda into policy-making has to ensure that the positive or negative
impacts of specific policies on ecosystems and their services are considered during both the policy
design and the policy implementation phase (Cowling et al. 2008; Daily et al. 2009). Doing this
requires knowledge of the drivers and pressures on the systems under study, as well as an
understanding of how the system is changing or might change from its current state (Fisher et al.
2008). Therefore, to monitor and improve the provision of ecosystem services at different scales, it is
important to follow a standardized approach, in which clear indicators are identified and spatially
explicit methods used to follow and explore current and future changes (Maler et al. 2008; Tallis et al.
2008). In this context, information must be exchanged not only among diverging scientific disciplines
but also between the scientific community and policy and decision-makers (Dunbar et al. 2013). This is
also crucial to assess the impacts of policies and whether they need to be re-evaluated in the future
(Garpenter et al. 2009; Braat and de Groot 2012).

1.2 The ecosystem service framework

Ecosystem services are the direct and indirect contributions of ecosystems to human well-being
(Kumar 2010), corresponding to the outputs of ecological processes that can generate benefits to
society. The concept of ecosystem services is attracting increased attention as a way to communicate
society’s dependence on ecological functions and processes (De Groot et al. 2002). In this context, the
ecosystem service concept and general framework (MA 2005a; Carpenter et al. 2006) provide a

starting point to generate relevant data for multiple purposes, objectives and scales to support the
decision making process (MA 2005b; Tallis et al. 2012).

The origins of the modern history of ecosystem services are to be found in the late 1970s starting with
the utilitarian framing of beneficial ecosystem functions as services in order to increase public interest
in biodiversity conservation (Gomez-Baggethun et al. 2010). In the 1990s the concept was
mainstreamed in the literature (Costanza and Daly 1992; Perrings et al. 1992; Rapport et al. 1998),
followed by an increased interest on methods for their assessment and estimation of their economic
value (Costanza et al. 1997). The Millennium Assessment (MA 2003) has contributed to great extent to
mainstream the ecosystem services concept into the policy agenda, and since its release the literature
on ecosystem services has grown exponentially (Fisher et al. 2009; Seppelt et al. 2011; Costanza and
Kubiszewski 2012).

The Millennium Assessment (MA 2005a) distinguished provisioning, regulating, cultural and
supporting services, and demonstrated that they are subject to natural and human-induced pressures
at various spatial and temporal scales. It also provided and tested an ecosystem services framework for
analysing social-ecological systems, which influenced policymakers and the scientific community (Maes
et al. 2012). Generally speaking, the provision of ecosystem services depends on the local biophysical
conditions, land cover, land use, the existing ecological processes and the climatic changes over space
and time (Rounsevell et al. 2010; Burkhard et al. 2012). Changes in the state and trends of ecosystem
service provision produce a system response that can induce adaptation or mitigation cycles,
depending on the influence of the existing external and internal drivers.

In the case of regulating services, service provision depends on the interaction between the biophysical,
climatic and land cover/use conditions and dynamics. This specific class of ecosystem services is
related to the mitigation of natural hazards (e.g. floods, soil erosion, extreme climatic events) and
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environmental impacts (e.g. water quality). It includes (Kumar 2010): 1) local climate and air quality; 11)
carbon sequestration and storage; 1i1) moderation of extreme events; 1v) waste-water treatment; v) soil
erosion prevention and maintenance of soil fertility; vi) pollination; and vii) biological control. Due to
its relation to specific ecological cycles, ecosystem regulating services are completely dependent on the
ecological processes themselves rather than on particular landscape characteristics.

While other ecosystem services (e.g. food production) can have a direct relation to the land cover/use
of a given area (i.e. the provisioning capacity is directly related to the actual service provision), in the
case of regulating services there appears to be a mismatch between the capacity to provide the service,
the actual service provision and the generated benefits to society. A clear example of this mismatch is
flood regulation. In this particular case, the actual ecosystem service provision (e.g. water percolation
or retention) is not only related to the capacity of a patch of vegetation to provide the service but also
to the existence of the impact itself (e.g. water runoff). This means that there can be places where the
capacity to provide the service exists but no ecosystem service is provided. Following the same
example, the spatial and temporal relation between service provision and the benefit to society is also
not clear. While water percolation or retention happens uphill, the benefit (1.e. reduced flooding)
happens downstream. The oversimplification of these relations can induce incorrect assumptions and
assessments and result in misleading conclusions (Eigenbrod et al. 2010b; Eigenbrod et al. 2010a).

Until recently, most case studies still rely on relatively simplistic approaches using land cover data as a
proxy to estimate ecosystem services provision and their values (Schagner et al. 2013). The impact of
these proxy-based methods has already been demonstrated for mapping a number of ecosystem
services, including regulating services (Eigenbrod et al. 2010b). At the same time, one of the most
recurrent limitations of the ecosystem service methodological approach is related to the drawbacks
associated with most ways of inferring value (Daily et al. 2000). This stresses the need for novel and
interdisciplinary approaches (Tress and Tress 2001; Abson and Termansen 2011; Antrop et al. 2013)
that can, at the landscape scale, provide insights about the states and dynamics of ecosystem regulating
services.

Since 2005 (MA 2005a; MA 2005b) on-going research has revealed new possibilities for measuring
and projecting the effects of policy choices and human activities on the structure and processes of
ecosystems, the services they provide, and human well-being (Carpenter et al. 2009). Monetary
approaches like cost-benefit analyses, contingent valuations or willingness-to-pay assessments are
useful attempts (Farber et al. 2002) but their outcomes are often unsatisfactory due to the economic
focus and the lack of appropriate pricing methods, e.g. for non-marketed goods and services (Ludwig
2000; Spangenberg and Settele 2010). More recently the focus of these ecosystem service evaluations
has been the mapping of ecosystem services (e.g. Naidoo et al. 2008; Burkhard et al. 2012; Crossman
et al. 2013; Maes et al. 2014) in order to provide spatially explicit assessments that can be related to
other landscape dynamics. From global (e.g. Naidoo et al. 2008; Costanza et al. 2014) to regional (e.g.
Fitter et al. 2010; Maes et al. 2011) or local (e.g. Burkhard et al. 2009; Locatelli et al. 2010)
assessments, there are a number of ecosystem services quantification, mapping and valuation methods
being applied. Also a considerable volume of information on the state and trends of these services is
being generated (Maes et al. 2014; Drakou et al. 2015). In this context, the increased use of the
ecosystem services framework creates data integration and methodological challenges particularly in
specific groups of ecosystem services like regulating services (Elmqvist and Maltby 2010; Kumar 2010).
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1.3 Soil erosion in Mediterranean land use systems

Mediterranean landscapes are characterised by fragile natural ecosystems, long-term human
exploitation and insufficient rainfall for fast vegetation recovery after each degrading event (Geeson et
al. 2002; Bangash et al. 2013). These conditions have directly influenced the existing land use systems
and thus shaped the Mediterranean landscape (Rigueiro-Rodriguez et al. 2009). In these land use
systems, anthropogenic disturbances such as deforestation, grazing, agricultural development, and fire
management have been factors influencing ecosystem dynamics for at least 10 000 years (Kosmas and
Danalatos 1993; Rundel et al. 1998; Grove and Rackam 2001). Although problems of deforestation
and erosion date back to Greek and Roman times, many land-use practices were considered relatively
sustainable (Geeson et al. 2002). Many of the early forms of agro-pastoral use of Mediterranean
woodlands and shrublands continued without significant modification from classic times up until the
middle of the twentieth century (Caravello and Giacomin 1993). In contrast, in the past half-century,
the frequency and dynamics of land use and land cover change produced dramatic modifications on
the structure and diversity of existing ecosystems (Jones et al. 2011b). Strongly supported by the
productivist philosophy of the Common Agricultural Policy — after the Second World War —
agriculture in Europe has undergone a process of radical transformation through specialization,
concentration and the intensification of production. The intensification process resulted in increased
mechanization, use of fertilization, and the promotion and extension of irrigated areas (Woods 2005;
Woods 2011). This processes occurred later in Mediterranean Europe, and particularly in the Iberian
Peninsula, taking place mainly after the integration in 1986 of Portugal and Spain in the European
Union (Jones et al. 2011b). In this region the extensive grazing of silvo-pastoral systems has suffered a
process of intensification (e.g. with increasing cattle headage), and areas of extensive crop farming have
been converted into fields of fast-growing, heavily fertilized and pest-treated crops (Pinto-Correia and
Vos 2004; EEA 2007; Emanuelsson et al. 2009).

Considering these dynamics, pressure on Mediterranean soil resources has increased not only due to
increasing soil/land demand and land cover change for more intensive land use purposes, but also due
to increasing soil degradation risks, particularly soil erosion, desertification, organic matter depletion
and contamination (Van-Camp et al. 2004). In the case of the former, by removing the most fertile
topsoil, soil erosion reduces productivity and can lead to an irreversible loss of natural farmland and
reduce local/regional adaptive capacity (Kirkby et al. 2004). At the same time, erosion rates are
expected to rise during the twenty-first century due to global warming, which is related to a more
vigorous hydrologic cycle particularly in Mediterranean regions (Zhang and Nearing 2005; Boardman
2006). Under these conditions soil erosion by water is the main process leading to land degradation
(Kosmas et al. 2000) and one of the key indicators for long term assessments (Bosco et al. 2014).

Since the 1930s, but mainly after the 1960s, soil scientists and decision-makers have been developing
and extensively using models to calculate soil loss from a field, a hill slope, or small watersheds
(Wischmeier and Smith 1978). Despite these developments, in the 1970s the problem of land
degradation due to soil erosion was considered of minor importance for most of the countries of the
European Community. It was pointed out that the traditional agricultural systems were well capable of
controlling soil degradation due to erosion (Chisci and Morgan 1986). As a consequence low priority
was given to research projects on soil erosion and conservation even if the Mediterranean was
considered to be at severe soil erosion risk due to the introduction of new agricultural practices,
particularly in mid-slope areas (Morgan 1986). Since the 1980s there was a strong development in soil
science with several papers (e.g. Vrieling 2006; Verheijen et al. 2009; Dunbar et al. 2013; Panagos et
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al. 2014a), books (e.g. Chisci and Morgan 1986; Schwertmann et al. 1988; Boardman and Poesen
2006) and reports (e.g. Coelho et al. 1995; Van Rompaey et al. 2003; Kirkby et al. 2004) being
published. These publications highlight the potential problems resulting from soil loss caused by water
in agricultural and forest landscapes and identity past and current research opportunities.

Soil erosion caused by water is the result of many processes, which influence each other through
complex interactions and it proceeds at rates that vary in space and time (Driesen 1986). It
corresponds to a multivariate phenomenon that results from the interaction and combination of
(Panagos et al. 2011b) (Fig. 1.2): 1) rainfall erosivity, which accounts for the erosive potential
directly caused by rainfall intensity (Wischmeier and Smith 1978); ii) soil erodibility, which reflects
the detachability (a function of soil infiltration rate, permeability, and total water capacity) and
transportability (a function of soil dispersion, splashing, and abrasion) of a specific soil type (Wawer et
al. 2005; Panagos et al. 2012); ii1) topography, which affects the volume and velocity of water flow
resulting from a complex interaction of several terrain parameters, such as the angle (or degree) of
slope, slope length, curvature, and roughness of the surface (Desmet and Govers 1996; Van Remortel
et al. 2004); iv) land wuse, which is associated with the anthropogenic acceleration of erosion
discriminating actual from potential erosion (Schuler and Sattler 2010; Panagos et al. 2015); and
finally v) land cover, particularly vegetation cover that prevents the process of soil detachment from
rainfall and runoftf (Wang et al. 2008; Zhongming et al. 2010).

The rate of soil degradation is dependent upon the rate of vegetation degradation, which in turn is
influenced by both adverse climate (Langbein and Schumm 1958; Wang et al. 2008), biological
invasions (Charles and Dukes 2007; Vicente et al. 2013a; Fernandes et al. 2014) and land use and
management changes (Kosmas et al. 1997; Geeson et al. 2002). At the level of ecosystem service
provision, vegetation is therefore the main ecosystem service provider related to soil erosion prevention
(Faber and van Wensem 2012; Galic et al. 2012). Hence, in the framework of this dissertation, soil
erosion prevention corresponds to the ecological process by which soil erosion is mitigated by

vegetation cover in a given place and time.
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Figure 1.2 Main variables and interactions within the soil erosion process by water.

As highlighted before, land management plays a central role in maintaining and promoting vegetation
cover, particularly in periods of heavy rain following a dry season (Giraldez et al. 1988). Management
options depend on farm biophysical and structural characteristics and production goals, but are also
affected by the individual profile of the land manager, his social context and by a set of external drivers
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(Darnhofer et al. 2010; Sutherland et al. 2014; Darnhofer 2014). These external drivers are related to
global and regional markets and technological developments, but in todays’ Europe are strongly
dependent on sectorial policies (e.g. the European Common Agricultural Policy) (Darnhofer et al.
2012; van Vliet et al. 2015). Due to these drivers (both internal and external) and to the local
adjustments made according to the biophysical and climatic characteristics of each place, land
management can vary through time and space (Almeida et al. 2013). This makes the evaluation of
land management practices a significant challenge, especially in the context of monitoring their

environmental impacts.

In order to use ecosystem service provision as a potential indicator to monitor the impacts of land
management and policy implementation, the methodological approach has to be able to assess and
show variations in space and time (Syrbe and Walz 2012), and also to be used across scales, i.e.
allowing for upscaling and downscaling exercises with a high degree of confidence. This would allow
to capture, at a representative scale of the process and/or of the driver, the associated impacts (positive
and negative) (Schroter et al. 2005; Metzger et al. 2006). In the particular case of soil erosion
prevention (and theoretically of all regulating services) this approach assumes an even more critical
importance in social-ecological systems with fragile equilibriums like the land use systems present in
the Mediterranean area (Furst et al. 2013; Almagro et al. 2013). Its monitoring has to consider the
different components of its particular ecological cycle and, at the same time, it has to be represented at
a relevant spatial and temporal scale.

1.4 Research objectives and thesis outline

1.4.1 Research objectives

This thesis presents a novel assessment framework for assessing the spatial distribution of ecosystem
regulating services provision according to a process-based approach that considers specific biophysical
and climatic traits and different land use trajectories. The framework is sensitive to environmental
and/or social-economic changes and can be adapted to different social-ecological contexts and
different evaluation scales.

Overarching objective: To develop and test an ecosystem service assessment framework that

provides a complementary approach to address modern conservation challenges in land management

and policy design.

The framework will be demonstrated for soil erosion prevention with focus on the spatial and temporal
mismatch between the evaluation of ecosystem service capacity and the evaluation of actual ecosystem
service provision. At the same time the thesis describes the development of an indicator set that allows
to monitor the effects of policy and land management dynamics on ecosystem service provision.
Specifically, the Thesis will address the three research questions described below.
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RQ 1: What are the impacts of historic and current policy implementation in the provision of soil

erosion prevention?

Specific objectives:

e Demonstrate the implications of agricultural policy implementation and change for soil erosion prevention provision in
a particular land management system.

o Duscuss the challenges for policy design deriving from the inclusion of ecosystem service based indicators in strategic
impact evaluations.

RQ 2: Can land management practices be monitored using ecosystem service indicators to determine

the degree to which they are improving or hampering ecosystem service provision?

Specific objectives:

o Test if ecosystem service indicators are sensitwe to different land management practices and if specific land
management practices reflect different soil erosion prevention considering their specific biophysical, climatic and
topographic conditions.

o Duscuss the application of using ecosystem service provision indicators to compare between land management practices
in terms of environmental conservation outputs.

RQ 3: Can the developed framework be up-scaled to produce relevant results at macro and sub-

regional scales and what are the key challenges?

Specific objectives:

o Describe the recent trends of soil erosion prevention in Mediterranean Europe.
o Use ecosystem service indicators i the frame of a strategic evaluation and test the potential to identify and typify
vulnerable areas of ecosystem service provision.

o Duscuss the potential of ecosystem services broad scale assessment for policy support.

The research presented in this dissertation provides a common conceptual and modeling framework to
quantify and map ecosystem regulating services. The application examples included demonstrate how
the framework can help to increase and improve the available information and data for decision-
makers and contribute to the understanding of the implications of complex policies. It further
demonstrated the value of ecosystem service indicators to improve land management monitoring and

decision support.

1.4.2 Thesis outline

The conceptual framework for quantifying and mapping ecosystem services provision is described in
detail in Chapter 2 and sits at the core of the dissertation (Fig. 1.3). The validity and applicability of
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the framework is the described using three applied case studies, testing the framework at three different

spatial scales and across a range of social and environmental conditions within the Mediterranean area
(Chapters 3-5; Fig. 1.3).

Chapter 2 presents a novel ecosystem service provision assessment framework that was designed to
focus on the “avoided impact” principle related to the provision of ecosystem regulating services. It
assumes that ecosystem service is provided in the interface between the structural and social-ecological
components of the system under evaluation, and it lays out a set of indicators to assess the distribution,
magnitude and dynamics of ecosystem service provision. This framework resides at the core of this
Dissertation from which opportunities for policy and management support and evaluation are
recognized.

Conceptual

framework
(Chapter 2)

Social-ecological system

ecosystem L
social-ecological

service provtders
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rainfall ; Land management
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ecosystem * i
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structure
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X Land
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Figure 1.3 Outline of the Dissertation describing the research objectives and scales of application of each case
study.

In Chapter 3 the sensitivity of the proposed framework to identify the influence of policy
implementation 1s assessed. It includes a local example where policy measures related to soil
prevention are described for the last 60 years and are related to the dynamics of soil erosion
prevention in the area. This represents a key aspect to increase the range of applications of the

proposed framework as well as to improve its relevance for environmental monitoring systems.
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In the following assessment (Chapter 4), the influence of management options in the provision of soil
erosion prevention is also evaluated. To do this a group of land management units was surveyed and
relations were inferred regarding the estimated ecosystem service provision indicators.

These last two Chapters present and discuss the application opportunities of the proposed ecosystem
service evaluation framework. They also provide evidence of the sensitivity of the proposed ecosystem

service indicators of soil erosion prevention to changes in policy and management.

Chapter 5 illustrates how the proposed ecosystem service framework can be upscaled to the
Mediterranean Europe macro region. Here, maps of the provision of soil erosion prevention are
provided and discussed and regional ecosystem service profiles are used to compare between regions in
an illustrative regional assessment.

Finally Chapter 6 gives a general discussion of the proposed ecosystem service evaluation framework
and of the results from each assessment. Policy and management support and monitoring applications
are described and future work is anticipated.
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Abstract

Current spatially explicit approaches to map and assess ecosystem services are often grounded on unreliable proxy data
based on land use/cover to derwe ecosystem service indicators. These approaches fail to make a distinction between the
actual service provision and the underlying ecosystem capacity to provide the service. We present the application of an
integrative conceptual_framework to estimate the provision of soil erosion prevention by combining the structural impact of
sol erosion and the social-ecological processes that allow for its mitigation. The framework was tested and illustrated in
the Portel municipality in Southern Portugal, a Mediterranean silvo-pastoral system that is prone to desertification and
soil degradation. The results show a clear difference in the spatial and temporal distribution of the capacity for ecosystem
service provision and the actual ecosystem service provision. It also shows that although the average actual ecosystem service
provision in the region s sufficient to mitigate the existing structural impact, vulnerable areas can be identified where
significant soil losses are not mitigated at present. This becomes more significant when comparing different land
management intensities. Considering these results, we argue that the general assumption that there s an almost direct
relation between the capacity for ecosystem service provision of a given area and the actual ecosystem service provision is
wrong. We also discuss how the framework presented here could be used to support land management and policy, and how
it can be adapted for other regulating services.
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2.1 Introduction

The Millennium Assessment (MA 2005a) provided and tested an ecosystem services framework for
analysing social-ecological systems, which influenced policymakers and the scientific community (Maes
et al. 2012). It distinguished provisioning, regulating, cultural and supporting services, and
demonstrated that they are subject to natural and human-induced pressures at various spatial and
temporal scales. Despite its limitations (Wallace 2007; Kumar 2010) the ecosystem services concept
provides an important framework for understanding and managing complex social-ecological
processes at both local and regional scales (Williams and Kapustka 2000; Holling 2001; Daily and
Matson 2008; Daily et al. 2009; Hauck et al. 2013).

Following the inclusion of ecosystem services in the CBD Aichi targets (CBD 2012; Pereira et al.
2013), the concept is now increasingly used in policy and decision-making, e.g. in the EU biodiversity
strategy (EC 2011). For the appropriate design of policy tools and to target their implementation and
allow for their monitoring, there is an increasing need for spatially explicit information on the state
and trends of ecosystems and their services (Maes et al. 2012). Spatial and temporal representation of
ecosystem services allows the identification of areas with particular importance in terms of the services
provided, as well as vulnerable areas, and the possibility to explore consequences of current and future
environmental and socioeconomic change (Miller and Burkhard 2012; Rounsevell et al. 2012).
Therefore, research efforts are now underway to quantify, value and map ecosystem services at all
scales, ranging from local (e.g. Nedkov and Burkhard 2011; Plieninger et al. 2013) regional (Bangash
et al. 2013; Bagstad et al. 2013) national (e.g. van Wijnen et al. 2012) and international scales (e.g.
Metzger et al. 2008b; Naidoo et al. 2008).

Current spatially explicit approaches are mostly based on land use/cover assessments (Vihervaara et
al. 2010; Burkhard et al. 2012), assigning a static value, often based in expert opinion, to the capacity
of a given land cover class to provide an ecosystem service (e.g. Burkhard et al. 2009). Although
insightful, especially for national or international assessments, these maps form a major simplification
of inherently multi-dimensional processes. They also provide limited support for developing regional
land management strategies and policy (Eigenbrod et al. 2010b; Seppelt et al. 2011), which require
information on both the actual ecosystem services provision and the capacity for ecosystem services provision.

These two concepts, actual ecosystem services provision and the capacity for ecosystem services provision, express
different ecosystem components within a single land cover class, which often do not overlap in space
and time. The later relates to the capacity of a given land cover type to provide soil protection (e.g.
associated to the density of the canopy), while the first relates to the actual quantity of soil not eroded
in a given environmental and biophysical context. For example, in the Mediterranean, maximum
vegetation cover within a land cover class varies through the year, and consequently the actual ecosystem
services provision of soil erosion prevention will show temporal differences. However, current mapping
approaches (e.g. Burkhard et al. 2012; Haines-Young et al. 2012; Vicente et al. 2013b), focusing on
the capacity for ecosystem services provision, only provide a static figure and do not consider the variation of
environmental or biophysical traits. Although the latter is sufficient for broad overviews, the
effectiveness of land management (e.g. to mitigate soil erosion) and policy incentives can only be
measured if we can assess whether adequate vegetation cover is in place during critical periods,
requiring a spatially and temporally explicit assessment of the actual ecosystem service provision.

This second Chapter presents a modelling framework to assess actual ecosystem services provision, llustrated
for soil erosion prevention, a regulating service (Fu et al. 2011) that varies over time and space,
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especially in regions with high risk of desertification and soil degradation (Van-Camp et al. 2004). Soil
erosion has both local (e.g. Vanwalleghem et al. 2010) and regional impacts (e.g. Martin-Fernandez
and Martinez-Nuafiez 2011), which can often be mitigated by adopting suitable land management
practices (Presbitero et al. 1995). Although there are several papers describing the spatial distribution
of soil erosion (e.g. Bou Kheir et al. 2006), there are important knowledge gaps regarding the spatial
and temporal extent and distribution of soil erosion prevention.

Previous studies mapping soil erosion prevention used static approaches to determine the capacity for
ecosystem services provision (e.g. Maes et al. 2011; van Wijnen et al. 2012), ignoring interactions between
the structural ecosystem components such as topography, soil type and rainfall, and the social-
ecological processes affecting vegetation cover (Fig. 2.1). Drivers affecting the social-ecological system
can be multiple, including changes in commodity prices and consumer demand, changes in policy,
and changes in land managers’ preferences and priorities (Pinto-Correia and Vos 2004; Rounsevell et
al. 2012). Combined, they influence land management decisions at the farm level, including livestock
breeds, stocking density of livestock, grazing pressure, and shrub control. The social-ecological drivers
therefore ultimately determine the overall landscape (Swaffield and Primdahl 2010; Benoit et al. 2012),
within which farmers manage their land. For those reasons we argue that to understand, measure and
map actual ecosystem services provision, both the structural and the social-ecological components of the
social-ecological system need to be considered.
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Figure 2.1 Conceptual framework of ecosystem service provision, as dependent on both the biophysical
structure and land management, driven by a combination of multiple structural and social-ecological

components.

The following section presents a conceptual framework for assessing actual ecosystem services provision of
soil erosion prevention, incorporating the structural and social-ecological components of a given
system. This framework 1is subsequently illustrated for a silvo-pastoral case study in Portugal (Section
2.3). Finally the results (Section 2.4) demonstrate how the presented approach can:

1) assess the impact of land management practices on actual ecosystem services provision;
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i1) identify spatial and temporal trends in actual ecosystem services provision;
1) identify vulnerability hot spots; and

v) support the development of sustainable land use policy.

2.2 Conceptual ecosystem service framework for assessing soil erosion

prevention

To begin assessing the contribution of soil erosion prevention we need to identify the structural impact
(Y) of soil erosion, i.e. the erosion that would occur when vegetation is absent and therefore no
ecosystem service is provided (Fig. 2.2a). It determines the potential soil erosion in a given place and
time and is related to rainfall erosivity (i.e. the erosive potential of rainfall), soil erodibility (as a
characteristic of the soil type) and local topography (Panagos et al. 2011b). Although external drivers
can have an effect on these variables (e.g. climate change), they are less prone to be changed directly
by human action.

The actual ecosystem service provision (Es) reduces the total amount of structural impact (Y), and we define the
remaining impact as the ecosystem service mitigated impact ( 5.). We can then define the capacity for ecosystem
service provision (e5) as a key component to determine the fraction of the structural impact that is mitigated
(Fig. 2.2b). This capacity for ecosystem service provision (es) is influenced by both internal and external socio-
ecological drivers. Examples of internal drivers include management options, forest fires, and urban
sprawl, whilst agricultural policy measures, spatial planning, and climate change are examples of
external drivers affecting soil erosion prevention.
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Figure 2.2 Conceptual framework where: a) presents the structural impact (Y), i.e. the total soil erosion without
ecosystem service provision (here vegetation cover); and b) distinguishes the actual ecosystem service provision (E;), as
a fraction of the structural impact and determined by the capacity for ecosystem service provision, and the
remaining ecosystem service mitigated impact (f3.).
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The four concepts, described in Table 2.1, can be used as the basis for assessing the impacts of land
use practices on ecosystem service provision, and for the evaluation of land management and policy
measures aimed at increasing soil erosion prevention. The challenge is to clearly identify and define
the relevant processes within the social-ecological system (e.g. the soil erosion prevention provided by
vegetation cover), which must then be mathematically formulated.

Table 2.1 Identification and description of the four concepts used in the proposed ecosystem service

vulnerability framework.

Concept Variable Description

Structural impact Y The total soil erosion impact when no ecosystem service is
provided.

Capacity for ecosystem service provision es The fraction of the structural impact that is mitigated by the

ecosystem service provider, it corresponds to an adimensional

gradient ranging from 0 to 1.

Actual ecosystem service provision E; The actual ecosystem service provision corresponds to the total
amount of ecosystem service provided, measured in ecosystem
service providing units (tons of soil not eroded). It varies from
season to season and year-to-year depending on the variation of
the structural impact.

Ecosystem service mitigated impact fe The remaining soil erosion after ecosystem service provision.

Here, we provide a simple mathematical outline, which could be further elaborated depending on
system knowledge and data availability. It is based on the premise that the actual ecosystem service provision
1s determined by the difference between the structural impact being evaluated and the ecosystem service
mutigated impact:
E=Y-p

s e

(Eq.2.1)

where, £ corresponds to the actual ecosystem service provision, Y to the structural impact from soil erosion,
and S, to the ecosystem service mitigated impact. 'This provides a simple conceptual background to the
formulation of a more complex mathematical model.

In the case of soil erosion, the structural impact can be measured as a function of a set of key structural
climate and physiographic components, given by:

= £(n) (£q.2.2)

where, Y corresponds to the structural impact from soil erosion, and f (17) to a function of the previously

defined soil erosion variables considered as fundamental to determine a structural soil erosion (e.g.
rainfall erosivity, soil erodibility, topography).

While structural soil erosion considers the main climate and physiographic components of soil erosion,
to determine the ecosystem service mitigated impact it 1s necessary to study the mitigation capacity of the
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ecosystem service, l.e. the ecosystem capacity to provide a specific service (here soil erosion
prevention). Mathematically, the ecosystem service mitigated impact 1s defined as:

B =Yxa (Eq.2.3)

where, f, corresponds to the ecosystem service mitigated impact, Y to the structural impact from soil erosion,
and « to the inverse gradient of the capacity for ecosystem service provision (e) measured between 0 and 1 and
obtained as an estimation of the ecosystem functions and processes related to the ecosystem service

provision, given that a=1-¢ and:

E=Ye=1
T (Eq.2.4)
E =01 ¢=0
This mathematical quantification of actual ecosystem service provision can be related to specific land
management practices by assessing ecosystem service provision in space and time. By describing the
spatial and temporal distribution of ecosystem service provision it is possible to: 1) compare two
different land management strategies and assess their effectiveness in improving the ecosystem service
provisioning; ii) evaluate the same management strategy with different impact intensities in order to
identify acceptable impact thresholds; and 111) assess the temporal effect of land management strategies
over specific ecosystem services or functions.

The analysis of land management impacts can then be implemented within a specific spatial or
temporal context given the following relation:

A
A A (Eq.2.5)
%
¢ (LM =M ) ( (E‘S(A)—ES(J))
where, A(]M ;) corresponds to the variation in land management practices between evaluation sites
A and B, A(F ) and A (g5 to the variation of the actual ecosystem service provision resulting from
“s(4) " 7s(B) l “8(4) s (4)

cach of the land management practices, and A, ) to the temporal variation between land

LM ,~LM 4
management practices in site A. The first expression considers time invariant conditions as it proposes
the evaluation of different sites with potentially variable environmental and management conditions,
while the second expression considers space invariant conditions. This means that the latter considers
the evaluation of the ecosystem service trends of a single region. These two expressions combined
make it possible to identify the trajectories of ecosystem service provision in different spatial regions
(l.e. a pixel or a county depending on the scale of the proposed evaluation) and to consider the
comparison between different social-ecological systems.
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2.3 Application of the framework in a case study in Portugal
2.3.1 Case study description

Soil erosion 1s one of the major environmental challenges for Mediterranean Europe (Van-Camp et al.
2004). Warm and dry summer are followed by periods of concentrated precipitation in autumn and
spring, which easily cause erosion of the shallow poor soils, especially in areas with high grazing
pressure, such as the montado in southern Portugal (Pinto-Correia et al. 2011). This silvo-pastoral
system is an open savannah-like forest of cork (Quercus suber) and holm (Quercus ilex) oaks, with trees of
different ages randomly dispersed in changing densities, and pastures in the under cover. The latter
are mostly natural pastures in a mosaic with patches of shrubs, which differ in size and distribution and
depend mainly on the grazing intensity.

Portugal
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Figure 2.3 Spatial location of the selected case study and the distribution of the: a) identified slope classes; b) soil erodibility
values (obtained from the application of the mathematical equation in section 2.3.2 with data collected from 98 soil profiles of the
25k soil map national series (Cardoso 1965)); c¢) meteorological stations used in the modelling process (obtained from the
Portuguese national water resources information system); d) selected civil parishes used in section 2.3.3 to assess the influence of
land management practices in ecosystem service provisioning; e) variation in cattle breed intensity (INE 2011) for the Portel

municipality; and f) variation in cattle breed intensity (INE 2011) for the three selected civil parishes (“Portel”, “Vera Cruz” and
“Sdo Bartolomeu™).
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In recent years, and despite its acknowledged natural and cultural values (Surova et al. 2013), the
montado system has been threatened by a constant land use intensification (Pereira and Fonseca 2003;
Almeida et al. 2013). The total area of Montado is under decay, and this is mostly due to a gradual
degradation of the soil, pastures and tree stands (Pinto-Correia and Godinho 2013).

Although there are several land management factors that result in land cover changes (e.g. livestock
breed, frequency of shrub mechanical control, and soil mobilization techniques) cattle density is
currently the primary reason (Pinto-Correia and Mascarenhas 1999; Pinto-Correia et al. 2011). The
number of grazing animals has increased along with a trend of replacing sheep by cattle in response to
Common Agricultural Policy livestock payments (stopped in 2012) that were substantially higher for
cattle than for sheep (Pinto-Correia et al. 2011; Pinto-Correia and Godinho 2013). Having more than
90% of montado cover coupled with the increased agricultural intensification (Fig. 2.3e), which
coincided with decreased vegetation cover and high soil erodibility, makes the Potel Municipality (Fig.
2.3) an appropriate case study to test our framework.

2.3.2 Mathematical outline

Following the conceptual outline (section 2.2), we will estimate the soil erosion prevention provided by
vegetation cover using an adaptation of the Universal Soil Loss Equation (USLE) (Wischmeier and
Smith 1978). Within USLE, soil erosion is represented by a set of critical factors given by (Panagos et
al. 2011b):

A=RXLSXKEXCXP (Eq.2.6)

where, 4 represents the amount of soil loss, R the rainfall runoff factor, LS the topographic factor, &
the soil erodibility factor, €' the vegetation cover factor and P the conservation practices factor.

An adaptation of this general expression was made to convey the outputs of the conceptual model. In
this context, the structural soil erosion (Y) was calculated using the expression Y=RxLSx K, and the

gradient of ecosystem service mitigated soil erosion (f) will be determined by 8 =Yxo (where oo=C
and ¢ =1—0a ). These two expressions will allow determining the actual ecosystem service provision ().

Although it will not allow to obtain an absolute measure of soil erosion, this mathematical formulation
defines a spatially explicit gradient of potential soil loss and the correspondent gradient of ecosystem
service provided by vegetation cover (£;). To estimate each of the system components the model will
be parameterized according to the mathematical equations described in Table 2.2.

The rainfall erosivity factor (see Table 2.2) was assessed based on the MedREM model proposed by
Diodato and Bellocchi (2010) for Mediterranean conditions and a spatial interpolation of available
daily rainfall data for the period between January and December of 2003, obtained from 16
meteorological stations of the Portuguese national water resources information system (INAG 2010)
(Fig. 2.3a). Afterwards an inverse distance weighted (IDW) interpolation algorithm was applied to
obtain a monthly rainfall erosivity surface.
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Vegetation cover was estimated using the relation between NDVI (calculated from MODIS 250
meters pixel images) and the USLE C Factor proposed by Van der Knijff et al. (1999, 2000). A
monthly average of the NDVI (e.g. Purevdorj et al., 1998; Kouli et al., 2008) was calculated from
collection 5 MODIS images (250 meters pixel) (Fensholt and Proud 2012; Fritsch et al. 2012). Both the
topographic factor and the soil erodibility factor were calculated using previously existing datasets
from the Portuguese national geographic information system. All outputs were provided at a pixel
resolution of 250 meters that we consider sufficient for illustration purposes within these extensive
silvo-pastoral systems.

2.3.3 Land management

Appropriate land management is one of the most important factors in preventing soil erosion (Burger
and Kelting 1999; Herrick 2000; Carter 2002). Almeida et al. (2013) have showed that in montado
areas, the grazing pressure on vegetation increases as the summer progresses, reducing, according to
grazing intensity, the capacity for soil erosion prevention and therefore increasing the difficulty of re-
establishing significant levels of soil protection. Assessing the impacts of land management practices on
soil erosion prevention can help define and evaluate sustainable land management strategies.

To illustrate the potential of the proposed framework, a comparison was made between three civil
parishes in the Portel municipality with different livestock densities (Fig. 2.3f). For these three civil
parishes (Portel, Sao Bartolomeu and Vera Cruz) all ecosystem service indicators were calculated and
their temporal variation was evaluated and compared. Using this procedure, management thresholds
could eventually be identified by assessing the spatial and temporal variation in the amount of actual
ecosystem service provision between the three civil parishes.

2.4 Results

2.4.1 Ecosystem service assessment

Monthly estimates of actual ecosystem service provision were calculated for the entire study area between
January and December of 2003. The results (Fig. 2.4a) show a marked difference between the
temporal variation of the capacity for ecosystem service provision and the actual ecosystem service provision (Fig.
2.4b). While the capacity for ecosystem service provision is influenced by the seasonal variations in vegetation
growth, and 1s therefore lower in the dry Mediterranean summer months, the actual ecosystem service
provision corresponds to the interaction between vegetation and the structural impact (Fig. 2.4a).

The results show the significant influence of vegetation in the actual ecosystem service provision, causing an
important reduction of the existing structural impact to more acceptable impact levels (i.e. ecosystem
service mutigated impact) (Fig. 2.4a). The highest actual ecosystem service provision (i.e. October) does not
correspond to the period of highest capacity for ecosystem service provision (January to April). In sensitive
Mediterranean agricultural and silvo-pastoral systems, which are highly water dependent in the
summer and have important decays in soil cover through the season (Fig. 2.4b), this mismatch is
particularly important as it can drastically increase the amount of eroded soil in a given area. Also, the
projected climate change will result in a decrease of the total amount of precipitation but with an
increase of heavy rain periods in late summer and in the beginning of autumn. This will increase water
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dependency and soil cover decay, decreasing the capacity for ecosystem service provision and result in higher
levels of impact related to soil erosion.

For these types of social-ecological systems, our results clearly reject the assumption that there is a
straightforward relation between the capacity for ecosystem service provision of a given area, often obtained

from land cover maps (cf. Burkhard et al. 2012), and the actual ecosystem service provision.
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Figure 2.4 Illustration for the Portel municipality of (with exception of Fig. 4c all values represent monthly
values for the entire study area): a) temporal variation of the structural impact and the ecosystem service mitigated impact
(average values for the municipality); b) temporal variation of the actual ecosystem service provision and the capacity for
ecosystem service provision (average values for the municipality); and c) relation between the average actual ecosystem
service provision and the average capacity for ecosystem service provision (each point represents a pixel value); and for the
three selected civil parishes of: d) temporal variation of the modeled structural impact (average values for each civil
parish); e) temporal variation of the ecosystem service mitigated impact (average values for each civil parish); and f)
comparison between the average actual ecosystem service provision and the average capacity for ecosystem service provision.
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In fact, they show that there is a significant mix between areas with high capacity for ecosystem service
provision with rather low actual ecosystem service provision (Fig. 2.4c). This is especially relevant when we
consider the spatial distribution of both system components (Fig. 2.5a and Fig. 2.5b) and their
temporal variation (Fig. 2.4b). In this case, it is clear that although the capacity for ecosystem service provision
shows seasonal variation, the actual ecosystem service provision only occurs when the climatic and
biophysical conditions are favourable to the occurrence of a structural impact. This implies that with no
rainfall (like in the period between June and July) there is no ecosystem service provision, although

there 1is a latent capacity for ecosystem service provision that allows to prevent potential peak situations.
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Figure 2.5 Spatial distribution of the: a) annual average of the capacity for ecosystem service provision; b) annual
average of the actual ecosystem service provision (tons of soil per ha per month); and c) the accumulated ecosystem
service mutigated impact (tons of soil per ha per year).

The range and distribution of accumulated ecosystem service mitigated impact is summarized in Fig.
2.5¢. It shows that although the actual ecosystem service provision 1s in average sufficient to mitigate the
existing structural impact (Fig. 2.4a and Fig. 2.4b), the spatial distribution of the ecosystem service
mutigated impact 1s very heterogeneous, varying from areas with very high ecosystem service mutigated
impact (> 10 tons of soil/ha [monthly average]) to areas where the remaining fraction of eroded soil is
comparable to the soil formation rates (<1 ton of soil/ha [monthly average]). This makes it possible to
identify areas that are vulnerable to the provision of soil erosion prevention and to target corrective
measures e.g. reducing cattle density, implement buffer areas, among others.

2.4.2 Land management effects

The three selected civil parishes display a range of farming intensity related to cattle breeding intensity
(Fig. 2.3f) that are translated in different capacity for ecosystem service provision and actual ecosystem service
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provision temporal profiles (Fig. 2.4f). One important finding 1s that these profiles manifest an inverse
gradient in relation to the cattle breeding intensity, i.e. high intensity farming areas like “Sao
Bartolomeu” have a lower ecosystem service provision due to the grazing pressure on the vegetation,
while low intensity areas like “Vera Cruz” have a higher ecosystem service provision. This illustrates
the possibility to quantify and map the effects of different farming intensities in the provision of soil

erosion prevention.

Between the three sites it is not only important to observe and calculate the differences between the
ecosystem service provision, but also the effects of this service in the resulting ecosystem service
mutigated impact (Fig. 2.4e). By observing the temporal patterns of both the structural and the ecosystem
service mitigated impact (Fig. 2.4d and Fig. 2.4e respectively), it is possible to identify that although the
structural impact is smaller in the “Sao Bartolomeu” site the ecosystem service mitigated impact is the
highest in most of the year (i.e. January-May, November and December), and even in the month of
highest impact (October) it presents a peak close to the one obtained in “Portel”, which has a higher
structural impact. 'This shows the relevance of the intensity and distribution of the capacity for ecosystem
service provision in the provision of ecosystem service and how it determines the ecosystem service
mutigated impact. In this context, the results show a clear relation between land management practices
and the effects of these practices on the vegetation cover and consequently in the provision of soil

erosion prevention.

2.5 Discussion

With this Chapter we presented a framework to evaluate the provision of soil erosion prevention based
on the interaction between the structural impact from soil erosion and the capacity for ecosystem service
provision. Its implementation in Portel illustrated a significant difference between the capacity for ecosystem
service provision and the actual ecosystem service provision, supporting the suggestion that generalized or
oversimplified ecosystem service provision models can produce incorrect estimates and thus misinform
decision-making by identifying areas with high capacity for ecosystem service provision as areas with high
actual ecosystem service provision.

The framework helped to identify vulnerable areas where concrete measures can and should be
implemented by considering the spatial and temporal variability of both the actual ecosystem service
provision an the ecosystem service mitigated impact. In the Portel municipality, although the ecosystem
service mutigated impact was generally low, the results show that there are vulnerable areas where the
provision of the service is not sufficient to successfully mitigate the structural impact. In this sense, at the
regional level, policy and regulation strategies can be defined to target key aspects of the system that
have in consideration its dynamics and main social-ecological potentials, allowing to change the
attainable ecosystem service provision of a given area and/or management type.

Likewise, by observing the variations in ecosystem structure as a response to different land
management practices it 1s possible to define management thresholds by determining acceptable levels
of the ecosystem service mutigated impact (e.g. Verheijen et al., 2009) and compare them with different
land management intensities. In this case, considering the normal soil formation rates (Morgan 2005;
Verheijen et al. 2013), only the “Vera Cruz” site presents an acceptable management intensity due to
the identified ecosystem service provision and the high ecosystem service mutigated impact registered in
the other two sites in October.
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Although the results were appropriate for the selected area, the use of MODIS images (Fritsch et al.
2012) to improve the temporal frequency of the assessment has important limitations (i.e. in terms of
spatial resolution) in small scale landscapes where management and habitat conditions may vary
substantially within small areas (Ortega et al. 2013). Another important limitation is related to the
availability of datasets with high spatial and temporal coverage to infer each system component,
though work has been done to improve the quality and comparability of available datasets (e.g.
Haylock et al. 2008; Panagos et al. 2011a; Fritsch et al. 2012).

While this framework was applied for soil erosion prevention, the same principles apply to other
regulating services (e.g. flood control, carbon fixation, water regulation, and other natural hazards
regulation). Correspondingly, this can be done by determining the relevant system components (e.g.
runoff, roughness and topography for flood control) and estimating the spatial and temporal variation
of each component. Therefore studies addressing the identification and quantification of other
regulating services should not be based only on the capacity of specific areas or land cover classes to
provide a given service. Also, it is important, following some recent examples (c.f. Wallace 2007), that
in the future we are able to distinguish and estimate the contribution of each ecosystem service and
reduce the double counting of ecosystem services.

In conclusion, this Chapter shows the limitations for decision making of using the capacity for ecosystem
service provision as a proxy of the actual ecosystem service provision and highlighted the potential misleading
conclusions that can result from this analysis. We present a geographic model that can cope with these
limitations and produce a spatially and temporally distributed representation of actual ecosystem service
provision. This model allows to reduce the bias of estimating ecosystem service provision by only using
the capacity for ecosystem service provision, and increases the accuracy of ecosystem service estimates. At the
regional scale (e.g. National or European) the spatial identification of actual ecosystem service provision and
its temporal variation can improve policy design and allow the definition of land management
thresholds for specific areas.
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Abstract

Policy decisions form a major drwer of land use change, with important implications for socially and environmentally
susceptible regions. It is well known that there can be major unintended consequences, especially where policies are not
tarlored to regionally specific contexts. In this Chapter we assess the implications of 60 years of agricultural policies on
sotl erosion prevention by vegetation, an essential regulating ecosystem service in Mediterranean Europe. To assess these
implications we produced and analysed a time series of land cover/use and environmental conditions datasets (from 1951
to 2012) wn relation to changing agricultural policies for a specific region in the southern Portugal. A set of indicators
related to soil erosion prevention allowed us to identify that land use intensification as increased soil erosion in the last 60
years. Particularly in the last 35 years, as a consequence of headage payments for cattle, the agricultural policy had a
significant effect in the density and renewal of the tree cover, resulting in drastic effects for the provision of the soil erosion
prevention service. These are more significant after 1986, comnciding with the implementation of several Common
Agricultural Policy wnstruments focused on increasing the modernization and productivity capacity of farm systems. The
results show some unintended effects of agricultural policy mechanisms on ecosystem service provision and highlight the
need_for context-based policies, tailored to the environmental constrains and potentials of each region.
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3.1 Introduction

Land use change has dramatically increased in recent decades due to rapid technological, social and
economic changes at the global level (Ojima et al. 1994; Rabbinge and van Diepen 2000; Renwick et
al. 2013). Policy shifts, e.g. in production support mechanisms, are one of the main drivers influencing
the way landowners manage their farms and therefore also the land use of the farm (Brouwer and van
der Heide 2009; Swaffield and Primdahl 2010; Primdahl et al. 2013; Ribeiro et al. 2014). Policy shifts
can therefore lead to radical transformations at the landscape level, resulting in unintended changes in
the provision of ecosystem goods and services (MA 2005b; Braat and de Groot 2012; Rounsevell et al.
2012). Consequently, there is a growing interest among policy-makers, practitioners and scientists to
develop indicator-based approaches to assess the impacts of policies on the ecological sustainability of
agricultural land use systems (Brouwer and van Ittersum 2010).

The use of ecosystem services as indicators of regional sustainability offers several advantages as they
are affected by changes in land use/cover (Metzger et al. 2006; Miiller and Burkhard 2012; Haines-
Young et al. 2012) and represent the direct and indirect contributions of ecosystems to human well-
being (Chiesura and de Groot 2003; Chapin et al. 2010). Ecosystem service indicators are therefore
seen as promising policy-relevant tools to identify gaps and communicate trends about recent, past or
potential future states of a given social-ecological system (Miller and Burkhard 2012).

In the past few years, several studies have related ecosystem services with key ecosystem functions (e.g.
Schéfer 2012; Crossman et al. 2013), but the link between policy measures and their effects on
ecosystem functions and services is rarely made explicit (van Meijl et al. 2006). Despite significant
policy interest (Brink et al. 2012), there is often a lack of empirical information about the spatial and
temporal flows of ecosystem services and their rates of change (Fisher et al. 2009; Scholes et al. 2013).
Haines-Young et al. (2012) argue this is due to the complexity of obtaining direct measures of
ecosystem service outputs and from the fact that existing monitoring systems were not designed to
deliver such information. Further study is therefore required to develop efficient methods to assess the
impact of policies in the environment (Hauck et al. 2013; Crossman et al. 2013) as recognised by the
European Union (EU) within the Mapping and Assessment of Ecosystems and their Services (MAES)
initiative (Maes et al. 2013b; Maes et al. 2013a).

This is especially important when addressing sensitive social-ecological systems like the extensive
Mediterranean silvo-pastoral systems, (e.g. the montado in Portugal and the dehesa in Spain) which
support many highly valued ecosystem services (Pinto-Correia and Godinho 2013). These social-
ecological systems cover an area of about 3.5-4.0 M ha in the south-western Iberian Peninsula (Olea
and Miguel-ayanz 2006) under severe limiting conditions for agriculture: a dry Mediterranean climate
with strong inter-annual variability and shallow soils with low organic matter content (Pinto-Correia
and Vos 2004). In order to cope with the scarcity of the environmental conditions, these systems are
characterised by complex interactions and a sensitive balance between tree cover and the different and
complementary uses of the under cover (i.e. between forestry and agricultural uses). The different uses
need to be balanced or the systems will collapse: if the agricultural use is too extensive, there will be
shrub encroachment and forest densification; if the agricultural use is too intensive, the trees cover will
be reduced and the forestry component will likely disappear (Bugalho et al. 2011; Costa et al. 2011).
Within this system, regulating services (e.g. climate regulation or soil erosion prevention) are strongly
affected by changes in the land use intensity, which in turn strongly depend on changes in the
mechanisms of public policies (Primdahl et al 2013). For the Iberian silvo-pastoral systems, the most
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documented example are the livestock payment schemes under the Common Agricultural Policy,
which so far in Iberia have been kept coupled to headage. At the same time as competing in a global
market has become more difficult for these extensive, family farms, dependency on agricultural policy
payments has increased (Costa et al 2011; Ribeiro et al 2014). These schemes are thus heading to a
progressive but constant increase in the intensity of livestock pressure, due to an increased number of
animals using the grazing areas (Pinto-Correia et al. 2013; Ribeiro et al. 2014).

The spatial and temporal mismatch between service provision (e.g. flood regulation) and the benefit
(e.g. reduced flood risk) highlights the need to assess regulating services (Nedkov and Burkhard 2011;
Guerra et al. 2014). To establish an indicator framework to support decision-making it is therefore
necessary to identify ways to assess the implications of policies on the provision of regulating services,
and to establish possible cause-effect relations. This indicator framework is dependent on the
availability of spatially explicit information on the state and trends of ecosystems and their services
(Maes et al. 2012).

In this Chapter, we calculate and map 24 state and impact indicators to characterize the provision of
the soil erosion prevention (SEP) service, assessing how agriculture policy measures implemented over
the past 60 years have affected the ecosystem service provision in the montado. This specific service
was selected as it (a) corresponds to a regulating service and therefore enables conditions for the flow of
other services (Power 2010), (b) regulates a key impact in the selected social-ecological system (Pinto-
Correia et al. 2011), and (c) has been subject to targeted international, national and regional policy
measures over the past decades (e.g. GAP agri-environmental measures).

The following section presents the conceptual approach, describes the evolving agricultural policy
affecting the montado, and explores the modelling methods. The results section then demonstrates
how the presented approach was applied to produce a long-term spatially explicit assessment of
ecosystem service based indicators relating to SEP, and how ecosystem provision was influenced by
changes in the agricultural policy. Finally the discussion and conclusions sections discuss the findings
and their implication on current and future policy design.

3.2 Methods

3.2.1 Conceptual approach

In this Chapter we implement the conceptual model recently described by Guerra et al. (2014), and
summarised in Fig. 3.1, which identified a set of process based indicators to calculate, map and
describe the provision of regulating services. The analysis 1s carried out for a 60 years time-series
(between 1951 and 2012) and i1s linked to the changing agricultural policy in a montado based case-
study region in southern Portugal.

SEP is provided at the interface between the biophysical and climatic components (i.e. structural) of
the social-ecological system and its land use-land cover dynamics (Fig. 3.2), as the ecosystem service
providers (in this case vegetation cover) mitigate the impact from soil erosion (Guerra et al., 2014). To
begin assessing SEP we need to identify the structural impact (Y') of soil erosion, i.e. the erosion that
would occur when vegetation is absent and therefore no ecosystem service is provided (Fig. 3.1a). It
determines the potential soil erosion (tons of soil per pixel area in a given year) in a given place and
time and is related to variables such as rainfall erosivity (i.e. the erosive potential of rainfall), soil
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erodibility (as a characteristic of the soil type) and local topography (Panagos et al. 2011b). Although
external drivers, e.g. climate change, can have an effect on these variables, they are less prone to be
changed directly by human action.

The actual ecosystem service provision (Es) reduces the total amount of structural impact (Y), and we define the
remaining impact as the ecosystem service mitigated impact ( 5.) (i.e. the remaining soil erosion after the
provision of the ecosystem service). We can then define the capacity for ecosystem service provision (e;) as a
key component to determine the fraction of the structural impact that is mitigated (Fig. 3.1b). This capacity
Jor ecosystem service provision (e;) 1s influenced by both internal and external social-ecological drivers.
Examples of internal drivers include management options, forest fires, and urban sprawl, whilst

agricultural policy measures, spatial planning, and climate change are examples of external drivers
affecting SEP.

. . Internal and
SOCIﬂl-ECO'OgICﬂ' SVStem ............................................ ' external drivers

Structural impact Ecosystem
(without service provisioning)  service provision :

Land management ! influence
options
b) ' conditions C)

local and E S ' :
| o | e
B  topography Cemice | 1 copaciyfor
: . ' ecosystem .
: and soil provision ' service ;
characteristics +  provision A VA 2
Y E G land
: management
; ecosystem service shifts
: mitigated impact :
: (portion of :
: eroded soil)

Figure 3.1 Conceptual framework for assessing the provision of regulating services (adapted from Guerra et
al., 2013), where (a) presents the structural impact (Y') (i.e. the total soil erosion impact in the absence of soil
erosion prevention); (b) distinguishes the actual ecosystem service provision (Es) as an avoided portion of the structural
impact (measured in tons of soil not eroded) and determined by the capacity for ecosystem service provision (es) (1.e. the
fraction of the structural impact that is mitigated by the ES, corresponding to an adimensional gradient ranging
from 0 to 1), and the remaining ecosystem service mitigated impact ( ) (i.e. the remaining soil erosion that is not
regulated by soil erosion prevention); and (c) considers the variations in the actual ecosystem service provision
resulting from changes in land management that occur at the local level although influenced by internal and

external drivers.

To understand the relation between policy and ecosystem service provision, it is necessary to translate the dynamics
of the social-ecological system in a set of process relevant indicators that express the system responses to specific
policy measures (Fig. 3.2). One of the main issues to establish these relations is the site specificity of service provision
in relation to the broader spatial and sectoral scope of policy measures. This is particularly relevant for agricultural
policies as they are applied to land use systems that can be found in areas with significantly diversified social,
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economic and environmental conditions. It is therefore necessary to (a) identify relevant policy measures for each
specific social-ecological system, (b) describe the social system responses to selected policies (e.g. in terms of land use
and land cover change), and (c) identify and measure their implications in the ecosystem service provision (e.g. in

terms of the influence in the dynamics of ecosystem service provision) (Iig. 3.2).

CONCEPTUAL FRAMEWORK INDICATOR FRAMEWORK

Policy drivers (e.g. coupled livestock payment)

{ } Direct effects

evaluation

[ Policy measures j(_

Land manager

“ Farm level
-_decisions -

[Land use indicatorsj

(e.g. grazing intensity)

sJ0}e2IpUI
10edWwi Aoljog

ES
Beneficiaries
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, .g. structure and composition)
Providers Landscape (e.g.s
e A
Impact indicators
ecosystem service (e.g. fraction of soil eroded)
provision — i
(soil erosion prevention) Ecosystem service indicators
(e.g. actual ecosystem service
provision and capacity for ecosystem
Structural L service provision) )
impact

Figure 3.2 Diagram indicating how the conceptual framework (Fig. 1) can be converted in to an indicator
based approach to assess the impact of specific policy measures in the provision of ecosystem services (adapted
from Guerra et al. (2014)).

To identify relations between policy measures and ecosystem service indicators for our Portuguese
case-study we have (a) identified the relevant agricultural policies and policy measures that are related
to impacts on the provision of SEP, (b) calculated and described the dynamics of key land use and
landscape indicators, and (c) calculated and described the dynamics of key environmental impact and
ecosystem service indicators and assess their relation to the selected policies, through the evaluation of

their response to the dynamics characterized in step two.

3.2.2 Sixty years (1951-2012) of policy change in the montado

Despite its particularities, the montado system has hardly been considered as a distinct land use system
in policy, and policy measures have not considered the sensitivity of the system (Table 3.1) (Pinto-
Correia 2000; Ferreira 2001; Pinto-Correia and Godinho 2013). Consequently, agricultural policies
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with a production target have had severe unintended effects on the system over the past decades
(Schroder 2011; Costa et al. 2011; Godinho et al. 2014).

From 1929 until the early 1960s the dominant policy affecting land use in Alentejo was the Wheat
Campaign, which aimed at increasing national cereal production by improving crop production and
minimizing imports. During the 1950s financial incentives supporting agricultural mechanisation
resulted in wide-scale clearing of the montado for cereal production (Pinto-Correia and Mascarenhas
1999; Pinto-Correia 2000; Ferreira 2001). During the 1960s its effect lessened due to (a) a decrease in
the protectionist mechanisms, (b) the high rate of emigration and reduced labour force in the region,
and (c) the introduction of an afforestation policy that subsidised 50% of the planting costs. As an
effect, the total cultivated area decreased and the montado regained shrub and some tree regeneration
(Jones et al. 2011b).

From 1975 to 1979 the Agrarian Reform introduced a new phase of aggressive intensification, with
increasingly heavier machinery used to clear montado for cereal production and livestock grazing
(Ferreira 2001). With the output price support both collective and privately managed farms invested
heavily in cereal production, at the expense of the montado (Avillez et al. 1988).

Table 3.1 Main policy drivers of land use/cover change in the montado system between 1940 and 2012.

. Temporal
Policy Relevant measures Scope of change
scope
Wheat campaign Minimum prices for wheat Until 1963 the support scheme 1928-1963
Land clearing subsidies includes minimum prices, land
clearing and fertiliser’s subsidies.
Protectionist policy From then on land clearing subsidy
is suspended.
Private forestation The  support includes loans 1965-1983
policy covering 50% of installation costs.
Wheat policy Support for the afforestation of The reform includes more incentive 1970
reform marginal lands to marginal land rehabilitation
through afforestation and structural
measures
Agrarian reform Output price supports After 1974 output price supports, 1975-1982
Tosrouts puses esfios input }?rice subsidies., land marke.t
regulations, and agricultural credit
Land market regulations programmes are implemented.
Agricultural credit programmes Cereals and milk/meat sectors are
among the most supported.
Agricultural Access to various EC financial Modernization of  agricultural 1980-1986
Transitory support programs to develop the infrastructures and investments in
Measures agriculture and forestry sector, agriculture intensification. In some

strength production capacity and
prepare  the  country  for

international markets

areas, support to regionally adapted
breeds. This
corresponded to the CAP transition

crops and

period.
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Table 3.1 Main policy drivers of land use/cover change in the montado system between 1940 and 2012

(cont.).
Policy Relevant Scope of change Temporal
measures scope
PEDAP — specific Investment support Intensification of production. Livestock  1986-1992
programme for the Production support increased due to direct payments.
Portuguese
Agriculture
Common Direct payments and The 1992 CAP reform introduced direct  1992-1996
Agricultural Policy  coupled supports payments per animal, reducing intervention
reform . prices. This was an incentive to livestock
, Compensation : . .
(MacSharry’s) easuTes as intensification.  Parallel, measures were
. created to plant new forest areas and to
forestation support . .
protect extensive pastures (agri-
Agri-environment environmental schemes) — but the budget of
measures these agri-environmental and afforestation
Earlv reticement measures is much smaller than production
d payments and the impact is mostly on
Set-aside marginal and follow-up measures aimed at
reducing the negative impacts of agriculture
in Natura 2000 and improve agro-
ecosystems services.
Common Compensation This period resulted in a continuation of the ~ 1996-2000
Agricultural Policy  payments previous reform with direct payments and
intensification incentives.
Common Compensation In this period the rural development share of  2000-2006
Agricultural Policy  payments the CAP was separated into the second pillar
. . 2006-2013
. although with a small budget. Direct area
Environmental and . .
Chltnall  Dwadkempe payments were implemented. The 2003 mid
ayments (254 pillar) term review introduced the decoupled
pay P support, although in Portugal livestock

payments were kept coupled.

From 1975 to 1979 the Agrarian Reform introduced a new phase of aggressive intensification, with
increasingly heavier machinery used to clear montado for cereal production and livestock grazing
(Ferreira 2001). With the output price support both collective and privately managed farms invested
heavily in cereal production, at the expense of the montado (Avillez et al. 1988).

From 1980 to the present the Portuguese agricultural policy has been increasingly aligned with the
European Common Agricultural Policy (CAP). First, under the Agricultural Transitory Measures,
there was direct financial support for investments infrastructure and machinery. After 1986, when
Portugal and Spain entered the European Economic Community, Portuguese agriculture received
production support in line with the EU (Buckwell et al. 1994; Pinto-Correia and Mascarenhas 1999).
In 1992 the CAP was reformed to reduce agricultural overproduction in Europe (Buckwell et al. 1994).
This caused lower guaranteed prices along with set-aside and other compensation schemes (including
agri-environmental measures, afforestation of agricultural land and early retirement) to provide
income support (Buller et al. 2000). In Portugal the effects of the compensation schemes included the

afforestation of marginal areas, but these reforms did not reduce the intensification on more
favourable land (Jones et al. 201 1b).

The Agenda 2000 reform of the CAP was mainly a reinforcement of the 1992 reform, with further
decreases in prices and a clear policy of compensation through direct area payments to farmers. Rural
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development payments, including payment for environmental measures, were separated into a ‘second
pillar’. This included measures to preserve the montado (e.g. subsidies to maintain and increase tree
densities), but the effects were limited as the combined measures in the second pillar received less than
10% of the total CAP budget (Brouwer and van der Heide 2009; Pinto-Correia and Primdahl 2009).

The 2003 Mid-Term review of the CAP brought a further change: to avoid extreme intensification,
payments were decoupled from production and calculated based on the historical payments received
by area in production. However, Member States could opt for keeping part of the payments coupled.
This happened in Portugal, where livestock subsidies have been kept entirely coupled (Pinto-Correia
and Primdahl 2009), i.e. support is given per headage. Furthermore, cattle payments increased sharply
while sheep payments remained more or less unchanged. This decision, which has remained
unchanged until today, forms one of the strongest pressures on the montado in recent years (Pinto-
Correia et al. 2011). The existing policy mechanisms thus continue to lead to the intensification of
cattle production in the montado, weakening tree regeneration and resulting in tree clearance and

increased openings in the tree cover (Pinto-Correia and Godinho 2013; Pinto-Correia et al. 2014).

3.2.2.1 Description of the case study region

To study the effects of the described policy changes on SEP we selected a relatively small and
homogeneous area in southern Portugal, approximately 64 km? in size. The area is located near
Montemor-o-Novo (Fig. 3.3), a region where the property structure i1s dominated by large estates. Its
montado landscape is composed of open tree cover in changing densities of Quercus suber or Quercus ilex,
and pastures with shrub patches in the under cover where extensive grazing occurs (Pinto-Correia
1993; Almeida et al. 2013).

Portugal

|:| 0.01-1.91 4.56 [ Joost-oo74 [ ooss-0.121 [ 0.144-0.167
| I 1.91-3.05 - 456-19.36 [ ]oor4-0.008 [ o.121-0.144 | 0.167-0.190

Figure 3.3 Location of the selected case study area and main environmental and social traits: (a) spatial
location; (b) slope in degrees; and (c) soil erodibility.

This case-study area was chosen because it reflects the main traits and trends of the montado social-
ecological system, and the required spatial and temporal explicit datasets were available to carry out
the long-term evaluation of the potential relations between SEP provision and the described policy

measures.
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3.2.3 Indicators and methodological application
3.2.3.1 Indicator description

Following the indicator framework in Fig. 3.2, we selected a range of indicators that discriminate
between significant land use, land cover and ecosystem service provisioning dynamics. These
indicators include grazing intensity, land use states and dynamics, land cover fragmentation and
dynamics and ecosystem service provision as well as ecosystem mitigated impacts and the capacity for
ecosystem service provision. A full description of each selected indicator is provided in Table 3.2.

3.2.3.2 Data gathering and mathematical implementation

Following Guerra et al. (2014) SEP provided by vegetation cover from 1951 to 2012 was calculated
using an adaptation of the Universal Soil Loss Equation (USLE) (Wischmeier and Smith 1978). The
USLE forms a commonly used empirical model for the determination of potential soil losses (Fistikoglu
and Harmancioglu 2002; Amore et al. 2004), and for assessing mitigation measures at the farm system
level (e.g. Erskine et al. 2002). Within USLE, soil erosion is represented by a set of critical factors given
by (Panagos et al. 201 1b):
A=RXLSXKEXCXP (Eq.3.1)

where, 4 represents the amount of soil loss, R the rainfall erosivity factor, LS the topographic factor, &
the soil erodibility factor, C the vegetation cover factor and P the conservation practices factor.

Table 3.2 Identification and description of the indicators used to describe the land use, land cover and

ecosystem service provision dynamics (all spatial indicators were calculated using a 30x30 meters pixel

resolution).
Indicator Indicator Description Units
type
Grazing intensity Total number of grazing cows (estimations made based Number of
on data available at the civil parish level and at the  grazing
municipality level) cattle
Variation in grazing % variation in the total number of grazing cows %
intensity considering the previous reference date
Total arable land and Total area classified as arable land and as permanent ha
Land Use permar.lent crops crops . .
Total silvo-pastoral area  Total area classified as silvo-pastoral area ha
Total forest area Total area classified as forest area ha
Total area of permanent Total area classified as permanent pastures ha
pastures
% of changing area % of area that changed in land use class between periods %o
% of maintenance area % of area that maintained the land use class between %
periods
% of total area % of total area per land cover class %
% of changing area % of area that changed in land cover class between %
Land periods
Cover % of maintenance area % of area that maintained the land cover class between %o

periods
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Table 3.2 Identification and description of the indicators used to describe the land use, land cover and

ecosystem service provision dynamics (all spatial indicators were calculated using a 30x30 meters pixel

resolution) (cont.).

Indicator Indicator Description Units
type
Number of Total number of patches nr.
patches
Total edge Total patches perimeter km
Land Mean patch size  Average patch size ha
Cover Shannon's Measure of relative patch diversity. The index will equal zero -
diversity index when there is only one patch in the landscape and increases as
the number of patch types or proportional distribution of
patch types increases.
Structural Total annual soil erosion impact when no ecosystem service is  tons of soil
impact provided per pixel
Ecosystem Total annual of the remaining soil erosion after the ecosystem  tons of soil
service mitigated service provision per pixel
impact
Actual Total annual of the actual ecosystem service provision tons of soil
ecosystem corresponds to the total amount of ecosystem service provided,  per pixel
service provision measured in ecosystem service providing units (tons of soil not
eroded). It varies from season to season and year-to-year
depending on the variation of the structural impact
Capacity for Average annual fraction of the structural impact that is -
ecosystem mitigated by the ecosystem service, it corresponds to an
service provision adimensional gradient from 0 to 1
Impacts  variation in % wvariation in the total amount of structural impact %
and structural considering the previous reference date
ecosystem impact
ser\fu-:e Variation in % wvariation in the total amount of actual ecosystem service %
PTOVISION ¢ ¢ system provision considering the previous reference date
service provision
Rate of effective % variation in the total amount of actual ecosystem service provision %
ecosystem service corrected by the structural impact fluctuations for a given region using the
provision E Y
following expression 100X M—1 G , where ecosystem
E, Y
8(t) ()
services 1s the total annual actual ecosystem service provision, Y is the total
annual structural impact, and t corresponds to the temporal frame.
Variation in the % variation in the total amount of ecosystem service provision capacity %
capacity for considering the previous reference date
ecosystem service
provision
Variation in % varlation in the total amount of ecosystem service mitigated impact %

ecosystem service
mitigated impact

considering the previous reference date

In this context, the structural impact (Y') was calculated using the expression Y =RXLSx K (Prasuhn et

al. 2013), and the gradient of ecosystem service mitigated impact will be determined by 8 =Y xa

(where =C and ¢ =1-o ). These two expressions allow to determine the actual ecosystem service
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provision (£;). Although not allowing an absolute measure of soil erosion, this mathematical
formulation defines a spatially explicit gradient of potential soil loss and the correspondent gradient of
ecosystem service provided by vegetation cover ().

The rainfall erosivity factor was estimated based on the MedREM model proposed by Diodato and
Bellocchi (2010) for Mediterranean conditions. An available precipitation dataset from a
meteorological station located within the area was used to obtain daily precipitation data from 1931 to
2010. Afterwards, this dataset was segmented into six temporal segments according to six defined
temporal frames ([1931-1952]; [1949-1970]; [1966-1987]; [1975-1996]; [1984-2005]; [1989-2010]).
For each temporal frame, the rainfall erosivity factor was calculated using the following expression
(Diodato and Bellocchi 2010):

R, =byX P, x\[d, x(a+bxL) (Eq.3.2)

where, R, (MJ.mm.ha"'.h~!.month™!) corresponds to the monthly erosivity factor for the month m, by
(MJ.ha-L.h'1) is a constant equal to 0.117, b; (d%5.mm-50-1) is a constant equal to -0.015, a (d*>.mm-0-30)
1s a constant equal to 2, L (°) corresponds to the site longitude, P, (mm) to the total amount of
precipitation in a given month m, and 4, (mm.d-1) to the monthly maximum daily precipitation for
month m averaged over a multi-year period. Considering the geographic extent, it is assumed that the
rainfall erosivity factor is spatially homogeneous for the entire area.

To estimate soil erodibility an available dataset for the region was used (Cardoso 1965), in which 98
soil profiles were collected, and the expression (Wischmeier and Smith 1978; Morgan 2005;
Prasannakumar et al. 2012):

P 21107 (12— a) +3.25(h - 2)+2.5(c - 3)

Eq.3.3
100x7.59 (£q.3.3)

where, A corresponds to the soil erodibility factor, a is the percentage of organic matter, 4 the soil

structure parameter, ¢ the profile permeability class, and M :(%sm + % )x(lOO—%md). For the

o0 -
very fine sand

topographic factor a 30 meters resolution topographic dataset provided by the Portuguese National
Geographic Institute was used to compute the following expression (Moore and Burch 1986):

LS:[ axp jm x[ sina) J “ (Eq.3.4)

22.13 0.0896

where, LS 1s the topographic factor, a refers to the flow accumulation model obtained from the
topographic dataset, p to the pixel size, and d to the slope model in degrees.

Vegetation cover was estimated using a land cover time series for six dates (1.e. 1951, 1969, 1986,
1995, 2004, and 2012) covering 60 years of land cover dynamics. These land cover maps were
produced by photointerpretation of multiple aerial photographs ranging from 1951 to 2012, following
a specific hierarchical land cover classification (Table 3.3).

For each of the six considered time slices, a complete coverage was obtained and ground validation
data from 2004 and 2012 was used to assist in the land cover interpretation and classification. The
remaining land cover maps (1951, 1969, 1986, and 1995) were made based on these late land cover
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maps (i.e. 2004 and 2012) by only registering changes in land cover between time slices (cf. Liu et al.
2007; Arnaez et al. 2011; Otero et al. 2011). After these land cover maps were produced, a set of 37
Landsat images ranging from January of 2011 to December 2013 was compiled and transformed into
the normalized difference vegetation index (NDVI; Seto et al. 2004; Jiang et al. 2006).

Table 3.3 Hierarchical land cover classification and the respective ecosystem service provisioning capacity,
calculated in a monthly basis from NDVIs obtained from Landsat images (period: 2011-2013) and averaged for
each land cover class.

Land cover classification Capacity for ecosystem service provision (e)
L1 L2 L3 Description Jan Feb Mar Apr May Jun Jul Aug Set Oct Nov Dec

1 Artificial surfaces - - - - - - - - - - - -

2 Agricultural areas

2 1 Arable land

2 1 1 Irrigated arable land 0,981 0,973 0,943 0,983 0,890 0,673 0,568 0,562 0,528 0,531 0,889 0,975

2 1 2 Non-irrigated arable land 0,947 0,959 0,913 0,961 0,818 0,612 0,549 0,549 0,488 0,540 0,853 0,941

2 2 Permanent crops

2 2 1 Olive groves 0,949 0,961 0,925 0,974 0,847 0,647 0,618 0,611 0,551 0,580 0,933 0,946

2 2 2 Orchards 0,938 0,964 0,906 0,946 0,808 0,658 0,589 0,606 0,540 0,578 0,903 0,939

2 4 Silvo-pastoral areas (“montado”)

2 4 1 Silvo-pastoral areas with >50% of {0,936 0,967 0,931 0,954 0,889 0,823 0,763 0,763 0,739 0,751 0,913 0,940
tree cover

2 4 2 Silvo-pastoral areas with 30-50% 0,889 0,927 0,870 0,913 0,838 0,792 0,713 0,711 0,682 0,668 0,832 0,388
of tree cover and >50% of shrubs

2 4 3 Silvo-pastoral areas with 30-50% {0,940 0,965 0,925 0,961 0,871 0,756 0,681 0,683 0,636 0,658 0,911 0,944
of tree cover and <50% of shrubs

2 4 4 Silvo-pastoral areas with <30% of 10,948 0,971 0,947 0,954 0,883 0,811 0,744 0,734 0,697 0,732 0,929 0,939
tree cover and >50% of shrubs

2 4 5 Silvo-pastoral areas with <30% of {0,942 0,963 0,921 0,959 0,866 0,717 0,621 0,619 0,570 0,599 0,889 0,937
tree cover and <50% of shrubs

2 5 Permanent pastures 0,955 0,967 0,933 0,961 0,875 0,685 0,571 0,568 0,520 0,573 0,914 0,947

3 Forest areas

3 1 Mixed forest 0,933 0,956 0,934 0,986 0,905 0,831 0,747 0,741 0,674 0,689 0,901 0,930

3 2 Production forest 0,923 0,945 0,861 0,916 0,820 0,749 0,671 0,735 0,720 0,738 0,393 0,904

3 3 Shrubs and/or herbaceous 0,781 0,841 0,707 0,748 0,617 0,565 0,488 0,512 0,463 0,439 0,600 0,661
vegetation associations

4 Water bodies - - - - - - - - - - - -

Each NDVI image was converted in vegetation cover (() using the expression proposed by Van der

Knijff et al. (1999, 2000) (Prasannakumar et al. 2012):

C =exp —ax( NDVI (Eq.3.5)

b—NDVI)

where, ¢=2 and b=1.

Finally, zonal statistics were calculated for the mean value of € present in each patch present in the
land cover map of 2012. Afterwards, all values were grouped by land cover class and the average value
of ¢ was calculated for each month. This procedure made it possible to obtain a within-year profile of
the variation of vegetation cover per land cover class (Table 3.3). The 2012 template of vegetation
cover variation was reproduced for the remaining dates to overcome the diminished data availability
for early dates.
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3.2.4 Data integration and statistical analysis

A comparative analysis was made to establish consistent relations between the identified policy
measures and the resulting landscape and ecosystem service changes. The final group of indicators was
divided into static indicators (e.g. % of silvo-pastoral areas, total actual ecosystem service provision)
and dynamic indicators (e.g. % of changed area, rate of effective ecosystem service provision) to better

grasp the relationships between type and rate of changes.

The Pearson correlation coeflicient () was used separately to static and dynamic indicators to observe
the relationships between indicators, particularly between the provision of ecosystem services and the
intensity and frequency of landscape changes. Based on previous studies (e.g. Schroder 2011; Costa et
al. 2011), here we assume that most changes in land management in this region result from social-
economic changes derived from policy incentives and measures. All the values were computed

considering the results for the entire study area (Table 3.4).

3.3 Results
3.3.1 Land use and land cover change

Fig. 4 provides a comprehensive picture of the main land use and land cover changes in the area.
Between 1951 and 2012 montado was the dominant land use in the case-study area, covering in
average 67.7% of the area, with an absolute variation of -3.5%. Although this absolute variation is not
significant, the spatial variation tells a different story: 26.4% of the original montado area changed
land use over the 60 years period. During this period cropland areas have decreased by 57.7% (from
21.9% to 9.3%) at the same time that permanent pastures increased by 119.2% (from 8.8% to 19.3%).
This happened mainly between 1969 and 2012, following the end of the protectionist policy and the
beginning of the cattle subsidies. This trend becomes more obvious after 1986 and results from a
reduction of the agricultural areas by 12.6 percentage points between 1951 (21.9%) and 2012 (9.3%).
Although this 1s the general trend, it is relevant to observe that these agricultural areas register an
increase of 8.9% between 1969 and 1986 (mainly related with annual crops) and again between 2004
and 2012 (+15% mainly related with permanent crops) (Table 3.4).

Between 1986 and 1995 the rate of change (1.4% per year) was almost twice as high compared to the
1969-1986 period (0.71% per year). It decreased after 1995 resulting in relative stable land use, with
change occurring in less than 3.5% of the region. One key driver of change is the grazing intensity and
its effects on soil degradation. It shows a strong increase on the number of grazing cows from 1986, a
trend that continues until 2012 (Table 3.4).

Table 3.4 Quantification of the selected land use, land cover, impact and ecosystem service provision

indicators.
Type Indicator 1951 1969 1986 1995 2004 2012
Grazing intensity® 23! - 8642 1788% - 3489*
S . . - - +3  +106 - +95
Variation in grazing intensity 619
Total arable land and permanent crops 1288 774 843 414 474 545
Land use Total silvo-pastoral arca 4017 4265 3838 3939 3894 3877
Total area of permanent pastures 519 620 886 1275 1199 1139
Total forest area 27 153 193 163 213 215
% of changing area - 18.7 12.1 123 3.5 2.1
% of maintenance area - 81.3 87.9 87.7 965 979
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Table 3.4 Quantification of the selected land use, land cover, impact and ecosystem service provision

indicators (cont.).

Type  Indicator 1951 1969 1986 1995 2004 2012
% of artificial surfaces 36 46 49 58 66 68
% ofirrigated land 13 82 104 44 100 96
% of non-irrigated land 1219 357 600 224 183 187
% of olive groves 16 64 64 58 127 174
% of orchards 40 71 75 88 64 89
% of silvo-pastoral areas with >50% of tree cover 2458 2687 2177 1971 1890 1849
% of silvo-pastoral areas with 30-50% of tree cover 7 25 23 49 63 126
and >50% of shrubs
% of silvo-pastoral areas with 30-50% of tree cover 694 669 782 851 779 784
and <50% of shrubs
% of silvo-pastoral areas with <30% of tree cover 52 8 5 7 83 18
and >50% of shrubs
Land cover %o of silvo-pastoral areas with <30% of tree cover 806 876 902 1061 1079 1100
and <50% of shrubs
% of permanent pastures 519 620 886 1275 1199 1139
% of mixed forest 18 26 28 34 37 36
% of production forest 8 127 164 130 172 171
%  of shrubs and/or herbaceous vegetation 0 0 0 0 4 7
associations
% of water surfaces 0 28 29 38 41 44
% of changing area - 31.5 20.5 19.6 10.1 6.8
% of maintenance area - 68.5 79.5 80.4 89.9 93.2
Number of patches 425 331 375 655 706 710
Total edge 910 1018 1069 1144 1185 1205
Mean patch size 13.85 11.09 10.24 8.99 8.34 8.29
Shannon's diversity index 1.60 1.71 1.84 1.80 1.911 1.938
Structural impact 435879 529 064 418 562 406 726 390 345 349 166
Ecosystem service mitigated impact 44936 53637 45943 47990 52791 52505
Actual ecosystem service provision 390 943 475427 372619 358 736 337 554 296 661
Capacity for ecosystem service provision 0.822 0.830 0.824 0.814 0.825 0.824
Variation in structural impact - +21.38 -20.89 -2.83 -4.03  -10.55
Variation in ecosystem service provision - +21.61 -21.62 -3.73 -590 -12.11
Rate of effective ecosystem service provision - 0.23 -0.74  -090 -1.88 -1.57
Variation in the capacity for ecosystem service - +1.00 -0.66 -1.22 +133 -0.12
Impacts provision
and Variation in ecosystem service mitigated impact - +19.36 -14.34 +4.46 +10.00 -0.54
ecosystem Structural impact 435879 529 064 418 562 406 726 390 345 349 166
service Ecosystem service mitigated impact 44936 53637 45943 47990 52791 52505
provision Actual ecosystem service provision 390 943 475427 372619 358 736 337 554 296 661
Capacity for ecosystem service provision 0.822 0.830 0.824 0.814 0.825 0.824
Variation in structural impact - +21.38 -20.89 -2.83 -4.03  -10.55
Variation in ecosystem service provision - +21.61 -21.62 -3.73 -5.90 -12.11
Rate of effective ecosystem service provision - 0.23 -0.74  -090 -1.88 -1.57
Variation in the capacity for ecosystem service - +1.00 -0.66 -1.22 +133 -0.12
provision
Variation in ecosystem service mitigated impact - +19.36 -14.34¢ +4.46 +10.00 -0.54
Structural impact 435879 529 064 418 562 406 726 390 345 349 166

(a) Data proportionally estimated according to the available datasets from the Portuguese national statistics institute at the municipality and civil

parish levels.

! Reference period 1955
2 Reference period 1989
3 Reference period 1999
# Reference period 2009

Land cover dynamics (Fig. 3.4) are more pronounced than the trends identified for land use change.

For example, the most dominant land cover class (i.e. silvo-pastoral areas with >50% of tree cover)
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decreased by almost half between 1951 and 2012, from 41.7% of the area to just 24.8%, maintaining
only 48.8% of the original area. This change resulted from a reduction of tree cover densities and from
the substitution of these silvo-pastoral areas by permanent pastures. By contrast, there was also an
increase of silvo-pastoral areas with dense tree cover (i.e. with >50% of tree cover) in 11.3% of the
changed area, which occurred mostly between 1951 and 1969.

Between 1951 and 1995 the rate of land cover change is nearly double the one resulting from land use
change, and it triples between 1995 and 2012. This reveals an impressive change dynamic, which
manifests itself in all land cover classes at different rates. These landscape dynamics appear to be
related to an intensification and increased frequency of the agricultural policies that pushed for more

intensive land uses.

At the landscape scale, there is an increase in fragmentation, reflected in a 67% increase in the
number of patches and a 36% decrease in mean patch size between 1951 and 2012 (Table 3.4). For
both indicators the rate of change was more intensive between 1951 and 1969 and between 1986 and
2004, with a peak between 1986 and 1995. After 2004 it seems to have halted, which is also

manifested in the land use and land cover dynamics.

3.3.2 Impacts and ecosystem service provision

The selected impact indicators illustrate two different realities. Drier climate conditions between 1986
and 2012 lead to a reduced rainfall erosivity and a 19.9% decrease in the total soil erosion impact
when no ecosystem service 1s provided (Y). By contrast, the remaining soil erosion after the ecosystem
service provision ( 4, increased by 16.8% due to a decrease in tree cover (and consequently in the

capacity for ecosystem service provision) in areas with high structural impact (Y').

Land Use

- Artificial surfaces |:] Arable land and permanent crops - Silvo-pastoral areas D Permanent pastures - Forest areas - Water surfaces

(montado)

Land Cover

- Orchards - S
with >50% of tree cover
Silvo-pastoral areas with 30-50% :l Silvo-pastoral areas with 30-50% |:| Silvo-pastoral areas with <30% :] Silvo-pastoral areas with <30%
of tree cover and >50% of shrubs of tree cover and <560% of shrubs of tree cover and >50% of shrubs of tree cover and <50% of shrubs

| | Permanent pastures - Mixed forest ! Production forest - Shrubs and/or herbaceous vegetation associations - Water bodies

Figure 3.4 Spatial and temporal representation of the land use and land cover dynamics in the selected case

study area (the maps are provided at the 1:320 000 scale).
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This divergent trend between the structural impact and the ecosystem service mitigated impact reflects
not only the shift in peak precipitations from spring months to October, but also the spatial and
temporal landscape dynamics that resulted in a spatial rearrangement of the capacity for ecosystem
service provision followed by a decrease in the effective soil erosion prevention provision (Fig. 3.5).
This results in a reduction of the rate of effective ecosystem service provision, revealing the extent by
which the land use intensification, with disregard for the local environmental conditions, is diminishing
the capacity for ecosystem service provision in late summer, allowing it to be surpassed by increasing
rainfall erosivity values in September and October.
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Figure 3.5 Representation of the temporal dynamics of the total sum of the structural impact and of the
ecosystem service mitigated impact in relation to the implemented policies, variations in significant land cover

classes and to the rate of effective ecosystem service provision.

25



While the capacity for ecosystem service provision ultimately determines the amount of ecosystem
service provision, the results show that this indicator, when calculated at the landscape scale (Table
3.4), can have very low sensitivity to the changes that are occurring in the area. It also presents little
relation to the values of the actual ecosystem service provision (r=0.433, p=0.391), 1.e. areas with high
capacity for ecosystem service provision often have a small effective provision and vice versa. This is
backed up by the fact that although the capacity for ecosystem service provision has a very small
variation over time, the actual ecosystem service provision has very dynamic values due to its
correlation (r=0.999, p=0.000) to the variations in the structural impact indicators.

Despite this correlation, the rate of effective ecosystem service provision indicator shows that the
ecosystem service provision is decreasing in the region, particularly after 1986. This coincides with the
implementation of more productivist-oriented policies and with a more rapidly changing policy
environment (Fig. 3.5). In fact, the rate of effective ecosystem service provision is highly correlated
with changes in the land cover (r=0.966, p=0.008) and use (¥=0.963, p=0.009). These results illustrate
how this indicator provides a more clear representation of the dynamics of ecosystem service
provision, which presents lower correlation values (with land cover [r=0.651] and land use [r=0.592])
changes, resulting in a suitable indicator to detect impact changes.

3.4 Discussion

3.4.1 Discussion of results

The results obtained in this Chapter confirm those described by Guerra et al. (2014), which stated that
the spatial relation and configuration of the capacity for ecosystem service provision are more
important than the capacity value itself. They illustrate how ecosystem service provision is dependent
on the spatial and temporal arrangement of the interacting factors (Nelson et al. 2009; Eigenbrod et al.
2010b) by showing a significant correlation between the ecosystem service indicators and the identified
drivers of change (Appendix 1). Finally they highlight how agricultural policy induces change both in
land cover and in land use with significant implications for the actual ecosystem service provision and
the mitigation of important impacts. An example of this relation is the rapid increase of permanent
pastures and the decrease in tree density in most silvo-pastoral areas after the introduction of grazing
intensification support schemes in the 1980s. This resulted in an increase of the ecosystem service mitigated
impact and consequent decrease in the rate of effective ecosystem service provision.

The results show that service provision and the remaining impacts accompanied the same trend
registered for the structural impact following a temporally stable agricultural policy and the
implementation of private forestry promotion measures between 1951 and 1980. The same does not
appear to occur in recent years, particularly between 1986 and 2012 (Fig. 3.5). While early policy
measures implied significant changes in land use/cover (i.e. with an increase of cropland areas), the
more gradual land cover change in recent years appears to reflect the policy decision to support cattle
production and therefore indirectly support an increasing grazing intensity and pressure on the pasture
areas. This results in little changes in land use patterns but with unintended policy impacts related to

dramatic effects on ecosystem service provision.

In fact, the effect of these policy options seems to be very significant for soil erosion prevention (Pinto-
Correia and Godinho 2013). This is reflected in the decay in tree regeneration (e.g. due to harder
growth conditions to the young tree shoots), low tree replacement rates for adult trees, the presence of
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progressively larger openings in the montado tree cover and thus a higher fragmentation and a
progressive decrease of the montado total area. Even if dramatic in the long run, these cattle support
payments result in a slower landscape change dynamics rather than measures that produce more
drastic effects in the land cover (e.g. subsidizing cereals production or the installation of new forest
areas). This affects people’s perception and reaction to landscape change and results in more critical
situations as the increasing agriculture intensity demands for better and more stable soils that can cope
with high productivity rates (Jose 2009; Podmanicky et al. 2011). In this case, the SEP service becomes
more important as it substantially contributes to prevent soil degradation in immediate and future
conditions (Shakesby 2011; Rickson 2014).

3.4.2 Discussion of methods

The implemented methodological approach resulted in a significant volume of land cover, land use,
and ecosystem service indicators. This allowed to establish relations between the identified policy
measures/drivers and the dynamics of ecosystem service provision and land cover/use change.

The aim of the Chapter is not to give an estimate of soil erosion but rather to give an estimate of the
service being provided by vegetation cover. To avoid adding unnecessary complexity to the proposed
framework we opted for a more simplified model to serve as the basis for ecosystem service provision
calculations (Guerra et al., 2014). This had in consideration its successful application for soil erosion
modelling in the Mediterranean (e.g. Diodato and Bellocchi 2007; Capolongo et al. 2008; de Vente et
al. 2008), and the desire to use a parsimonious model providing spatially and temporally explicit
results. This stylised and simple approach can be further expanded with more sophisticated models
and better data if available.

There are still some caveats related to the assumption that soil conditions and vegetation profiles
within the same land cover class remain stable through time. This was mainly due to data constrains
related to the lack of an updated national soils database with consistent laboratorial methods (the
existent one dates back to the 1960s (Cardoso 1965) and recent ones do not follow the same
methodological procedures) and to insufficient satellite images covering the entire temporal scope
presented. In both situations we acknowledge that they can introduce variation in the final values, but
we do not consider that these differences influence the overall trends and outcomes.

By describing an extensive set of indicators for the different steps of the conceptual model it was
possible to successfully determine important interactions between the identified policy measures and
the provision of soil erosion prevention. Also, the use of several indicators rather than only one
(commonly the capacity for ecosystem service provision) proved to be more effective to describe the
systems dynamics. As results show, the use of only one indicator (i.e. the capacity for ecosystem service
provision) would show a slight increase in ecosystem service provision, while the use of an extensive set
of indicators showed a very different result. By assuming causal effects between policy mechanisms and
soil erosion prevention provision, the implemented framework also revealed to be effective in detecting
small variations resulting from the intensification or maintenance of the same policy measures trough
time. Regarding the identified relations between policies and landscape/ecosystem service provision
change, we are aware that there are other interactions that are not accounted for but considering the
social, ecological and environmental characteristics of the area, we are certain that agricultural policy

mechanisms are still the main driver for this area as shown by other studies (cf. Costa et al. 2009;
Santana et al. 2013; Ribeiro et al. 2014).
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3.4.3 Future applications

This Chapter emphasizes the need for place-based or at least context based policy design with a strong
consideration for the environmental constrains and potentials of each region. Considering the
agricultural policy as the main driver of change in rural areas (Swaffield and Primdahl 2010) the lack
of system-driven policies that consider the whole montado system and not just specific productions is
evident.

The approach used here demonstrated how unintended changes in the overall land use and impacts in
ecosystem service provision are a clear result of the existing policy scheme (Pinto-Correia et al. 2013;
Almeida et al. 2013; Ribeiro et al. 2014; Schroder 2011). Although some policy measures related to
environmental sustainability were introduced in the last decade (e.g. the introduction of the second
pillar in the CAP, the effects of the 2004 mid term review, or the current greening measures), they are
often minimized by the way and extent to witch they are implemented (Pe’er et al. 2014). Therefore
agricultural policy design should use integrated approaches as the one proposed in this Chapter
coupled with prospective scenario building, in order to apply ex-ante assessments of policy measures
and better target the implementation of environmental protection schemes.

These results show promise in the use of ecosystem service indicators as policy indicators, not only to
monitor but also to evaluate their effective impacts. The use of soil erosion prevention in the
evaluation of Mediterra-nean agricultural and environmental policies is urgent not only considering
climate change (i.e. with the shift of precipitation concentration from winter and spring to the end of
the summer) (Zhang and Nearing 2005; Metzger et al. 2008a), but also current and future social-
economic realities (e.g. aging population, abandonment of rural areas, and the introduction of new
land uses) (Pinto-Correia and Mascarenhas 1999; Pinto-Correia and Godinho 2013). Soil erosion
prevention Pan-Furopean assessments focused in Mediterranean areas are therefore needed to
overcome the challenges stated by the European Thematic Strategy for Soil Protection (CEC, 2006).

Likewise, other regulating services can and should be considered to develop tradeoft scenarios for
policy design. This could be made with an a priori identification of the relevant ecosystem service
providers for each ecosystem service considered. Afterwards, appropriate methods to determine the
structural impact had to be identified, and the spatial distribution of the capacity for ecosystem service
provision correctly determined for each ecosystem service. This allows to avoid double counting
situations and an integrated calculation of ecosystem service provision. Coupled with an effective
characterization of the social-ecological dynamics, this would permit a better identification of current
demand and also to improve ecosystem service provision awareness among ecosystem service
beneficiaries (e.g. local and regional land managers).
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Abstract

At both local and landscape levels, farm management ts the main driver of land cover change influencing ecosystem
functions, processes and traits. In Mediterranean large-scale silvo-pastoral systems these changes can have serious
implications in the provision of valuable ecosystem services. Current ecosystem service assessment, mapping and valuation
are still_focussed in representing the state and trends of ecosystem service provision, often mussing the link to actual farm
management and_farm management systems. We propose an approach that, at the farm level, combines the classification of
Jfarm management systems with indicators of ecosystem service provision. This s illustrated for soil erosion prevention, a
key ecosystem service in mutigating current and_future impacts in Mediterranean regions and the proposed approach s tested
wm Southern Portugal. We characterize thirty-eight large-scale farm management units (FMU) regarding their
management system and environmental traits. Each FMU was then classified according to their management system and
a set of ecosystem service indicators was calculated. To classify the FMU, data on lwestock composition and grazing
density, pastures, and soil mobilization practices were object of a cluster analysis and the result was tested against a set of
ecosystem service indicators. The results highlight the implications and challenges for the provision of soil erosion
prevention under different farm management systems and draw a clear relation between more intensiwe management
practices and the degradation of service provision. Our results can also be used to support land management and policy
design through the definition of intensity thresholds that consider the local environmental and ecological conditions.
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4.1 Introduction

Mediterranean silvo-pastoral systems like the montado (Portugal) and the dehesa (Spain) are dynamic
social-ecological systems with a high diversity of management and ecological conditions (Pinto-Correia
2000). They are characterized by open formations of cork and holm oaks in varying densities,
combined with a rotation of cereal crops and fallow, and pastures which can be natural, improved or
cultivated (Castro et al. 2010). These social-ecological systems are estimated to cover an area of about
3.5-4.0 M ha in the South-western Iberian Peninsula, thus being of large relevance in the Southern
European context (Pinto-Correia et al. 2011).

Both socially and economically these are key social-ecological systems that significantly contribute for
the regional food production (i.e. meat based outputs; Nunes 2007) and goods extraction (e.g. wood,
cork; Ribeiro et al. 2004; Costa et al. 2014a), as well as the production of externalities as mushrooms
and honey. Due to their extensive character and heterogeneous land cover, these systems are rich in
game, and traditionally they have been used as highly valued hunting ground (Bugalho et al 2011).
Recently many other leisure and touristic activities are taking place in the montado, as bird watching,
hiking, bicycle tours, horse riding, landscape painting, etc. (Surova and Pinto-Correia 2008; Acacio
and Holmgren 2012). From the ecological point of view, these systems play an important role on the
maintenance of most fundamental ecosystem functions, and are considered as hotspots of both the
regional and European farmland biodiversity (Pinto-Correia et al. 2011; Bugalho et al. 2011; Pereira
et al. 2012b). The extensive land use result in a heterogeneous mosaic creating specific habitats that
support a high species diversity (Pinto-Correia 2000; Castro et al. 2010), as well as important
ecosystem services (Bugalho et al. 2011; Almeida et al. 2013; Ribeiro et al. 2014; Guerra et al. 2014).
The adaptive human intervention that allows to maintain the balance between the different
components of the system is fundamental in preserving this multifunctionality (Moreno et al. 2014;
Almeida et al. 2015). The montado 1s thus a system that cannot be fully understood if not conceived as a
socio-ecological system (McGinnis and Ostrom 2014). Its diversified combination of management and
ecological traits also justifies the classification of the montado as High Nature Value (HNV) farming
system (Paracchini et al. 2008; Almeida et al. 2013; Lomba et al. 2014).

As a consequence of a progressively globalized market, policy mechanisms that only target specific
system components (e.g. livestock production support), and of the industrial and social-demographic
changes of the last decades (Schroder 2011; Jones et al. 2011b), the montado multifunctional land use
practices are being gradually transformed into more specialized systems (Pe’er et al. 2014; Ribeiro et
al. 2014). This has been a gradual change in recent years and the implications of these transformations
for ecosystems, for the landscape, but also for the long term sustainability of the system are still little
understood (Castro et al. 2010; Costa et al. 2011; Acéacio and Holmgren 2012). In these silvo-pastoral
systems the most significant transformations are related to: a) an increase of livestock density, even
when keeping livestock outside the all year round; b) changes in the type of cattle breed, from
endogenous light and little demanding breeds to widely used more heavy and demanding breeds; c)
the introduction of new, often more intensive, shrub cleaning methods (e.g. soil disking, soil
mobilization); and d) the expansion of fodder crop areas and irrigated pastures (Pinto-Correia and Vos
2004; Almeida et al. 2015).

The consequences of the changing farm management practices are reflected in the increase of several
environmental degradation processes (Costa et al. 2014b; Godinho et al. 2014). This 1s for example
reflected in a higher fragmentation at the landscape level, in the reduction of vegetation cover in late
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summer critical periods, and in an increase of soil degradation processes, including increasing
desertification, compaction, soil erosion, and decreasing soil fertility (Costa et al. 2010; Costa et al.
2014b; Godinho et al. 2014). These changes ultimately result in less resilient ecosystems that are more

sensitive to changes in environmental conditions (e.g. an increase on rainfall intensity; Alpert et al.

2002).

In this context, to produce information that can support management decisions in these complex
systems, the assessment of ecosystem services (ES) provision, particularly regulating services, is key to
evaluate and monitor their sustainability (Acacio and Holmgren 2012; Almeida et al. 2013).
Regulating services are related to the main ecosystem processes associated to impact mitigation from
current and future environmental hazards (Brink et al. 2012; Santos-Martin et al. 2013).
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Figure 4.1 Conceptual framework of ecosystem regulating service provision, as dependent on both the local
biophysical structure and the farm management (adapted from Guerra et al., 2014). The farm manager takes
decision as to the orientation of its farm management practices and these options therefore determine the land
use. In turn the land use shapes the local land cover and contributes, at a larger scale, to the local landscape.
The interaction between this landscape and the local biophysical and climatic conditions ecosystem services are
provided, and ultimately they benefit the farm and consequently the farm manager that produces new
management decisions.

At the same time, they contribute to local biodiversity and habitat conservation (Fitter et al. 2010;
Mace et al. 2012). The provision dynamics of this group of ecosystem services can be influenced by a
number of factors, namely the presence and intensity of environmental impacts, the existence and
extension of the ecosystem service providers, and the farm management system implemented, which in
turn influences and it is influenced by the ecosystem service providers (Pinto-Correia and Godinho
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2013; Pinto-Correia and Kristensen 2013) (Fig. 4.1). The farm management system can determine the
effective ecosystem service provision by minimising or potentiating the capacity for ecosystem service
provision 1n a given place and time. These changes are particularly relevant for the montado silvo-pastoral
systems where the overall production system can be the same, while there are significant differences in
its level of intensity and specialisation (Pinto-Correia et al. 2011; Almeida et al. 2015). This is the result
of more or less integration of environmental mitigation and conservation awareness and practices in
management options (e.g. in the case of soil erosion prevention by promoting a better vegetation cover
in heavy rain periods).

At the same time, the main beneficiary of the ecosystem service provision is the farm manager, who
benefits from better conditions (e.g. better soil fertility, increased pollination) for its options of land use
(e.g. agricultural production) (Darnhofer 2014). This cycle of benefits is often interrupted or degraded
by farm management practices directed specially at increasing short-term production, which in turn
are most often driven by sectoral policies and increased globalized markets pushing for short term

competitiveness.

Considering the importance of soil erosion prevention (SEP) in European Mediterranean systems (c.f.
Van-Camp et al. 2004) we will critically examine the influence of farm management on the provision
of SEP by vegetation cover in selected Mediterranean silvo-pastoral social-ecological systems. Our
objective is to demonstrate and quantify the relations between the ecosystem service provision and
farmers management options. This will allow to discuss the main management and policy challenges
associated with the provision of the SEP in Mediterranean silvo-pastoral social-ecological systems.

4.2 Methods

The relation between farm management and ecosystem service provision can only be correctly
attained at the farm level allowing to grasp the effects of the decisions made by each farmer
(Darnhofer et al. 2010; Pinto-Correia and Kristensen 2013; Darnhofer 2014). This implies that farm
management data has to be collected and compiled at this level, allowing to define the whole farmland
area under the same farm manager as a farm management unit (FMU), which can then be related to
the provision of specific ecosystem services. Based on a survey of montado farm managers in the
Alentejo region, Portugal (e.g. Almeida et al. 2013; Almeida et al. 2015), a set of thirty-eight FMU
belonging to similar environmental conditions was selected to perform the analysis (Fig. 4.2; Table
4.1).
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Figure 4.2 Geographic location of the selected thirty-eight FMU.
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These are all FMU with more than 50 ha and are characterized by having a predominance of montado
land cover. They are differentiated by the type and intensity of grazing (mainly related to cattle and
sheep), shrub control practices (mainly shrub cutting and soil disking), and the type of soil fertilization
implemented (mainly organic fertilization or with bio-chemical inputs). The FMU may contain more
than one plot but all results were computed at the FMU level to better grasp the relation between farm
management and ecosystem service provision.

Our general approach was to first classify the FMU according to different farm management types and
then to compute for the montado areas a set of ecosystem service indicators related to SEP. For this step
the montado areas were mapped through photointerpretation of aerial photographs. This allowed to
relate both the farm management types and the corresponding provision of SEP and to determine if
more intensive and less diversified farm management practices relate to less efficient SEP provision in
montado areas.

4.2.1 Farm management classification

According to the management practices used in each FMU a hierarchical cluster analysis was
performed based on Ward’s method and a squared Euclidean distance measure. The identified farm
management clusters were described in order to define the related farm management type. With this
procedure we intended to separate FMU with more or less intensive farm management practices in
order to relate them with the ecosystem service indicators produced for SEP.

4.2.2 Ecosystem service provision: estimation and classification

The conceptual approach for mapping and assessment of regulating services used in this Chapter has
recently been described by Guerra et al. (2014), and it is summarised here. Ecosystem regulating
services are provided at the interface between the structural components of the social-ecological system
and its landscape dynamics (Guerra et al. 2014) (Fig. 4.1). Therefore, the provision of SEP results in
the mitigation of the potential soil erosion generated in the context of a specific ecosystem. A complete
review of the methodological and conceptual frameworks is given in Guerra et al. (2014) and more
details are provided in the following sections.

Table 4.1 Main characteristics of the selected farm management units (FMU).

FMU Montad Stocking Proportion Proportion Type of Shrub Food
ID area o(x:/z)l ° density of cattle  of sheep grazing control Fertilization Supplements
(ha) ° (heads/ha) (%) (%) animals techniques (%)
1304 445.25  85.34 0.53 100.0 0 C Grazing Organic 0
1307 74.88 85.31 1.30 100.0 0.0 (® Shr}lb Chemical >50
cutung
1308 162.81  52.62 1.21 100.0 0.0 c Shr}lb Chemical 0
cutung
1309 285.04 61.68 0.87 100.0 0.0 c Chemical Organic <25
1310 179.11  61.50 1.74 67.8 32.2 cs Shrub o 0
cutting fertilization
Shrub .
1311 502.30  73.55 1.39 70.7 0.0 CcO . Chemical <25
cutung
1313 209.63  64.40 0.86 100.0 0.0 (® Soil disking ~ Organic <25
1315 116.93  68.41 0.98 100.0 0.0 c Grazing Chemical <25
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Table 4.1 Main characteristics of the selected farm management units (FMU) (Cont.).

FMU Montad Stocking Proportion Proportion Type of Shrub Food
ID area 0(0 %) ° density of cattle  of sheep grazing control Fertilization Supplements
(ha) ° (heads/ha) (%) (%) animals techniques (%)
1316 654.83  61.84 0.91 100.0 0.0 (© Grazing Organic <25
1317 269.09  82.76 0.00 0.0 0.0 - Soil disking ~ Organic 25-50
1318 125.54  68.71 1.24 93.7 6.3 GS Chemical Chemical <25
1320 208.78  76.77 1.62 76.9 23.1 Cs Chemical Chemical <25
1321 375.11  59.34 1.34 100.0 0.0 (® Grazing Organic <25
1324 166.28  91.08 0.70 100.0 0.0 c Soil disking ~ Chemical <25
1325 544.25  94.21 0.52 71.7 0.0 CO  Soil disking ~ Organic 0
1330 1030.33  63.56 0.96 90.4 9.6 Cs Soil disking ~ Chemical >50
1332 138.66  62.70 2.41 40.6 59.4 CS Shr}lb Chemical <25
cutung
1333 605.64  83.27 0.32 98.8 1.2 CS Soil disking ~ Chemical >50
1336 547.63  74.56 0.50 97.8 2.2 Cs Shr}lb Chemical <25
cutung
1337 22221  49.02 1.71 100.0 0.0 (© Shr}lb Organic <25
cutung
3281 192.14  61.27 0.15 0.0 100.0 S Shrub No >50
cutting fertilization
3305 183.06  47.87 0.61 83.1 0.0 CO  Soil disking ~ Chemical <25
3308 231.02  53.68 0.15 100.0 0.0 (® Soil disking fertilil\i(;tion <25
3311 314.37  56.32 0.27 100.0 0.0 c Soil disking ~ Organic 0
3317 202.34  72.81 1.06 100.0 0.0 c Soil disking ~ Chemical 25-50
3320 221.61  64.19 0.23 0.0 90.9 S Soil disking ~ Chemical <25
3321 124.81  58.52 0.91 100.0 0.0 c Soil disking ~ Organic <25
3322 11045  59.25 0.34 0.0 100.0 S Soil disking ~ Organic <25
3335 168.15  53.32 0.39 100.0 0.0 (® Soil disking ~ Chemical 25-50
3339 302.85  65.04 0.00 0.0 0.0 - Soil disking fertilil\i(;tion 0
3340 11894  59.95 0.29 0.0 100.0 S Soil disking fertilil\i(;tion 25-50
3341 436.05  50.90 0.27 44.1 5.1 CO  Soil disking ~ Organic <25
3342 101.67  51.64 0.98 82.5 14.6 CO  Soil disking fertilil\i(;tion >50
3343 127.30  56.28 0.38 100.0 0.0 (© Soil disking fertilil\i(;tion <25
3344  60.31 54.81 0.00 0.0 0.0 - Soil disking fertilil\i(;tion 0
3349 72.57 66.93 0.62 100.0 0.0 (© Soil disking fertilil\i(;tion >50

Note: C: Catle ; S: Sheep; O: Other (goats or pigs)

This conceptual framework is based on a set of functional components, here also seen as indicators of
ecosystem service provision (Table 2): 1) the structural impact (Y); 11) the capacity for ecosystem service provision
(e,); 111) the actual ecosystem service provision (Ey); and iv) the ecosystem service mutigated impact ( 5 .)). In total
we used a set of eight indicators that describe the different processes that contribute to SEP and allow
to compare the ecosystem service provision of montado areas between FMU and farm management

types (Table 4.2).

4.2.2.1 Structural impact

Following this assessment framework, in order to map and to quantify SEP it is necessary to first
identify the structural impact (Y') related to soil erosion, 1.e. the erosion that would occur when vegetation
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1s absent and therefore no ecosystem service is provided (Guerra et al. 2014). It determines the
potential soil erosion in a given place and time and it is considered to be related to rainfall erosivity
(i.e. the erosive potential of rainfall), soil erodibility (as a characteristic of the soil type) and local
topography (Ribeiro et al. 2004; Panagos et al. 2011b).

These parameters were calculated based on the approach implemented for the Universal Soil Loss
Equation (Wischmeier and Smith 1978) to estimate rainfall erosivity (R Factor), soil erodibility (K
Factor), and local topography (LS Factor). The structural impact (Y) was then calculated using the
following expression (Prasuhn et al. 2013; Guerra et al. 2014):

Y=RxKXLS (Eq.4.1)

The rainfall erosivity parameter was calculated using the rainfall erosivity model for complex terrains
(REMbps) proposed by Diodato and Bellocchi (2007), which was found to give good results using
monthly rainfall data. It gives suitable results when compared to other simplified models that do not
account for the interaction with elevation and latitude and it follows a non-linear equation to estimate
monthly rainfall erosivity (Rm) (Diodato and Bellocchi 2007):

1.561

R = 0.207><[pm x(f(m)+f(E,L))] (Eq.4.2)

where, p, (mm month!) is the monthly average precipitation amount for month m, f{m) is a sinusoidal
monthly function, f{E, L) is a parabolic function reflecting the influence of site elevation (E) in meters
and latitude (L) in degrees on the erosivity. The fm) function varies with month (m: 1 (January), ...,12
(December)) (Yu et al. 2001; Davison et al. 2005) following the expression:

m
=0. 1-1. _— Eq.4.3
f(m) 03696>{ 0888><cos(27r><2.9048+mﬂ (Eq.4.3)

To calculate the f{E, L) function we used the following expression (Diodato and Bellocchi 2007):

/(L) :0.3024+gx\/Ex(zu—L)—gx[\Ex(M—L)T (Eq.4.4)

where, £ 1s the elevation in meters, L is the latitude in degrees, ¢ is equal to 0.0013848, and g is equal
to 0.0000138092. Available monthly rainfall data was obtained from reference meteorological stations
of the Portuguese national water resources information system (INAG 2010).

For the soil erodibility parameter we used the high resolution (500 meters resolution) European soil
erodibility map (Panagos et al. 2014b) calculated from data collected in the Land Use/Cover Area
frame Survey (LUCAS) soil survey for 2009. This was calculated based on the equation proposed by
Wischmeier and Smith (1978) and Renard et al. (1997) (Panagos et al. 2014b):

. 2.1x107 M""* (12~ a)+3.25(s = 2)+2.5(p - 3)

0.1317 Eq.4.5
00 X (Eq.4.5)

where, A corresponds to the soil erodibility factor, a is the percentage of organic matter, 4 the soil

structure parameter, ¢ the profile permeability class, and M = (0/05i11 +% )x (100 - %md) .

very fine sand
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Table 4.2 List of calculated indicators to describe the provision of soil erosion prevention.

Indicator Description Units
Structural impact Total soil erosion impact when no ecosystem service is provided tons of soil
per FMU
Ecosystem service Total of the remaining soil erosion after the ecosystem service provision tons of soil
mitigated impact per FMU

Actual ecosystem service  Total of the actual ecosystem service provision corresponds to the total

provision amount of ecosystem service provided, measured in ecosystem service tons of soil
providing units (tons of soil not eroded). It varies from season to season and per FMU
year-to-year depending on the variation of the structural impact

Ecosystem service Average fraction of the structural impact that is mitigated by the ecosystem
provision capacity service, it corresponds to an adimensional gradient from 0 to 1
Variation in structural %  variation in the total amount of structural impact between farm o,
. . 0
impact management unit
Rate of effective ecosystem % variation in the total amount of actual ecosystem service provision corrected
service provision by the structural impact fluctuations for a given time slice using the following
. Es Y, .
expression: 100x| | —=—1|—-| —=£—1|| , where Es is the total actual ecosystem o
Es,, Y, Yo
service provision, Y is the total structural impact, r¢f corresponds to the
reference farm management unit type, and eval to the evaluation farm
management unit type
Variation in ecosystem % wvariation in the total amount of ecosystem service provision capacity 0,
. .. . . 0
service provision capacity between farm management unit
Variation in ecosystem % variation in the total amount of ecosystem service mitigated impact between 0,
.. . . 0
mitigated impact farm management unit

FMU - farm management unit

For the topographic factor it was used a 30 meters resolution topographic dataset provided by the
Portuguese National Geographic Institute and the expression proposed by Moore and Burch (1986):

1.3

(Eq.4.6)

LS:[ axp )0‘4 y sin(d)

22.13 0.0896

where, LS represents the topographic factor, a refers to the flow accumulation model obtained from
the topographic dataset, p to the pixel size, and d to the slope model in degrees.

4.2.2.2 Capacity for ecosystem services provision

The capacity for ecosystem service provision corresponds to the idea that ecosystems provide a certain
potential for service provisioning based on their functioning (van Oudenhoven et al. 2012). This
determines the fraction of the structural impact that is mitigated by the ecosystem service in a given
place and time, and corresponds to an adimensional gradient from 0 to 1 (Guerra et al. 2014). To
consistently map the capacity for soil erosion prevention in Mediterranean Europe, we will estimate
the capacity for ecosystem service provision by computing vegetation cover. Vegetation cover was computed
using the relation between the Normalized Difference Vegetation Index (NDVI; calculated from
MODIS 16 days NDVI composites with a 250 meters pixel resolution) and the USLE C Factor
(Wischmeier and Smith 1978) proposed by Van der Knijff ez al. (1999, 2000):
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NDVI
C= —ax Eq.4.7
eXp[ ‘ (b—JWDL?)} a7
where, a=2 and b=1.
Finally, the capacity for ecosystem services provision was estimated using the following expression:
e =1-o (Eq.4.8)

where, ¢ 1s the capacity for ecosystem service provision and a corresponds to the C Factor from USLE
(Guerra et al. 2014).

4.2.2.3 Actual ecosystem services provision and ecosystem services mitigated impact

The actual ecosystem service provision (Es) 1s the fraction of the total potential soil erosion (i.e. structural
impact: Y') that 1s regulated by the ecosystem service providers (in this case vegetation). It is determined
by the intensity of the structural impact and by the capacity for ecosystem service provision (¢;) in a given place
and time following the expression:

E=Y-p

K e

(Eq.4.9)

where, E; is the actual ecosystem service provision, Y is the structural impact, and 3. is the ecosystem service

mutigated impact.

Due to this relation, studies show (Guerra et al. 2014; Guerra et al. 2015) that, for regulating services,
there 1is a significant overlap between the magnitude and the spatial and temporal distribution of the
structural impact and of the actual ecosystem service provision. Considering this overlap, calculating the
variation of the actual ecosystem service provision by itself does not provide relevant information for an
ecosystem service assessment, as increases or decreases in ecosystem service provision largely depend
on the variations of the structural impact. To overcome this problem Guerra et al. (2014) proposed the
rate of effective ecosystem service provision to estimate variations of the actual ecosystem service provision. The rate
of effective ecosystem service provision corresponds to the % variation in the total amount of actual ecosystem
service provision corrected by the % variation of the total amount of structural impact for a given region.
The expression was originally proposed to compare between time slices for the same region (Guerra et
al. 2015), although here we will adapt it to compare between regions (i.e. FMU) for the same time slice
using the following expression:

E Y
100 x| | =0t || —et - (Eq.4.10)
Esref Y ref

where, Es 1s the total actual ecosystem service provision, Y 1s the total structural impact, ref corresponds to the

reference region, and eval corresponds to the evaluation region.

Finally, the ecosystem service mitigated impact corresponds to the remaining soil erosion after the regulation
provided by the ecosystem service provider. It was determined by:
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B =Yxa (Eq.4.11)

where, /. is the ecosystem service mitigated impact, Y is the structural impact, and a corresponds to the C

Factor from USLE as determined in the previous Section.

Although 1t does not allow for an absolute measure of soil erosion, this mathematical formulation will
generate a spatially explicit gradient of the potential soil loss and the related gradient of ecosystem
service provided by vegetation cover (Guerra et al. 2014).

4.3 Results

4.3.1 Farm management units classification

The original dataset was classified into eight clusters. These clusters separate characteristics like the
predominance of montado or pasture areas, the type and percentage of animal breed, and the type of
shrub control practices or soil fertilization (Fig. 4.3). The multiple cluster divisions highlight the
complexity of the farm management systems present in the FMU dataset. These range from no animal
breed and crop production oriented FMU (Cluster 3), to high headage and meat oriented FMU (e.g.
Cluster 6). It is important to state that all FMU have a predominance of montado areas (between 47.9%
and 94.2%), which depending on headage and other management practices (e.g. soil fertilization,
shrub control practices, existence of other crops) have higher or lower pressure from grazing.

The eight clusters (Cl) show a high array of farm management practices that illustrate different farm
systems and can be summarized as (Table 4.3):

Cl1. Cluster 1 represents one of the clusters with lower montado area in the total land cover
(median=58.5%). Farm units here have no fodder production and low cereal production
areas (median=6.4%). This cluster is also characterized by an above average headage
(median=0.859) mostly composed of cattle. Within this cluster a mix of chemical and
organic fertilization is promoted, although soil disking is used predominantly as a shrub
control practice.

Cl12. This cluster presents three major characteristics. The predominance of cattle, followed by
no fertilization and the implementation of soil disking practices in all farm management
units. This is also related to the absence of fodder crops and to the existence of higher levels
external food supplements for animals, although headage is bellow average when compared
with the total dataset.

Cl13. This cluster is characterized by farm management units with no livestock (cattle and sheep)
and a relatively high predominance of montado areas in the total farm area (median=65%).
In terms of shrub control the FMU included in this cluster use only soil disking
accompanied by low levels of soil fertilization. These farm management units are oriented to
the production of food supplements for other farm management units, and cork.

Cl4. From the farm management units that have livestock (cattle and sheep), this cluster presents
the lowest headage values (median=0.288) with 100% of sheep breeding. Land cover it is
predominantly characterized by montado areas (median=60%) and open pastures
(median=23.7%). Soil disking and no fertilization also prevail as management practices in
the tree under cover.
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Figure 4.3 Hierarchical cluster classification of the farm management units identifying the main cluster

separations in each cluster division. Cluster (Cl) numbering is identified in the bottom of the figure.
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CI5.

Cl6.

This cluster is characterized by farm management units that have mixed livestock with a
predominance of sheep and a below average headage (median=0.474). Soil disking is used
in all farm management units and chemical fertilization is favoured. This, together with the
absence of fodder crops, promotes the use of external food supplements that are
predominantly between 25 and 50% of the total food available for animals.

Cluster 6 aggregates the farm management units with the highest headage of all clusters
(median=1.724) with a mixed livestock (cattle and sheep) with predominance of cattle. This
cluster also presents the smallest pastures areas of all clusters. Although the headage is high,
shrub control is made predominantly with shrub cutting practices and a mix of chemical

and organic fertilization is also used.



Cl7. The farm management units present in this cluster show a relatively high headage
(median=1.257) and are 100% cattle oriented. In this case a higher headage is related to the
presence of fodder crops and also grazing and organic faming are the predominant

management practices.

Cl18. The farm management units included in this cluster present a relatively small headage
(median=0.617), mainly of cattle, although varying between 0.319 and 1.299. Mainly
chemical fertilization i1s used with a mix of shrub cutting practices being applied,
predominantly grazing and shrub cutting.

4.3.2 Soil erosion prevention response to farm management practices

The ecosystem service provision indicators were calculated for the montado areas of each FMU and
then were aggregated at cluster level. The results show that ecosystem service provision indicators
translate differences in farm management practices. This is evident not only for the management
practices (Fig. 4.4) but also at the farm system level (Fig. 4.5).

As shown in Figure 4.4 different farm management practices combinations have a direct effect in the
rate of effectve ecosystem service provision. It 1s possible to observe that concerning shrub management
practices, independently of the fertilization practices, more intensive shrub management practices (e.g.
soil disking) always result in a degradation of the ecosystem service provision in the FMU. While
organic fertilization seems to be related with higher ecosystem service provision efficiency, no
fertilization always results in more negative outputs than other fertilization practices.

Chemical Shrub
Soil disking control cutting Grazing

uonezijniay
ON

uonezijniay
diuebaQ

0.49%

uonezi|niay
[earwayd

Figure 4.4 Effects on the rate of effective ecosystem service provision of a combination of different farm

management practices: shrub management practices (on top) and fertilization type (on the right).
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Table 3 Main characteristics of each identified cluster.

% of
o, [) oqe .
Clusters Statistics o of % of Cereal Fodder o of Shrub Fertilizatio
Montado Pastures control n
crops
Minimum 47.9 0.0 0.0 3.5 Shrub cutting Organic
Maximum 72.8 14.4 0.0 38.9 Soil disking Chemical
Gluster 1 Median (a) 58.5 6.4 0.0 24.6 Soil disking Organic
Std. Deviation 7.7 4.9 0.0 11.4 - -
No
Minimum 51.6 1.8 0.0 19.7 Soil disking o
fertilization
: 0 v No
Maximum 66.9 19.3 0.0 34.6 Soil disking o
Cluster 2 fertilization
. 0 v No
Median (a) 55.0 9,9 0.0 26.9 Soil disking o
fertilization
Std. Deviation 6.8 8.3 0.0 6.4 - -
No
Minimum 54.8 0.0 0.0 16.8 Soil disking o
fertilization
Maximum 82.8 0.3 3.2 23.0 Soil disking Organic
Cluster 3 No
Median (a) 65.0 0.0 0.0 19.2 Soil disking o
fertilization
Std. Deviation 14.2 0.2 1.8 3.1 - -
.. . No
Minimum 59.2 0.0 0.0 19.4 Shrub cutting o
fertilization
Maximum 61.3 6.8 0.0 24.0 Soil disking Organic
Cluster 4 No
Median (a) 60.0 6.1 0.0 23.7 Soil disking o
fertilization
Std. Deviation 1.1 3.7 0.0 2.6 - -
No
Minimum 54.9 15.1 0.0 4.4 Soil disking o
fertilization
Cluster 5 Maximum 64.2 30.0 0.0 11.2 Soil disking Chemical
Median (a) 58.3 24.0 0.0 8.0 Soil disking Chemical
Std. Deviation 4.7 7.5 0.0 3.4 - -
. . No
Minimum 49.0 12.9 0.0 0.0 Shrub cutting o
fertilization
Cluster 6 Maximum 76.8 46.4 0.0 4.6 Chemical Chemical
Median (a) 62.1 27.3 0.0 3.5 Shrub cutting ~ Chemical
Std. Deviation 11.4 14.0 0.0 2.1 - -
Minimum 59.3 1.0 0.0 19.5 Grazing Organic
Maximum 61.8 7.7 9.3 29.7 Grazing Organic
Cluster 7 . . .
Median (a) 60.6 4.4 4.7 24.6 Grazing Organic
Std. Deviation 1.8 4.7 6.6 7.2 - -
Minimum 68.4 0.0 0.0 2.7 Grazing Organic
Maximum 94.2 5.3 0.0 21.4 Soil disking Chemical
Cluster 8 . .
Median (a) 84.3 0.9 0.0 10.8 (b) Chemical
Std. Deviation 8.4 1.8 0.0 6.0 - -

(a) In the case of shrub control, fertilization and food supplements the statistic values correspond to the Mode (in grey).

(b) Multiple Modes exust.
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Table 3 Main characteristics of each identified cluster (Cont.).

Clusters  Statistics Sup:‘loe (::ents Headage % of Cattle % of Sheep
Minimum 0% 0.266 44.1 0.0
Maximum 50-25% 1.238 100.0 14.3
Cluster 1y pe dian <25% 0.859 100.0 0.0
Std. Deviation = 0.349 16.9 4.6
Minimum <25% 0.155 82.5 0.0
Maximum >50% 0.979 100.0 14.6
Cluster2 -\ e dian (b) 0.498 100.0 0.0
Std. Deviation = 0.353 8.8 7.3
Minimum 0% 0.000 0.0 0.0
Maximum 50-25% 0.000 0.0 0.0
Cluster 3y re dian 0% 0.000 0.0 0.0
Std. Deviation = 0.000 0.0 0.0
Minimum <25% 0.152 0.0 100.0
Maximum >50% 0.344 0.0 100.0
Cluster 4\ 1 dian (b) 0.288 0.0 100.0
Std. Deviation = 0.099 0.0 0.0
Minimum 0% 0.232 0.0 60.3
Maximum 50-25% 1.193 39.7 100.0
Cluster S\ e dian (b) 0.474 0.0 90.9
Std. Deviation = 0.500 22.9 20.8
Minimum 0% 1.623 40.6 0.0
Maximum <925% 2.408 100.0 59.4
Cluster 6 1. gian <25% 1725 72.4 97.7
Std. Deviation - 0.362 24.6 24.6
Minimum <25% 0.914 100.0 0.0
Maximum <925% 1.339 100.0 0.0
Cluster 7y re dian <25% 1,127 100.0 0.0
Std. Deviation = 0.301 0.0 0.0
Minimum 0% 0.319 71.7 0.0
Maximum >50% 1.299 100.0 2.2
Cluster8 1. dJian <25% 0.617 99.4 0.0
Std. Deviation = 0.316 9.9 0.8

Looking at the FMU types level (Fig. 4.5) it is possible to observe these relations between farm
management practices and SEP by comparing FMU types with specific differences between them. For
example, by comparing Cl1 to C12 although differences exist both are cattle based farm systems with
comparable headage (although CI2 has a slightly lower headage) and similar shrub management
practices. Their main difference resides in the existence of fertilization measures (Cl1 with a mix of
chemical and organic fertilization and Cl2 where no fertilization is predominant). The results reveal
that overall Cl12 has a lower rate of effective ecosystem service provision (-0.4%) when compared with Cl1. This
llustrates the reduced ecosystem service provision efficiency particularly in autumn and early spring.
Cl2 also presents a higher ratio between the ecosystem service mitigated impact and the structural impact,
which indicates proportionally higher soil erosion and less ecosystem service provision efficiency.
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Another example can be found when comparing Cl4 to Cl6. Both are sheep based farm systems with
very different headage (Cl4 [median=0.288] and Cl6 [median=1.724]) but also have very different
farm management practices (Cl4 with a predominance of no fertilization and soil disking while CI6 has
a predominance of a mix of chemical and organic fertilization and shrub cutting). This comparison
shows that overall Cl4 has a less effective performance than CIl6 in terms of ecosystem service
provision with a comparison rate of effective ecosystem service provision of -16.17%, although it presents a
significantly lower headage. This can be explained by two different reasons.

(a)

Cluster 1 Cluster 2 Cluster 3
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Figure 4.5 Ecosystem service provision
between the ecosystem service mitigated impact and the structural impact calculated per cluster considering the
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The first 1s that the existence of a very small headage in Cl4 promotes the implementation of more
intensive shrub management practices applied mostly in early Spring (i.e. soil disking), which in return
increase the amount of ecosystem service mutigated impact in this period (Fig. 4.5a). In the case of CI16 the
higher headage reduces the need for more intensive shrub management practices, which reduces soil
erosion especially in early spring. The differences in fertilization can also help to explain the
divergence found between the ecosystem service provision efficiency. The combination of these
different farm management practices resulted in a decrease of 62.6% in the ratio between the
ecosystem service mutigated impact and the structural impact when comparing Cl4 with CI16 (Fig. 4.5b).

4.4 Discussion

4.1. Data and methodological constrains

Even if the major components of the system are maintained, the examples used show that the montado
1s subject to different farm management practices, which result in very different ecosystem service
provision conditions. The results are consistent and show the main line of relations between farm
management and ecosystem service provision. Nevertheless, the reduced number of fine scale farm
system data is a limitation that potentially limits the scope of the conclusions drawn from the present
study. This lack of detailed data showed to be particularly important when assessing the relation
between the farm management types and the provision of SEP. For example, soil disking is identified
as the main shrub management practice in most farm units analysed, but we have not been able to get
exact data on how frequently it is applied and which is the proportion of the montado farm land subject
to this practice.

At the same time, the absence of higher resolution datasets with similar temporal and spatial coverage
(e.g. NDVI data) also limits the level of detail of the conclusions. In the future there is an opportunity
to overcome this limitation with the use of the outputs from the recently launched Sentinel-2A satellite
(Johansen et al. 2008; Drusch et al. 2012; Pettorelli et al. 2014). Also the use of systematic survey data
could overcome the limited data regarding the farm system dynamics. For example, in Europe, a
solution could be a slightly more detailed farm survey within the existing European Common
Agricultural Policy control system for support payments, and by making the resulting data
systematically available.

From a methodological point of view, the number of and the specificity of the FMU also does not
allow for a generalization of the results to other regions and/or management systems. Despite this, the
consistent results that were obtained allow us to at least signal the relation between specific
management practices and the provision of SEP, as illustrated in section 3.2. Also, the non-utilization
of daily data, particularly regarding precipitation events, can underestimate the total amount of service
provided. Although it falls out of the scope of this Chapter, the precise determination of the actual
ecosystem service provision is a key step for valuation exercises and should be taken in consideration in
future case studies addressing this issue.

4.4.2 Main findings

Despite these limitations the results illustrate the link between farm management and ecosystem
service provision and exemplify the potential use of a combined set of ecosystem service provision
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indicators to monitor variations in farm management systems and their impact on the system
sustainability. First, although with a highly simplified description of the farm system, the results
allowed the classification of different variants of farm management types, acknowledging the high
management complexity of these systems (Pinto-Correia et al. 2011). This complexity has significant
implications when evaluating ecosystem service provision making explicit the need for more detailed
and updated information on management practices and on the ongoing ecological processes (Almeida
et al. 2013).

The relation between the eight identified FMU clusters and the provision of SEP was not clear. But
when the comparison was made at the management practices level (Fig. 4) this relation emerges more
clearly. The reduced data pool available to describe the farm system, which in turn limited the
characterization and discrimination of the farm management types, can justify these results.

SEP seems to be sensitive to different farm management practices that go beyond headage or beyond a
simple characterization of the farm system. The combined use of several ecosystem service provision
indicators to describe the same ecosystem service, allowed to identify a direct effect between the
combination of management practices and the variation of SEP. In this context, the rate of effective
ecosystem service provision proved to be a good indicator to compare between land management
practices, obtaining relevant indications about the impacts related to specific management practices
(i.e. shrub management and fertilization type). By combining shrub control practices with fertilization
practices it is possible to identify the farm practices that result in a lower ecosystem service provision
performance, as soil disking and no fertilization. This also allowed to explain some of the results
obtained at the FMU level, particularly the unclear relation between ecosystem service provision and
farm management in clusters that result from a mix of shrub control and/or fertilization practices.

Simultaneously, the ratio between the ecosystem service mitigated impact and the structural impact
also revealed to be a suitable indicator to compare between FMU types. It allowed to discriminate
between highly intensive FMU and low intensity FMU. This distinction needs to take in to
consideration the reduced number of FMU that was included in this analysis. Thus, further research
should be conducted to better support these conclusions and validate the approach. Overall the results
highlight the role of farm management in the provision of SEP in Mediterranean conditions. They also
underline the importance of understanding the effects of specific farm practices on the sustainability
and future viability of the FMU.

4.4.3 Management support opportunities

The description of SEP ecosystem service profiles for each FMU type (Fig. 5a) allowed to identify
critical periods where farm management practices could be improved to increase SEP and to reduce
soil erosion. It also provided evidences that could be used to establish farm system improvement
opportunities. As an example, the FMU present in Cl4 have the ability to increase their production
outputs (e.g. by increasing the headage) without damaging the ecosystem service performance if farm
management changes were to be implemented (e.g. increasing fertilization and adopting less aggressive
shrub management practices).

Although the management practices present in each FMU were simplified due to the limitations of
data availability, the results show promise in the use of SEP indicators to monitor these practices and
their effects on the functioning of the system. This offers opportunities to support decision-making
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towards sustainability, with high accuracy potential. As shown here, the use of remote sensing datasets

can also aid in streamlining this type of ecosystem service based monitoring systems (c.f. Tallis et al.
2012; Pettorelli et al. 2014).

4.4.4 Implications for policy and compensation payments

From a policy point of view, the results of this assessment are promising. There are many attempts to
improve the sustainability of the montado, and accurate supporting information is highly needed
(Aronson et al. 2009; Sales-baptista et al. 2015). Due to the complexity of this social-ecological system
adequate indicators have been difficult to define and the precise impact of farm management practices
has so far been hard to assess (Cooper et al. 2007; Lomba et al. 2014). It is also acknowledged today
that not all montado can be classified as having high natural value due to the impact on the system of
different management practices at the farm level (Plieninger and Bieling 2013; Almeida et al. 2013;
Almeida et al. 2015). Also, the challenge of the precise identification of thresholds in such practices
(e.g. livestock grazing intensity, grazing breeds, frequency and depth of soil mobilization, etc.) in
relation to the system’s sustainability and resilience has not been met yet (Bugalho et al. 2011; Moreno
et al. 2014; Almeida et al. 2015).

The use of ecosystem service based monitoring systems could be a step forward in developing and
implementing effective policy impact evaluations as they provide evidence about the outcomes in the
field of specific policy measures (Fancy et al. 2009; Tallis et al. 2012). It can also make possible the
identification of conflicting or competing policy measures that can hamper or even improve the
provision of ES. With this, it can allow to support the design, implementation and monitoring of both

market mechanisms and public policy schemes grounded on the provision of multiple ES.

81






J

AN ASSESSMENT OF SOIL EROSION
PREVENTION BY VEGETATION IN
MEDITERRANEAN EUROPE:
CURRENT TRENDS OF ECOSYSTEM
SERVICE PROVISION

Based on the manuscript:
Guerra, C.A., Maes, J., Gejjzendorffer, 1., Metzger, M,J., 2016. An assessment of soil erosion

prevention in Mediterranean Europe: current trends of ecosystem service provision. Ecological
Indicators. 60, 213-222. 10.1016/j.ecolind.2015.06.043






Abstract

The concept of ecosystem services has recewed increased attention in recent years, and is seen as a useful construct for the
development of policy relevant indicators and communication for science, policy and practice. Soil erosion is one of the
main environmental problems for European Mediterranean agro-forestry systems, making soil erosion prevention a key
ecosystem service to monitor and assess. Here, we present a spatially and temporally explicit assessment of the provision of
sotl eroston prevention by vegetation in Mediterranean Europe between 2001 and 2013, wincluding maps of vulnerable
areas. We follow a recently described conceptual framework for the mapping and assessment of regulating ecosystem
services to calculate eight process-based indicators, and an ecosystem service provision profile. Results show a relative
increase in the effectiveness of provision of soil erosion prevention in Mediterranean Europe between 2001 and 2013.
This increase is particularly noticeable between 2009 and 2013, but it does not represent a general trend across the whole
Mediterranean region. Two regional examples describe contrasting trends and illustrate the need for regional assessments
and policy targets. Our results demonstrate the strength of having a coherent and complementary set of indicators for
regulating services to inform policy and land management decisions.
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5.1 Introduction

Soil erosion is one of the main environmental problems in European Mediterranean agro-forestry
systems (Garcia-Ruiz 2010) and for the sustainability of important ecosystems (Arnaez et al. 2011;
Almagro et al. 2013). Several legislative and scientific initiatives have focussed on this issue since the
late 1950s and recently the Thematic Strategy for Soil Protection (T'SSP) defined a coherent
framework for the assessment of European soils (CEC 2006). It pointed out the concentration of soil
related risks in Southern Europe and the absence of a standardized approach to obtain policy relevant
indicators (Gobin et al., 2004; Panagos et al., 2014a; Van-camp et al., 2004).

The ecosystem service (ES) concept is an effective communication tool to bridge knowledge between
science and policy (Maes et al. 2012; Viglizzo et al. 2012). In the case of soil erosion prevention (SEP),
the TSSP recognizes the importance and knowledge gaps related to the contribution of specific
ecosystems and ecosystem functions to the mitigation of soil erosion. The ecosystem service concept
also supports guidelines for the development of policy relevant indicators for international monitoring
systems (Tallis et al. 2012; Reyers et al. 2013) because ecosystem service indicators that are sensitive to
changes in land use, calculated using standardised methods (e.g. Maes et al., 2015), provide critical
sources of information for agro-forestry systems under pressure from policy, environmental or climatic

drivers (Hill et al. 2008; Navarra and Tubiana 2013).

Several studies (e.g. Martinez and Balvanera, 2012) and international initiatives (e.g. the Common
International Classification of Ecosystem Services (Haines-young and Potschin 2013)) are contributing
to the development of a coherent indicator set for the mapping and assessment of ES. Under Action 5
of the European Union (EU) Biodiversity Strategy to 2020 (EC 2011) the Working Group on Mapping
and Assessment of Ecosystems and their Services (MAES) was set up to develop an assessment
approach to be implemented by the EU and its Member States (Maes et al., 2014; 2013b). Supported
by a growing scientific literature (Seppelt et al. 2011; Costanza and Kubiszewski 2012), this working
group 1identified the need for more consistent methodological approaches to quantify and map
ecosystem services and underlined the importance of finding indicators of ecosystem service provision
(Miller and Burkhard 2012) that are sensitive to measure policy impacts (Maes et al. 2012; Dunbar et
al. 2013).

Vegetation regulates soil erosion and thereby provides a major contribution to Mediterranean agro-
forestry system’s sustainability (Olesen et al. 2011; Iglesias et al. 2011). However, the regulation of soil
erosion is projected to decrease in the coming decades in the region due to overgrazing, forest fires,
land abandonment, climate change, urbanization or the combination of these drivers, (Shakesby 2011;
Lopez-Vicente et al. 2013a). And the intensity of these drivers has increased in the last decade (Llasat
et al. 2010; Otero et al. 2011; Garcia-Ruiz and Lana-Renault 2011; Hoerling et al. 2012; Bangash et
al. 2013). Vegetation acts as an ecosystem service provider by preventing soil erosion and therefore
mitigating the impact that results from the combination of the erosive power of precipitation and the
biophysical conditions of a given area. Consequently, to better represent the impacts related to these
drivers it 1s necessary to map not only the capacity for ecosystem service provision (e.g. according to
land cover type) but also the actual ecosystem service provision and the remaining soil erosion (Nelson
et al. 2009).

This Chapter presents a spatially and temporally explicit assessment of the provision of SEP by
vegetation in Mediterranean Europe between 2001 and 2013. It provides insights on past and current
trends of ecosystem service provision and enables the mapping of vulnerable areas. Finally, it
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demonstrates the strength of having a coherent and complementary set of ecosystem service indicators

to inform policy and land management decisions.

5.2 Methods

5.2.1 Study area

The Mediterranean Environmental Zones (Metzger et al., 2005) were used to define the geographic
extent of the study, which was constrained to continental Europe and a few larger islands due to data
availability. The study area corresponds to 1.06 Million km? and covers all European Mediterranean
countries (Fig. 5.1). It encompasses three major environmental zones, 1.e. Mediterranean Mountains,
which experience more precipitation than elsewhere in the Mediterranean, Mediterranean North and
Mediterranean South, both characterized by warm and dry summers and precipitation concentrated
in the winter months (Metzger et al., 2008a; Metzger et al., 2008b). Within the region agriculture is
generally constrained by water availability and poor soils, and grasslands, vineyards and orchards are
important land cover/use features (Panagos et al. 2013; Almeida et al. 2013).

- Mediterranean Mountains Mediterranean North Mediterranean South

Figure 5.1 Geographic scope of the study area according to the European Environmental Stratification
(Metzger et al. 2003).

5.2.2 Conceptual background

The conceptual approach for mapping and assessment of regulating services used in this Chapter has
recently been described by Guerra et al. (2014), and is summarised in Fig. 5.2. SEP is provided at the
interface between the structural components of the agro-forestry system and its land use/cover
dynamics, which help mitigate the potential impacts from soil erosion (Guerra et al., 2014; Guerra et
al., 2015). This approach combines a strong conceptual framework with the “avoided change”
principle, characterizing regulating ecosystem service provision as the degradation that does not
happen due to the contribution of the regulating ecosystem service provider (i.e. the vegetation cover)
(Layke et al. 2012).
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Figure 5.2 Conceptual framework for assessing the provision of regulating services (adapted from Guerra et
al., 2013), where (a) presents the structural impact (Y') (i.e. the total soil erosion impact in the absence of soil
erosion prevention); (b) distinguishes the actual ecosystem service provision (Es) as an avoided portion of the structural
impact (measured in tons of soil not eroded) and determined by the capacity for ecosystem service provision (es) (i.e. the
fraction of the structural impact that is mitigated by the ecosystem service, corresponding to an adimensional
gradient ranging from 0 to 1), and the remaining ecosystem service mitigated impact (5 .) (i.e. the remaining soil
erosion that is not regulated by soil erosion prevention); and (c) considers the variations in the actual ecosystem
service provision resulting from changes in land management that occur at the local level although influenced by
internal and external drivers.

To assess SEP following this framework it is necessary to first identify the structural impact (Y') related to
soil erosion, 1.e. the erosion that would occur when vegetation is absent and therefore no ecosystem
service 1s provided (Fig. 5.2a). It determines the potential soil erosion in a given place and time and is
related to rainfall erosivity (i.e. the erosive potential of rainfall), soil erodibility (as a characteristic of the
soil type) and local topography (Ribeiro et al. 2004; Panagos et al. 2011b). Although external drivers
can have an effect on these variables, they are less prone to be changed directly by human action.

The actual ecosystem service provision (Es) 1s a fraction of the total potential soil erosion (i.e. structural impact:
Y), and it is determined by the capacity for ecosystem service provision (¢;) in a given place and time. We can
then define the latter as a key component to quantify the fraction of the structural impact that is
mitigated (Fig. 5.2b) and to determine the remaining soil erosion (i.e. the ecosystem service mutigated
impact ( 3 .)). This capacity for ecosystem service provision is influenced by both internal drivers (including
land management options, forest fires, and urban sprawl) and external drivers (including agricultural
policy measures, spatial planning, and climate change). A detailed description of the methodological
and conceptual frameworks is given in Guerra et al. (2014).
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5.2.3 Indicators of ecosystem service provision

To understand the relation between drivers and the provision of ES, it is essential to translate the
dynamics of the agro-forestry systems into a set of process related indicators that express system
responses (Miller and Burkhard, 2012; Guerra et al., 2015). We propose a set of eight indicators that
describe the different processes that contribute to SEP (Table 1), including indicators describing the
state and dynamics of the structural impact (Y'), the ecosystem service mutigated impact ( f.), the actual

ecosystem service provision (Es) and the capacity for ecosystem service provision (ey).

Table 5.1 List of calculated indicators to describe the state and dynamics of ecosystem service provision (all
indicators are computed at a 5 km grid resolution).

Indicator Description Units
Structural impact Total soil erosion impact when no ecosystem service is provided tons of soil
per pixel
area
Ecosystem service Total of the remaining soil erosion after the ecosystem service provision tons of soil
mitigated impact per pixel
area

Actual ecosystem service  Total of the actual ecosystem service provision corresponds to the total

.. . . . . tons of soil
provision amount of ecosystem service provided, measured in ecosystem service

- . . . er pixel
providing units (tons of soil not eroded). It varies from season to season and P arIZa
year-to-year depending on the variation of the structural impact

Ecosystem service Average fraction of the structural impact that is mitigated by the ecosystem
provision capacity service, it corresponds to an adimensional gradient from 0 to 1

Variation in structural % variation in the total amount of structural impact considering the previous 0,
. 0
impact reference date

Rate of effective ecosystem % variation in the total amount of actual ecosystem service provision corrected
service provision by the structural impact fluctuations for a given time slice using the following

expression: 100 X {l;’“ —1}—[%—1} , where Es is the total actual %
s

t t

ecosystem service provision, Y is the total structural impact, and ¢ corresponds
to the temporal frame

Variation in ecosystem % wvariation in the total amount of ecosystem service provision capacity 0,
. .. . . . . 0
service provision capacity considering the previous reference date
Variation in ecosystem % wvariation in the total amount of ecosystem service mitigated impact 0,
.. . . . . 0
mitigated impact considering the previous reference date

Together, these eight indicators are sensitive to changes in the climatic profile of each region, soil
types, topography, management options and environmental drivers. Although all indicators have been
produced at a 250 meters resolution, these were finally aggregated by summation to a 5 km grid
(25km?) resolution to better communicate changes and trends in ecosystem service provision and to
avoid false precision related with the different data quality of the input datasets. In the case of the
capacity for ecosystem service provision the average was used as, considering the adimentional character of
this indicator, the sum does not provide any relevant interpretation value.
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5.2.4. Datasets and methodological application

The Universal Soil Loss Equation (USLE; (Wischmeier and Smith 1978), a commonly used empirical
model for the determination of potential soil losses (Fistikoglu and Harmancioglu 2002; Amore et al.
2004), was used to calculate soil erosion prevention between 2001 and 2013. Soil erosion is
represented by a set of critical factors given by (Panagos et al. 2011b):

A=RXLSXKEXCXP (Eq.5.1)

where, 4 represents the amount of soil loss, R the rainfall erosivity, LS the topographic factor, A the soil
erodibility, €' the vegetation cover factor and P the conservation practices factor.

For the ecosystem service assessment, the structural impact (Y) was calculated using the expression
Y=RxLSxK (Prasuhn et al. 2013), and the gradient of ecosystem service mitigated impact was

determined by 8 =Yxa (where o=C and ¢ =1-o ). Technical infrastructure that could reduce

impacts locally was not considered given the spatial scale of the study. Following these two expressions

the actual ecosystem service provision (E;) can be calculated by £ =Y - . Although no absolute measure of

soil erosion is obtained, this mathematical formulation will generate a spatially explicit gradient of the
potential soil loss and the related gradient of ecosystem service provided by vegetation cover (Guerra
et al., 2014). Artificial surfaces were excluded from the evaluation and all parameters (after estimation)
were directly resampled to a 250 meters resolution using an average filter.

5.2.4.1. Rainfall erosivity

The rainfall erosivity was estimated using the MedREM model proposed by Diodato and Bellocchi
(2010) for Mediterranean conditions for the years of 2001, 2005, 2009 and 2013. This model was
originally calibrated and validated using 66 meteorological stations distributed throughout the
Mediterranean basin with multi-year data of rainfall erosivity (Diodato and Bellocchi 2010). It
considers the variability in rainfall distribution and intensity and also the longitudinal differences
within the Mediterranean basin. Rainfall erosivity was calculated between the months of August and
November, corresponding to the most critical period for soil erosion in Mediterranean conditions (Luis
et al. 2010). Daily rainfall observations, available through the European Climate Assessment and
Dataset (ECA&D; http://eca.knmi.nl/; Haylock et al., 2008), were divided into four partially
overlapping temporal time slices ([1991-2001]; [1995-2005]; [1999-2009]; [2003-2013]). For each
time slice, the rainfall erosivity factor was calculated using the following expression (adapted from
Diodato and Bellocchi 2010):

R =4 xP x\d x(a+bxL) (Eq.5.2)

where, R, (MJ.mm.ha"'.h~!.month™!) corresponds to the monthly erosivity factor for the month m, by
(MJ.ha-L.h'1) is a constant equal to 0.117, b7 (d°2.mm-5%-1) is a constant equal to 2, a (d*5.mm00) is a
constant equal to -0.015, L (°) corresponds to the site longitude, P, (mm) to the total amount of
precipitation in a given month m, and d, (mm.d-1) to the monthly maximum daily precipitation for
month m averaged over a multi-year period (in this case a 10 years period was selected).
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5.2.4.2. Soil erodibility

For the soil erodibility parameter we used the high resolution (500 meters resolution) European soil
erodibility map (Panagos et al. 2014b) calculated from data collected in the Land Use/Cover Area
frame Survey (LUCAS) soil survey for 2009. This was calculated based on the equation proposed by
Wischmeier and Smith (1978) and Renard et al. (1997) (Panagos et al. 2014b):

PREALSUARTES (12—a)£§.25(s—2)+ 2.5(p-3)

x0.1317 (Eq.5.3)

where, A corresponds to the soil erodibility factor, a is the percentage of organic matter, 4 the soil

structure parameter, ¢ the profile permeability class, and M = (%silt +% o ) X (100 %, d) .

5.2.4.3. Topography

For the topographic factor the SRTM shuttle digital elevation model was used following the
expression proposed by Moore and Burch (1986):

LS:[ axp jm x[ sind) J “ (Eq.5.4)

22.13 0.0896

where, LS represents the topographic factor, a refers to the flow accumulation model obtained from
the topographic dataset, p to the pixel size, and d to the slope model in degrees.

5.2.4.4. Vegetation cover

The vegetation cover was estimated for each time slice using the relation between the Normalized
Difference Vegetation Index (NDVI; calculated from MODIS 16 days NDVI composites with a 250
meters pixel resolution) and the USLE C Factor proposed by Van der Knyff et al. (1999, 2000)
(Prasannakumar et al., 2012):

(Eq.5.5)

C =exp| —aXx _NDVT_
(b—ANDVI)

where, a=2 and b=1.

5.2.4.5. Integrated analysis and vulnerability assessment

The spatial distribution and temporal trends of the indicators (see Table 5.1) were analysed and
mapped, and an overall ecosystem service provision profile was calculated for the entire study area.
This was done using spatial statistics to obtain a total sum value (or an average value in the case of the
capacity for ecosystem service provision) for the entire study area, and made it possible to isolate vulnerability
areas and to pinpoint the periods with higher impact on SEP.

The vulnerability areas were identified by superimposing the variation of the capacity for ecosystem service
provision (positive or negative), with the variation of the ecosystem service mutigated impact (positive or
negative), both calculated between 2001 and 2013. A breakdown of the total land surface area covered
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by different combinations of these two variables reveals four groups related to each of the four
quadrants (Fig. 5.5). The first group (1Q) represent areas that, despite their increase in the capacity for
ecosystem service provision, reveal an increase of ecosystem service mutigated impact, 1.e. despite the increase
of vegetation capacity to halt soil erosion, there was an increase in the remaining soil erosion after the
ecosystem service provision. The second (2Q)) consisted of areas with a decrease of the capacity for
ecosystem service provision and an increase of the ecosystem service mutigated impact, 1.e. this group reflects
the expected trend that a decrease in vegetation capacity to halt soil erosion resulted in more soil
erosion. In the third group (3Q)) are combined areas with a decrease of both the capacity for ecosystem
service provision and the ecosystem service mitigated impact, 1.e. reflecting a reduction in the efficiency of
the ecosystem service to halt soil erosion, and finally the fourth group (4Q) included areas with an
increase of capacity related to a decrease of the ecosystem service mutigated impact. This assessment thus
identifies three types of vulnerable areas that require policy action (i.e. 1Q, 2Q), and 3Q)).

Following this analysis, two smaller case-studies with contrasting regional ecosystem service provision
profiles are described. Their specific ecosystem service provision profiles were constructed based on
the description of the main indicators following the same methodological approach as for the overall
ecosystem service provision profile described for the entire study area.

5.3. Results

5.3.1. States and trends of the Structural Impact

The structural impact (Y') followed the rainfall dynamics during the same period: decreasing between
2001 and 2009 but increasing towards 2013. Overall, a decrease of 7.86% was observed between 2001
and 2013. Using 2013 as a reference year, the distribution of the structural impact (Fig. 5.3) showed
relatively high values in the North of Italy, South of France, the East coast of the Adriatic Sea and the
Western and Southern areas of the Iberian Peninsula. This spatial distribution remained throughout
the period of the analysis with the exception of 2009, when the distribution was less pronounced.
Between 2001 and 2013 the areas that experienced an increasing structural impact over the four months
in analysis were located in the south of Italy and in the south of the Iberian Peninsula (Fig. 5.3). The
results also showed that this increase is mainly related to an increase and higher variability of the
structural impact (related to an increase in precipitation) in October following a dip in September.

5.3.2. States and trends of the ecosystem service mitigated impact

The ecosystem service mitigated impact () presented a different trend from the structural impact with an
increase between 2001 and 2005 followed by a relatively constant decrease in its values until 2013. For
2013 (Fig. 5.3) it showed a concentration of high values mainly in the Southeast of the Iberian
Peninsula, and in particular areas of the North of Italy and South of France. Together with some areas
in the East of the Iberian Peninsula, South of Italy, and East of Greece, these areas also corresponded
to the regions where this indicator has increased between 2001 and 2013. This trend implies a
degradation of the conditions present in a given place as the total amount of soil loss (after the
provision of SEP) increased. Despite of these degradation areas, the overall result for the entire region
showed a decrease of 15.09% of ecosystem service mutigated impact between 2001 and 2013. This
decrease was mainly located in Greece and in large portions of Italy, Spain and Portugal.
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Figure 5.3 Spatial distribution of the different indicators calculated to illustrate the spatial and temporal
distribution of soil erosion prevention in Mediterranean Europe (all indicators were computed based in a 5km
grid).

5.3.3. States and trends of ecosystem service provision

As expected, the actual ecosystem service provision (Es) showed the same spatial and temporal pattern as the
structural impact (Fig. 5.3). By contrast, the capacity for ecosystem service provision (e) revealed two very
different patterns. The first pattern included the Iberian Peninsula and some areas in Southern Italy
and in Eastern Greece, which were characterised by lower values and a more differentiated
distribution of this indicator. The spatial location of these low values was similar to the spatial
distribution of high values of structural impact, particularly in the South of the Iberian Peninsula and in
the South coast of Italy (see Appendix 2). The second pattern concerned areas that showed more
homogeneous distribution of higher values of the capacity for ecosystem service provision. Examples of these
areas are the South of France, the East coast of the Adriatic Sea and the North of Italy. Despite this
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variable distribution, considering the entire region the overall values of the capacity for ecosystem service
provision increased slightly between 2001 and 2013, from 0.815 to 0.844 (Fig. 5.4).
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Figure 5.4 Spatial distribution of the rate of effective ecosystem service provision for the different periods considered
(on the left) and the overall ecosystem service provision profile representing the different soil erosion prevention
indicators aggregated for the entire study area (on the right).

This increase originated mainly from the South and East coast of Italy and from large areas in the
North of Iberian Peninsula, while in the South of the Iberian Peninsula the capacity for ecosystem service
provision decreased between 2001 and 2013. This overall increase is the result of a constant positive
trend between 2001 and 2013 that is more substantial between 2009 and 2013 (Fig. 5.4). Regarding
these areas in the South of the Iberian Peninsula, and using the monthly variation of the capacity for
ecosystem service provision, we infer that this decreasing trend was related mainly to a decrease of
provisioning capacity in October, particularly between 2001 and 2005. These spatial and temporal
decrease patterns of the capacity for ecosystem service provision were in line with the increase of structural
impact in the region.

A more detailed analysis of the rate of effective ecosystem service provision (Fig. 5.4) showed substantial
dissimilarities between the different regions that were even more pronounced over the entire period
(2001-2013) (see Fig. 5.5 for an example). While in the first period (2001-2005) the Iberian Peninsula
showed substantial losses (rate of effective ecosystem service provision equal to -5.21%), in the following
periods these losses were located more towards the North of Italy and the South of France (2005-2009)
and to the South of Italy and Greece (2009-2013). Overall, although not statistically significant (p=
0.05), the entire study region presented a positive trend in terms of the effectiveness of service
provision (0.66%), particularly in the period between 2009 and 2013 where the rate of effective ecosystem
service provision increased by 1.62% (Fig. 4).
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The vulnerability analysis revealed that 43.5% of the total area is related to one of the three groups of
vulnerable areas (i.e. 1Q, 2Q) and 3Q) (Fig. 5.5a). The second (2Q) corresponding to 16.5% of the total
area) and the fourth group (4Q corresponding to 56.5% of the total area) demonstrated the expected
mverse relation between the capacity for ecosystem service provision and the ecosystem service mitigated impact.
Put differently, the increased capacity to prevent soil erosion is generally positively correlated to a
decrease 1in soil erosion. In contrast, the other two groups included areas where despite an increase of
capacity there is still an increase of impact (1Q) corresponding to 18.8% of the total area), as well as
areas where a decrease of capacity is followed by a decrease of the ecosystem service mitigated impact
(3Q) corresponding to 8.2% of the total area).
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Figure 5.5 Representation of: a) the spatial distribution of the grid cells discriminated by the variation (2001-
2013) of the capacity for ecosystem service provision (horizontal axis) and the variation (2001-2013) to the ecosystem
service mutigated impact (vertical axis); b) the regional ecosystem service provision profile for R1, corresponding to

the NUTS 3 Cuidad Real (Spain); and c) the regional ecosystem service provision profile for R2, corresponding
to the NUTS 3 Trikala (Greece).
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Therefore, these two different indicators (i.e. the capacity for ecosystem service provision and the ecosystem
service mitigated impact) must be considered when interpreting trends of SEP provision in order to
formulate effective mitigation measures. Combined, these two indicators give a clear picture of the
underlying questions that rise in each area. Figure 5.5 suggests that in 64.7% of the total area the
ecosystem service mitigated impact decreased, mainly due to an increase of the capacity for ecosystem service
provision. In contrast, from the 35.3% of areas with an increase of the ecosystem service mitigated impact,
53.3% also showed an increase of the capacity for ecosystem service provision.

The two selected case-study regions (Fig. 5.5b and 5.5¢) illustrate two very different trends. R1, the
NUTS 3 Cuidad Real in Spain (Fig. 5.5b), presents an overall (2001-2013) negative trend of the rate of
effective ecosystem service provision (-4.73%). This happens despite the slight increase in the capacity for
ecosystem service provision (0.84%) in the same period and is related to the substantial increase (118.14%)
in the ecosystem service mitigated impact in the first period (2001-2005), which resulted from a decrease
of 15.08% 1in the rate of effective ecosystem service provision for the same period.

Despite the recent (2005-2013) improvements in the rate of effective ecosystem service provision, the regional
SEP dynamics resulted in an increase of 43.98% of the ecosystem service mitigated impact between 2001
and 2013. In contrast, R2, the NUTS 3 Trikala in Greece (Fig. 5.5¢), presents an overall (2001-2013)
negative trend of the rate of effective ecosystem service provision (4.71%) accompanied by a decrease of
58.04% of the ecosystem service mutigated impact in the same period. Although this region presents a
positive development in terms of SEP provision, the general trend of the rate of ¢ffective ecosystem service
provision (2001-2013) shows a systematic decrease in the period of analysis, despite the increase of
5.19% 1n the capacity for ecosystem service provision.

5.4. Discussion

5.4.1. Methodological potential and limitations

The analysis of the spatial and temporal distribution of SEP used a diverse set of process indicators
that encompass the impacts related to the dynamics of soil erosion and to the service provision
generated by vegetation. Compared to other methodological approaches that usually base their
assessments on a single indicator (e.g. Koschke et al., 2012; Helfenstein and Kienast, 2014; Frélichova
et al., 2014), our approach provides more insight and it more easily identifies the relations between the
underlying landscape processes and their consequences in terms of service provision and of the
remaining impacts. Also, although the actual ecosystem service provision can be used as an indicator for
valuation purposes, it is not a good “stand alone” indicator for trend analysis as it is dependent on the
spatial distribution, magnitude and temporal trend of the structural impact (Guerra el al., 2015).

Our results show that the rate of effective ecosystem service provision can be a more insightful indicator as it
provides a better grasp of the local/regional ecosystem service provision performance. This indicator
corresponds to the percentual variation of the early time slice (e.g. 2001) in comparison to the
following (e.g. 2005). This means that if a particular area has lost a considerable amount of ecosystem
service provision in a given period, it is probable that in the next period it registers a gain (e.g. the
recovery from a previous forest fire). Although this does not mean that the net provision of ecosystem
service was positive considering the entire period (2001-2013). This was illustrated in the South of the
Iberian Peninsula where in the first period (2001-2005) there was a substantial loss of the rate of effective
ecosystem service provision accompanied by relative gains in the following periods, although, in the same
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area, there was a cumulative increase of the ecosystem service mutigated impact. In this case this dynamic
can also be explained by the high variation in the capacity for ecosystem service provision registered in the
region (Appendix 3).

SEP alone cannot be used to determine the effectiveness of ecosystem service provision in a given
region (Fitter et al. 2010; Dunbar et al. 2013). It 1s also important to consider the interactions and
eventual trade-offs between services in more strategic assessment of the net ecosystem service provision

in a given region to better define local environmental targets.

5.4.2. SEP provision and vulnerability assessment

Our results illustrate the value of having a comprehensive and complementary group of process-based
ecosystem service indicators. They show an overall, non-significant, increase in SEP in the region. A
worrying trend becomes apparent when assessing areas that showed a decrease of the capacity for
ecosystem service provision and an increase of the ecosystem service mutigated impact (Fig. 5.5 2Q)). These
areas (corresponding to 16.5% of the total study area) point to the eventual insufficiency,
ineffectiveness or non-existence of soil protection measures and reflect very important regional
differences. While in Italy, the Northeast coast of the Baltic Sea and the South of France this dynamic
is related to a predominance of forest areas, in the Iberian Peninsula and in Greece it is related to a
predominance of agricultural areas. This vulnerability analysis also shows that, between 2001 and
2013, 25% of areas with an increase of the capacity for ecosystem service provision were subject to a further
increase of soil loss. These results are related to the 18.8% of areas with an increase of both the
ecosystem service mutigated impact and the capacity for ecosystem service provision (Fig. 5.5 1Q)), revealing a
situation where the presence of protective vegetation cover did not result in an enhanced soil
protection.

The two smaller case-studies (Fig. 5.5b and 5.5¢) illustrate the power of creating a regional ecosystem
service provision profile for assessing the efficiency of SEP. In R1 we observe that even with an overall
increase of 0.88% in the capacity for ecosystem service provision, the region had an increase of 43.98% of the
ecosystem service mitigated impact following a decrease of 4.73% in the rate of effective ecosystem service
provision. Although there 1s an improvement in SEP provision in recent years (2005-2013), this exposes
the insufficiency of current regional initiatives to halt soil erosion by promoting SEP. By contrast, R2
shows a completely different pattern with constant gains of efficiency, even when (between 2009 and
2013) there 1s a decrease of 3.07% 1in the capacity for ecosystem service provision that is reflected in a slight
decrease of 0.08% on the rate of effective ecosystem service provision. Both examples demonstrate the
possibility to define regional targets that can steer regional conservation and economic development
policies that aim at minimising these impacts and their effects on human wellbeing.

5.4.3. Policy and research implications

Declines in regulating services provision like SEP can result in declines in ecosystem resilience (Bennett
et al. 2009), and may affect the provision of other ES. Our results show that, in total, 43.5% of the
entire study area presented some type of vulnerability regarding the mitigation of soil erosion. If this
information would be available in national and international monitoring systems, policy and
management decisions could be better informed and action could be taken timely.
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The insight provided by the combination of indicators suggests that current policies and land
management fail to safeguard SEP to halt soil erosion. One possible explanation could be that most
policies that land managers follow correspond to generic top-down sectorial approaches. The spatial
patterns and indicator values found here indicate that further disaggregation, consideration of context,
and place-based or regional targets could improve SEP in Mediterranean Europe and prevent

undesired ecosystem service provision trajectories.

Finally, in future research, the relative positive trends found in this Chapter should be contextualized
and regionally assessed in relation to regional social, ecological and economic. This means that further
research should identify whether the observed positive trends correspond to an increase of
management efficiency and/or policy implementation or if they are related to land abandonment
processes that eventually resulted in an increase in the capacity for SEP.
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6

GENERAL DISCUSSION AND
CONCLUSIONS







The primary aim of this Thesis was to develop a spatially and temporally explicit social-ecological
approach to quantify, map and describe the provision of soil erosion prevention in the Mediterranean.
A novel conceptual and methodological framework was developed (Chapter 2) and applied in three
case studies (Chapters 3, 4 and 5) to evaluate potential applications and limitations. The case studies
focus on using ecosystem service indicators for local scale policy (Chapter 3) and land management
(Chapter 4) assessment and support, and for broad scale implementation for policy support and
regional comparison (Chapter 5). The following sections discuss the main findings, strengths and
limitations of the framework, future research and applications and ends with a set of final

considerations.

6.1 Main findings

Overview

Our conceptual and methodological framework was developed based on the assumption that for
regulating services the ecosystem service provision emerges from the mitigation of a potential impact.
This means that in the absence of the impact no ecosystem service is provided, despite the ecosystem
service provider is present. This was illustrated by calculating the within year variation of ecosystem
service provision where it is clear that the absence of impact (in this case associated to the absence of
rain) results in the non-existence of ecosystem service provision. This relation results in a
heterogeneous spatial and temporal representation of the actual ecosystem service provision and
explicitly quantification and maps are provided for studies at different scales.

At the same time, results show that the capacity for ecosystem service provision also varies in time and
space and it represents a central element in the relation between land management and ecosystem
service provision. The intensity of land management determines the variations in the capacity for
ecosystem service provision and, consequently, the mitigation of an eventual impact event, 1.e. the
actual ecosystem service provision. This relation is particularly relevant in complex managed systems,
like the Mediterranean silvo-pastoral systems, where important challenges to ecosystem service
assessments, mapping and monitoring are raised. These challenges are described in Chapter 1. In the
case of Mediterranean silvo-pastoral systems, they are mainly related to: a) the fuzziness of the
landscape and also of the land management activities; and b) the multiple agents that commonly
manage the land, making it difficult to identify and determine specific management practices and their
impacts. These challenges represent a drawback to the use of ecosystem services as policy or land
management indicators but if internalised can enforce ecosystem services as key indicators to support
policy evaluation and design as well as providing land management support. Understanding the
process of ecosystem service provision as well as the difference between the capacity for ecosystem
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service provision and the actual ecosystem service provision is essential to maximise the integration of

these indicators in policy and management support.

While the capacity for ecosystem service provision represents the link between the land manager and
the ecosystem service provision, it does not provide a good representation of the actual ecosystem
service provision. As described before, the temporal and spatial mismatch 1s well demonstrated by the
findings and results from the fact that the actual ecosystem service provision is highly dependent on the
presence of an impact to be mitigated. Chapter 2 provides a good example of this mismatch by
superimposing the results from the capacity for ecosystem service provision with the values of actual
ecosystem service provision. In the example it is clear the difference in the spatial and temporal
distribution of the capacity for ecosystem service provision and of the actual ecosystem service
provision. At the same time we demonstrate the influence of land management and the importance of
matching, through management, the capacity for ecosystem service provision and the existence of an
impact to be mitigated.

Opverall, the proposed conceptual and methodological framework provides a complete indicator set
that allows to identify, describe and monitor ecosystem service provision across scales,
identifying management impacts and policy outcomes. This was demonstrated for three domains,
which are discussed in more detail below: policy evaluation; land management evaluation; and a
Mediterranean assessment. Overall, the results suggest that current policy and land management
practices do not prioritise nor safeguard the provision of soil erosion prevention in European
Mediterranean social-ecological systems. In this context the proposed ecosystem service indicator set
can be used to redesign current and future policies/land management practices as well as, if included
in broad scale monitoring systems, allowing the monitoring and evaluation of the impact of future
developments and policy implementation.

Policy evaluation (Research Question 1)

In the Mediterranean silvo-pastoral systems of South Portugal agricultural policy has severely affected

soll erosion prevention in the last 60 years, particularly since the productivist push of the early CAP.

The long-term assessment of policy measures helped to understand the historical effects of public
agricultural policies in the region, illustrating the negative consequences of recent measures in soil
erosion prevention. In Chapter 3 we test the applicability of this framework to evaluate and monitor
the impacts that result from the implementation of relevant policy measures. Although in the
beginning of the second half of the 20th century there was an improvement in the provision of soil
erosion prevention, after the start of the Portuguese European Community integration process in the
late 1970s, our case study shows that soil erosion prevention has been systematically decreasing. This
decrease trend has been intensified in the 1980s and in the 1990s with the productivist push of the
early Common Agricultural Policy and it was only slightly halted with the revision of the policy in the
2000s and the introduction of the 274 Pillar environmental support payments.

A new indicator was introduced and the results underline the potential of using the rate of effective
ecosystem service provision rather than the actual ecosystem service provision to detect these
dynamics. These results are in line with other studies for the same region (e.g. (Jones et al. 2011b;
Pinto-Correia et al. 2013; Almeida et al. 2015) and they strongly emphasize the need for spatially
informed agricultural policies adapted to the social-ecological context of each region.
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It 1s highlighted that the evaluation of ecosystem service indicators can positively contribute to identify,

assess and foresee unintended consequences of policy implementation. Both in Chapter 3 and in

Chapter 5 our results give strong evidence that current sectorial policies do not contribute to improve
soil erosion prevention. Our framework has shown to be sensitive to changes in policy and it can be
used for strategic assessments, both in long-term monitoring schemes and/or ex-ante evaluations. This
was reflected in the definition of an ecosystem service profile that combines all indicators to produce a
clear picture of the spatial and temporal distribution of ecosystem service provision as well as allows to
identify specific vulnerability types (an example is given in Chapter 5) that have to be tackled with
different policy/management strategies. Using the same principle used to backtrack ecosystem service
provision in the case study presented in Chapter 3, foresight analysis can be implemented by
combining ecosystem service indicators with land cover change scenarios and climate change foresight
products. With this combination, changes in ecosystem service provision can be detected and
anticipated, and policy measures can be designed to minimise impacts and to optimise service
provision where it counts the most.

Land management evaluation (Research Question 2)

Land management affects ecosystem services provision (positively and negatively) by changing the
spatial and temporal distribution of the capacity for ecosystem service provision. This is a result of
different land management intensities and more specifically of different land management practices. In
order to be considered a management support indicator, an ecosystem service indicator has to be able
to detect differences between land management types and/or land management practices.

Our results show that at the local/farm level, ecosystem service indicators can be used to monitor the

impacts resulting from different land management practices. In the second case study presented
(Chapter 4), we evaluated the possibility to detect the effect of management practices using the
proposed ecosystem service framework. Land management is not homogeneous in farms with the
same general traits (Almeida et al. 2015) and the expectation was that the indicators used would be
able to clearly discriminate between broad land management types. Instead, the ecosystem service
indicators revealed sensitivity to specific management practices or bundles. A specific example is given
by comparing soil mobilization technics with fertilization practices. As expected, a combination of
more intensive soil mobilization with lower fertilization inputs resulted in a lower effective ecosystem
service provision. In such complex silvo-pastoral systems, being able to identify and even to quantify
these relations is a major step forward in the understanding of these systems, as well as in establishing
ecosystem services as indicators for management support. The results also give an indication that in
general land managers do not prioritise the maximisation of soil erosion prevention when planning

their land management activities.

Our results highlight the importance of more in-depth land management characterizations as

ecosystem service indicators can provide valuable information for land management support. As an

example, although in this region livestock is one of the main factors to reduce soil erosion prevention
(Pinto-Correia et al. 2011; Almeida et al. 2013), the results stress the importance of attaining data
related to other relevant farm management practices (e.g. type of soil fertilization). Together this
information allows a better understanding of particular aspects of the land management that can
potentially hamper the provision of soil erosion prevention and, consequently, fully grasp the meaning
of the indicator outputs. In this context, the case study developed in Chapter 4 showed that the
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proposed indicators are able to discriminate between management practices and land management
types. Particularly it was possible to observe that the rate of effective ecosystem provision can
encompass the individual and the combined variation of specific land management practices.

This provides useful indicators that allow land managers to correct their management strategies and
thus minimize unintended impacts. It also provides complementary information to the one produced
in land management surveys. If these and other management-ecosystem services relations were
attained, with the use of remote sensing and other of-site methods the potential to produce
management relevant information for large areas is very high.

Mediterranean Europe assessment (Research Question 3)

Although not statistically significative, soil erosion prevention is slightly increasing in Mediterranean

Furope particularly between 2009 and 2013. In Chapter 5 we implemented a spatially and temporally

explicit assessment of the provision of soil erosion prevention in Mediterranean Europe in the last
decade (2001-2013). We found that in general ecosystem service provision is Increasing in
Mediterranean Europe (0.66%), particularly between 2009 and 2013 (1.62%). These overall variations
are not statistically significant but a closer analysis of the study area reveals areas with high increases in
service provision (e.g. South of Italy between 2001-2005) and areas with high decreases (e.g. large
extents of the Iberian Peninsula between 2001-2005). The outputs from this analysis were also used to
llustrate how this ecosystem service framework and particularly the ecosystem service profile could be
used to compare between regions. The two examples used show how, within the same environmental
region, changes in management strategies and/or the impacts from other drivers have a profound
effect on soil erosion prevention with severe consequences for the resulting impacts.

Despite the positive results found, 43.5% of Mediterranean FEurope is vulnerable and in need of

focused attention to identify causes and implement effective mitigation measures. These vulnerable

areas are divided between areas with a decrease in the capacity for ecosystem service provision (with
positive or negative consequences in terms of the variation of the ecosystem service mitigated impact)
and areas where despite an increase in the capacity for ecosystem service provision there was also an
increase of the ecosystem service mitigated impact. The later (corresponding to 43.2% of the
vulnerable areas) shows that although the capacity for ecosystem service provision can be increased, if
this 1s not done taking in to account the optimization of ecosystem service provision, the impacts can

still increase.

Particularly for soil erosion prevention this provided a clear representation of the different dynamics
associated to the provision of the service. Consequently, the results suggest that current policy and land
management actions are not safeguarding the provision of soil erosion prevention. It also emphasises
the need to evaluate and assess regulating ecosystem services considering a bundle of process based
ecosystem service indicators rather than a single proxy indicator.

6.2 Strengths and limitations of the framework

In the first Chapter we laid out as a primary objective of this Thesis the development and test of an
ecosystem service assessment framework that provides a complementary approach to address modern
conservation challenges in land management and policy design. As a result of the different case studies
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we were able to implement a novel conceptual and methodological framework that can tackle this
main objective. By doing so, we were able to: a) encompass the evaluation of the impacts of historic
and current policy implementation in the provision of soil erosion prevention; b) provide an indicator
system that can be used to monitor land management practices and assess their positive or negative
influence in ecosystem service provision; and c¢) produce relevant results at macro and sub-regional
scales.

The fact that this framework corresponds to a process-based approach allows to determine past and
future trends of soil erosion prevention and relating them to land management strategies and policy
implementation. Simultaneously, it allows to identify and typify vulnerable areas of ecosystem service
provision, anticipating their vulnerability factors.

The strengths of the proposed framework can be summarized as:

e being a process based approach that considers the social-ecological system dynamics as the
basis for ecosystem service identification, assessment, and monitoring;

e a contribution to strategic policy evaluations, allowing to assess the influence of past and
current policies on ecosystem service provision;

e the possibility to identify and inform land management thresholds, allowing to support
land management decisions and giving a direct contribution to the system sustainability;

e the possibility to determine past trends of service provision considering climatic as well as
political and management dynamics;

e the potential for foresight analysis by combining this methodological framework with
other modelling/scenario platforms (e.g. land cover, climate); and

e the capacity to identify and ify vulnerable areas of ecosystem service provision
p pity Y p

At the same time, the proposed framework raises a set of relevant issues related to its implementation
(e.g. not including peak precipitation can result in an underestimation of both the impacts and the
ecosystem service provision) and future use. Regarding the later, a major issue can rise from the
utilization of the outputs from the framework to justify the reduction of the capacity for ecosystem
service provision in areas/moments where it is not relevant. When assessing regulating services,
although this optimization can be made, it is imperative to understand the current and future
implications of this decision before it is implemented. This also means that our approach needs data
and modelling technics that can capture and quantify the impacts resulting from such decisions.

The limitations of the proposed framework can be summarized as:

e in the analysis peak precipitation events were not considered in the assessment of soil
erosion prevention;

e the indicator set should not be used as “stand alone indicators® being necessary to use
them in a comparative approach (between time slices or between regions);

e potentially reducing the necessary spatial/temporal system equilibrium by
“optimizing” the capacity for ecosystem service provision in areas/moments with reduced
impacts; and

107



¢ being data and model dependent, particularly relevant in trend analysis, upscale exercises
and to expand the general model to other ecosystem regulating services.

6.3 Future research and applications

This Thesis discussed the implementation of a novel conceptual and methodological framework to
assess and map the provision of soil erosion prevention. The implementation of this framework to
other regulating services will increase its applicability and relevance, particularly in multi-service
assessments. This would allow to tackle the challenges of double counting and competing
ecosystem services by discriminating the process by which each service is provided and by singling
out the different ecosystem service providers. Also, considering this type of assessment, it should be
possible to describe the temporal and spatial complementarity between ecosystem
services, cspecially regarding their temporal and spatial distribution. At the same time, it may be
possible to improve both the conceptual and methodological framework by testing its
implementation for different environmental zones and assessing the consequences and
particular challenges of each region (e.g. regions where the snow cap play a significant role or areas
with high vegetative growth).

For specific regions, improving the understanding of the links between ecosystem service
provision and land management can be achieved by combining the ecosystem service
evaluations with the outputs from in-depth land management assessments. As discussed in Chapter 3,
this can be achieved by implementing targeted surveys or as a result of other participatory approaches.
Resulting for this a key question emerges: to understand why some land managers give
priority to (or at least improve) the provision of ecosystem services and others don’t.
Understanding this relation could have important implications for policy design and management
support as both policies and management support guidelines could be designed specifically to increase
ecosystem service provision.

Finally, current environmental monitoring systems should be evaluated to identify the
connections between current indicators being monitored and the ones proposed, particularly in less
studied regions. Alternatively these environmental monitoring systems could be tested to assess
their permeability to these types of ecosystem service indicators. This assessment will
allow to understand the level of applicability of the proposed framework to other regions with different
data collection procedures and targets.

6.4 Conclusions

This study demonstrates that current methodologies for the quantification and mapping of the
capacity to provide ecosystem services fail to grasp the actual ecosystem service provision. Ultimately
these methodological approaches can provide erroneous conclusions about the state, distribution and
trends of regulating ecosystem service provision at local and broad scales.

For specific social-ecological systems, the use of a coherent set of ecosystem service indicators provides
a better description of the systems’ dynamics and it allows the underlying causes of change in
ecosystem service provision to be identified. Our research identifies the need for more adaptive policy
design for European Mediterranean systems. Such policy must be able to cope with local trends of
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ecosystem service provision and with the definition of regional ecosystem service provision targets that
allow to effectively mitigate relevant impacts (e.g. soil erosion).

At the local scale, the research also shows how ecosystem service indicators could be used to monitor
farm systems and their effective provision of soil erosion prevention as well as supporting managers’
decision-making. Altogether, the combination of the different aspects treated in this dissertation
provides a comprehensive overview of the potential applications of the methodological framework that
was developed to quantify and map soil erosion prevention.
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Appendix 1 Pearson correlation values between the calculated indicators and correspondent significance values (p).

% of agro- % of agro- % of agro- % of agro-
| Total arable %ofagro- | forestry | forestry | forestry | forestry % of shrubs Ecosystem | Actual | Ecosystem | Variationin | Rateof | Variationin |\, i
. Variation in Total area of % of % of . o . forestry |areas with 30jareas with 30| areas with | areas with % of " % of and/or % of % of Shannon's N . Variation in effective ecosystem
Correlations Grazing grazing fandand | Totalagro- |\ oo one | TOWIorest | ) onging | maintenance| % Of artificial| % of irrigated| % of non- | % of olive % of areas with | 50% of tree | 50% of tree | <30% of tree | <30% of tree| permanent | * °f™*ed | duction | herbaceous | % °FWA" | hanging |maintenance| NUTPSTOF | rotaiedge | MEANPAEh | oy | Structural service | ecosystem | - service structural | SOYS™ | ocosystem | service | SOSYStem
intensity . B permanent | forestry area area surfaces land irrigated land groves orchards forest N surfaces patches size . impact mitigated service provision N service N . mitigated
intensity crops pastures area area >50% of tree| coverand | coverand | coverand | coverand | pastures forest vegetation area area index impact provision | capacity impact provision service provision impact
cover >50% of <50% of >50% of <50% of associations provision capacity
shrubs shrubs shrubs shrubs
Grazing intensity r 1 -0.771 -0.788 -0.72 0.774 0.764 -0.932 0.932 973* 0.558 -0.861 .950* 0.819 -0.94 .984* 0.539 -0.469 0.932 0.774 0.895 0.718 0.874 0.869 -0.957 0.957 0.924 0.924 -0.87 0.862 -.982* .990** -.983* 0.027 0.424 0.381 -0.985 0.631 0.58
[ 0.439 0.212 0.28 0.226 0.236 0.236 0.236 0.027 0.442 0.139 0.05 0.181 0.06 0.016 0.461 0.531 0.068 0.226 0.105 0.282 0.126 0.131 0.188 0.188 0.076 0.076 0.13 0.138 0.018 0.01 0.017 0.973 0.721 0.751 0.109 0.566 0.606
Variation in grazing intensity -0.771 1 0.954 -0.347 -0.938 0.086 0.487 -0.487 -0.852 0.6 .997* -0.462 -.998* 0.931 -0.697 -0.52 -0.621 -0.983 -0.938 -0.971 0.353 -0.502 -0.919 0.552 -0.552 -0.915 -0.895 0.936 -0.238 0.634 -0.742 0.643 0.498 -0.904 -0.882 0.651 0.008 -0.966
P 0.439 0.194 0.775 0.226 0.945 0.676 0.676 0.351 0.59 0.05 0.694 0.039 0.238 0.509 0.652 0.574 0.117 0.226 0.153 0.77 0.665 0.258 0.628 0.628 0.264 0.294 0.229 0.847 0.563 0.468 0.555 0.668 0.282 0.312 0.549 0.995 0.167
Total arable land and r -0.788 0.954 1 0.318 -.904* -.838* 0.551 -0.551 -.890* -0.531 .986** -0.659 -0.809 0.69 -0.653 -0.705 0.084 -912% -.904* -.956** -.818* -0.462 -.957** 0.584 -0.584 -.930%* -.926** .953** -0.799 0.393 -0.596 0.432 0.238 0.036 0.068 0.646 0.093 -0.25
permanent crops P 0.212 0.194 0.538 0.013 0.037 0.336 0.336 0.017 0.279 0 0.154 0.051 0.129 0.16 0.117 0.874 0.011 0.013 0.003 0.047 0.356 0.003 0.301 0.301 0.007 0.008 0.003 0.056 0.441 0.212 0.392 0.65 0.954 0.913 0.239 0.881 0.685
Total agro-forestry area r -0.72 -0.347 0.318 1 -0.672 -0.388 0.781 -0.781 -0.555 -0.22 0.35 -0.434 -0.257 .885* -0.476 -0.769 -0.234 -0.573 -0.672 -0.514 -0.352 -0.478 -0.361 0.836 -0.836 -0.56 -0.568 05 -0.638 .940** 0.284 925%* 0.504 917* .931* 0.846 0.414 0.723
[ 0.28 0.775 0.538 0.144 0.447 0.119 0.119 0.253 0.675 0.497 0.39 0.623 0.019 0.34 0.074 0.656 0.234 0.144 0.297 0.494 0.338 0.482 0.078 0.078 0.248 0.24 0.313 0.172 0.005 0.585 0.008 0.309 0.028 0.022 0.071 0.488 0.167
Total area of permanent r 0.774 -0.938 -.904* -0.672 1 0.738 -0.712 0.712 .898* 0.388 -.887* 0.629 0.708 -.916* 0.675 .906* 0.055 .951%* 1.000** .936** 0.703 0.513 .852*% -0.771 0.771 .932%* .930** -917* .829* -0.709 0.287 -0.729 -0.503 -0.5 -0.527 -0.825 -0.344 -0.225
pastures P 0.226 0.226 0.013 0.144 0.094 0.177 0.177 0.015 0.447 0.019 0.181 0.115 0.01 0.141 0.013 0.918 0.004 0 0.006 0.119 0.298 0.031 0.127 0.127 0.007 0.007 0.01 0.042 0.115 0.581 0.1 0.309 0.391 0.362 0.085 0.571 0.716
Total forest area r 0.764 0.086 -.838* -0.388 0.738 1 -.931* .931* .850* .896* -.905* 0.788 0.774 -0.63 0.658 0.543 -0.135 0.765 0.738 .889* 997** 0.561 .950%* -.906* .906* .886* .894* -.933** .940** -0.398 0.594 -0.437 0.136 -0.665 -0.689 -0.876 0.182 -0.431
P 0.236 0.945 0.037 0.447 0.094 0.022 0.022 0.032 0.016 0.013 0.063 0.071 0.18 0.156 0.266 0.798 0.076 0.094 0.018 0 0.247 0.004 0.034 0.034 0.019 0.016 0.007 0.005 0.434 0.214 0.386 0.797 0.221 0.199 0.051 0.769 0.469
% of changing area r -0.932 0.487 0.551 0.781 -0.712 -.931* 1 -1.000** -.941* -0.392 0.764 -.884* -0.136 .880* -0.824 -0.462 -0.605 -0.837 -0.712 -.884* -0.845 -.892% -.887% .992%* -.992%* -.927* -.932% 917* -.981** .903* -0.2 .920* 0.137 0.561 0.592 .963** -0.104 0.269
P 0.236 0.676 0.336 0.119 0.177 0.022 0 0.017 0.513 0.133 0.047 0.827 0.049 0.086 0.434 0.28 0.077 0.177 0.046 0.071 0.042 0.045 0.001 0.001 0.023 0.021 0.028 0.003 0.036 0.747 0.027 0.826 0.325 0.293 0.009 0.868 0.662
% of maintenance area r 0.932 -0.487 -0.551 -0.781 0.712 931 -1.000** 1 .941* 0.392 -0.764 .884* 0.136 -.880% 0.824 0.462 0.605 0.837 0.712 .884* 0.845 .892% .887* -.992%* .992%* 927% .932% -917* .981** -.903* 0.2 -.920% -0.137 -0.561 -0.592 -.963** 0.104 -0.269
P 0.236 0.676 0.336 0.119 0.177 0.022 0 0.017 0.513 0.133 0.047 0.827 0.049 0.086 0.434 0.28 0.077 0.177 0.046 0.071 0.042 0.045 0.001 0.001 0.023 0.021 0.028 0.003 0.036 0.747 0.027 0.826 0.325 0.293 0.009 0.868 0.662
% of artificial surfaces r 973* -0.852 -.890* -0.555 .898* .850* -.941% .941* 1 0.608 -.932%* .898* 0.69 -.859% 877 0.66 0.142 977** .898* .979%* 0.808 0.796 926%* -.942* 942% .991** .988** -.962** .935%* -0.682 0.603 -0.722 -0.126 -0.353 -0.389 -.923* 0.084 -0.035
P 0.027 0.351 0.017 0.253 0.015 0.032 0.017 0.017 0.201 0.007 0.015 0.13 0.028 0.022 0.154 0.789 0.001 0.015 0.001 0.052 0.058 0.008 0.017 0.017 0 0 0.002 0.006 0.136 0.205 0.105 0.812 0.56 0.518 0.025 0.893 0.955
% of irrigated land r 0.558 0.6 -0.531 -0.22 0.388 896* -0.392 0.392 0.608 1 -0.642 0.699 0.516 -0.348 0.465 0.183 -0.08 0.446 0.388 0.624 .910* 0.486 0.726 -0.315 0.315 0.629 0.637 -0.688 0.796 -0.186 0.575 -0.223 0.512 -0.34 -0.343 -0.279 0.501 -0.304
P 0.442 0.59 0.279 0.675 0.447 0.016 0.513 0.513 0.201 0.169 0.123 0.294 0.499 0.353 0.728 0.88 0.376 0.447 0.186 0.012 0.328 0.102 0.606 0.606 0.181 0.174 0.131 0.058 0.724 0.232 0.671 0.299 0.576 0.572 0.65 0.39 0.619
% of non-irrigated land r -0.861 .997* .986** 035 -.887% -.905* 0.764 -0.764 -.932%* -0.642 1 -0.763 -.826* 0.71 -0.731 -0.665 0.084 -.923%* -.887% -977** -.884* -0.567 -.990%* 0.78 -0.78 -.962%* -.961%* .983** -.874* 0.436 -0.649 0.478 0.126 0.15 0.186 0.796 -0.008 -0.164
[ 0.139 0.05 0 0.497 0.019 0.013 0.133 0.133 0.007 0.169 0.078 0.043 0.114 0.099 0.15 0.875 0.009 0.019 0.001 0.019 0.241 0 0.119 0.119 0.002 0.002 0 0.023 0.387 0.163 0.337 0.812 0.81 0.765 0.107 0.99 0.792
% of olive groves r .950% -0.462 -0.659 -0.434 0.629 0.788 -.884% .884* .898* 0.699 -0.763 1 0.566 -0.687 .940%* 0.342 0.137 0.806 0.629 .811* 0.745 .948** 0.798 -0.846 0.846 .847% .852% -0.808 .881* -0.616 0.695 -0.662 0.215 -0.26 -0.289 -0.734 0.301 -0.034
[ 0.05 0.694 0.154 0.39 0.181 0.063 0.047 0.047 0.015 0.123 0.078 0.241 0.131 0.005 0.507 0.795 0.053 0.181 0.05 0.089 0.004 0.057 0.071 0.071 0.033 0.031 0.052 0.02 0.193 0.126 0.152 0.683 0.672 0.637 0.158 0.622 0.956
% of orchards r 0.819 -.998* -0.809 -0.257 0.708 0.774 -0.136 0.136 0.69 0.516 -.826* 0.566 1 -0.526 0.642 0.658 -0.61 0.705 0.708 0.746 0.772 0.355 852* -0.235 0.235 0.742 0.769 -0.804 0.7 -0.328 0.384 -0.354 -0.241 -0.273 -0.268 -0.063 -0.785 -0.335
P 0.181 0.039 0.051 0.623 0.115 0.071 0.827 0.827 0.13 0.294 0.043 0.241 0.283 0.169 0.156 0.198 0.118 0.115 0.089 0.072 0.49 0.031 0.703 0.703 0.092 0.074 0.054 0.122 0.525 0.452 0.492 0.645 0.657 0.663 0.919 0.116 0.582
% of agro-forestry areas r -0.94 0.931 0.69 .885% -.916* -0.63 .880% -.880* -.859* -0.348 0.71 -0.687 -0.526 1 -0.738 -.859* -0.216 -.888* -916* -.831% -0.582 -0.67 -0.695 .927* -927* -.859% -.860* 0.802 -.833* .928** -0.122 .938** 0.48 0.702 0.728 .936* 0.295 0.431
with >50% of tree cover P 0.06 0.238 0.129 0.019 0.01 0.18 0.049 0.049 0.028 0.499 0.114 0.131 0.283 0.094 0.028 0.681 0.018 0.01 0.041 0.226 0.146 0.125 0.023 0.023 0.028 0.028 0.055 0.04 0.008 0.817 0.006 0.335 0.186 0.164 0.019 0.63 0.468
% of agro-forestry areas r .984* -0.697 -0.653 -0.476 0.675 0.658 -0.824 0.824 877* 0.465 -0.731 .940%* 0.642 -0.738 1 0.455 0.01 .844* 0.675 0.779 0.604 932%* 0.748 -0.827 0.827 .821* .833* -0.767 0.797 -0.707 0.568 -0.745 -0.042 -0.268 -0.294 -0.681 -0.001 -0.071
with 30-50% of tree cover [ 0.016 0.509 0.16 0.34 0.141 0.156 0.086 0.086 0.022 0.353 0.099 0.005 0.169 0.094 0.365 0.984 0.035 0.141 0.068 0.205 0.007 0.087 0.084 0.084 0.045 0.04 0.075 0.058 0.117 0.24 0.089 0.937 0.663 0.631 0.206 0.999 0.91
% of agro-forestry areas r 0.539 -0.52 -0.705 -0.769 .906* 0.543 -0.462 0.462 0.66 0.183 -0.665 0.342 0.658 -.859*% 0.455 1 -0.129 0.754 .906* 0.721 0.52 0.246 0.637 -0.56 0.56 0.722 0.731 -0.72 0.651 -0.718 -0.123 -0.712 -0.747 -0.679 -0.689 -0.603 -0.7 -0.53
with 30-50% of tree cover P 0.461 0.652 0.117 0.074 0.013 0.266 0.434 0.434 0.154 0.728 0.15 0.507 0.156 0.028 0.365 0.807 0.083 0.013 0.106 0.29 0.639 0.174 0.326 0.326 0.105 0.099 0.107 0.162 0.108 0.817 0.112 0.088 0.207 0.198 0.282 0.188 0.358
% of agro-forestry areas r -0.469 -0.621 0.084 -0.234 0.055 -0.135 -0.605 0.605 0.142 -0.08 0.084 0.137 -0.61 -0.216 0.01 -0.129 1 0.116 0.055 0.069 -0.175 0.295 -0.141 -0.533 0.533 0.075 0.031 0.034 0.04 -0.252 0.118 -0.26 0.121 -0.033 -0.067 -0.687 0.67 0.286
with <30% of tree coverand 0.531 0.574 0.874 0.656 0.918 0.798 0.28 0.28 0.789 0.88 0.875 0.795 0.198 0.681 0.984 0.807 0.827 0.918 0.897 0.74 0.57 0.79 0.355 0.355 0.888 0.954 0.949 0.94 0.63 0.824 0.619 0.819 0.958 0.915 0.2 0.216 0.641
% of agro-forestry areas r 0.932 -0.983 -912* -0.573 951%* 0.765 -0.837 0.837 977** 0.446 -.923%* 0.806 0.705 -.888* .844* 0.754 0.116 1 951%* .969** 0.718 0.719 894* -0.864 0.864 .975%* 971%* -.941%* .866* -0.704 0.512 -0.738 -0.318 -0.316 -0.35 -0.861 -0.091 -0.01
with <30% of tree coverand  p 0.068 0.117 0.011 0.234 0.004 0.076 0.077 0.077 0.001 0.376 0.009 0.053 0.118 0.018 0.035 0.083 0.827 0.004 0.001 0.108 0.108 0.016 0.059 0.059 0.001 0.001 0.005 0.026 0.119 0.3 0.094 0.54 0.604 0.563 0.061 0.884 0.987
% of permanent pastures r 0.774 -0.938 -.904* -0.672 1.000** 0.738 -0.712 0.712 .898* 0.388 -.887* 0.629 0.708 -.916* 0.675 .906* 0.055 .951%* 1 .936%* 0.703 0.513 852* -0.771 0.771 .932%* .930** -917* .829* -0.709 0.287 -0.729 -0.503 -0.5 -0.527 -0.825 -0.344 -0.225
P 0.226 0.226 0.013 0.144 0 0.094 0.177 0.177 0.015 0.447 0.019 0.181 0.115 0.01 0.141 0.013 0.918 0.004 0.006 0.119 0.298 0.031 0.127 0.127 0.007 0.007 0.01 0.042 0.115 0.581 0.1 0.309 0.391 0.362 0.085 0.571 0.716
% of mixed forest r 0.895 -0.971 -.956** -0.514 .936%* .889*% -.884* .884% .979%* 0.624 -977** .811* 0.746 -.831% 0.779 0.721 0.069 .969** 936%* 1 .857* 0.659 .965** -.898* .898* .996** 992%* -.992%* 1925** -0.596 0.58 -0.634 -0.178 -0.357 -0.392 -.926* 0.014 -0.024
P 0.105 0.153 0.003 0.297 0.006 0.018 0.046 0.046 0.001 0.186 0.001 0.05 0.089 0.041 0.068 0.106 0.897 0.001 0.006 0.029 0.154 0.002 0.039 0.039 0 0 0 0.008 0.212 0.227 0.176 0.736 0.556 0.513 0.024 0.982 0.97
% of production forest r 0.718 0.353 -.818* -0.352 0.703 .997** -0.845 0.845 0.808 910* -.884* 0.745 0.772 -0.582 0.604 0.52 -0.175 0.718 0.703 .857* 1 0.503 933** -0.817 0.817 .851* .860* -.908* .915* -0.342 0.577 -0.38 0.16 -0.709 -0.727 -0.794 0.185 -0.515
P 0.282 0.77 0.047 0.494 0.119 0 0.071 0.071 0.052 0.012 0.019 0.089 0.072 0.226 0.205 0.29 0.74 0.108 0.119 0.029 031 0.007 0.092 0.092 0.032 0.028 0.012 0.011 0.506 0.231 0.457 0.762 0.18 0.164 0.108 0.766 0.374
% of shrubs and/or r 0.874 -0.502 -0.462 -0.478 0.513 0.561 -.892% .892* 0.796 0.486 -0.567 .948** 0.355 -0.67 932%* 0.246 0.295 0.719 0.513 0.659 0.503 1 0.591 -0.859 0.859 0.712 0.714 -0.63 0.741 -0.7 0.574 -0.738 0.168 -0.265 -0.294 -0.747 0.272 -0.034
herbaceous vegetation P 0.126 0.665 0.356 0.338 0.298 0.247 0.042 0.042 0.058 0.328 0.241 0.004 0.49 0.146 0.007 0.639 0.57 0.108 0.298 0.154 0.31 0.216 0.062 0.062 0.113 0.111 0.18 0.092 0.122 0.234 0.094 0.75 0.667 0.631 0.147 0.659 0.957
% of water surfaces r 0.869 -0.919 -.957** -0.361 .852% .950** -.887% .887* .926%* 0.726 -.990** 0.798 .852* -0.695 0.748 0.637 -0.141 .894* .852* .965** .933%* 0.591 1 -.900* .900* .956** .960** -.985%* .910* -0.438 0.649 -0.48 -0.05 -0.302 -0.336 -0.868 -0.004 0
P 0.131 0.258 0.003 0.482 0.031 0.004 0.045 0.045 0.008 0.102 0 0.057 0.031 0.125 0.087 0.174 0.79 0.016 0.031 0.002 0.007 0.216 0.037 0.037 0.003 0.002 0 0.012 0.386 0.163 0.335 0.925 0.622 0.58 0.056 0.995 1
% of changing area r -0.957 0.552 0.584 0.836 -0.771 -.906* .992** -.992%* -.942% -0.315 0.78 -0.846 -0.235 .927* -0.827 -0.56 -0.533 -0.864 -0.771 -.898* -0.817 -0.859 -.900* 1 -1.000** -.941* -.952% .939*% -.982** .949% -0.102 .962** 0.248 0.621 0.651 .966** 0.02 0.339
P 0.188 0.628 0.301 0.078 0.127 0.034 0.001 0.001 0.017 0.606 0.119 0.071 0.703 0.023 0.084 0.326 0.355 0.059 0.127 0.039 0.092 0.062 0.037 0 0.017 0.012 0.018 0.003 0.014 0.87 0.009 0.687 0.263 0.234 0.008 0.975 0.577
% of maintenance area r 0.957 -0.552 -0.584 -0.836 0.771 .906* -.992** .992%* .942% 0.315 -0.78 0.846 0.235 -.927* 0.827 0.56 0.533 0.864 0.771 .898* 0.817 0.859 .900* -1.000** 1 .941* .952% -.939* .982** -.949% 0.102 -.962** -0.248 -0.621 -0.651 -.966** -0.02 -0.339
[ 0.188 0.628 0.301 0.078 0.127 0.034 0.001 0.001 0.017 0.606 0.119 0.071 0.703 0.023 0.084 0.326 0.355 0.059 0.127 0.039 0.092 0.062 0.037 0 0.017 0.012 0.018 0.003 0.014 0.87 0.009 0.687 0.263 0.234 0.008 0.975 0.577
Number of patches r 0.924 -0.915 -.930%* -0.56 .932%* .886* -.927* 927* .991** 0.629 -.962** 847 0.742 -.859*% .821* 0.722 0.075 975%* 932%* .996** .851% 0.712 956%* -.941* .941* 1 .999** -.988** .944** -0.651 0.563 -0.689 -0.173 -0.421 -0.456 -.943* -0.01 -0.1
P 0.076 0.264 0.007 0.248 0.007 0.019 0.023 0.023 0 0.181 0.002 0.033 0.092 0.028 0.045 0.105 0.888 0.001 0.007 0 0.032 0.113 0.003 0.017 0.017 0 0 0.005 0.161 0.245 0.13 0.743 0.48 0.44 0.016 0.987 0.872
Total edge r 0.924 -0.895 -.926** -0.568 .930** 894* -.932% .932* .988** 0.637 -.961** .852* 0.769 -.860* .833* 0.731 0.031 971%* .930%* .992%* .860* 0.714 .960** -.952* .952* .999** 1 -.990** .951%* -0.659 0.549 -0.696 -0.178 -0.461 -0.494 -.937* -0.067 -0.154
P 0.076 0.294 0.008 0.24 0.007 0.016 0.021 0.021 0 0.174 0.002 0.031 0.074 0.028 0.04 0.099 0.954 0.001 0.007 0 0.028 0.111 0.002 0.012 0.012 0 0 0.004 0.155 0.259 0.125 0.735 0.434 0.397 0.019 0.915 0.804
Mean patch size r -0.87 0.936 .953** 0.5 -917% -.933** 917* -917* -.962%* -0.688 .983** -0.808 -0.804 0.802 -0.767 -0.72 0.034 -.941%* -917* -.992** -.908* -0.63 -.985%* .939* -.939* -.988** -.990%* 1 -.943** 0.564 -0.569 0.602 0.143 0.462 0.496 .946* 0.068 0.146
[ 0.13 0.229 0.003 0.313 0.01 0.007 0.028 0.028 0.002 0.131 0 0.052 0.054 0.055 0.075 0.107 0.949 0.005 0.01 0 0.012 0.18 0 0.018 0.018 0 0 0.005 0.244 0.238 0.206 0.787 0.433 0.395 0.015 0.914 0.815
Shannon's diversity index r 0.862 -0.238 -0.799 -0.638 .829* .940%* -.981%* .981** 935%* 0.796 -.874% .881* 0.7 -.833% 0.797 0.651 0.04 .866* .829* .925%* 915% 0.741 .910* -.982** .982** .944%* 951%* -.943** 1 -0.68 0.486 -0.713 -0.009 -0.703 -0.729 -.946* 0.004 -0.446
[ 0.138 0.847 0.056 0.172 0.042 0.005 0.003 0.003 0.006 0.058 0.023 0.02 0.122 0.04 0.058 0.162 0.94 0.026 0.042 0.008 0.011 0.092 0.012 0.003 0.003 0.005 0.004 0.005 0.137 0.329 0.112 0.987 0.185 0.162 0.015 0.995 0.452
Structural impact r -.982% 0.634 0.393 .940** -0.709 -0.398 .903* -.903* -0.682 -0.186 0.436 -0.616 -0.328 .928** -0.707 -0.718 -0.252 -0.704 -0.709 -0.596 -0.342 -0.7 -0.438 .949* -.949* -0.651 -0.659 0.564 -0.68 1 0.08 .998** 0.465 0.777 0.799 .906* 0.33 0.547
P 0.018 0.563 0.441 0.005 0.115 0.434 0.036 0.036 0.136 0.724 0.387 0.193 0.525 0.008 0.117 0.108 0.63 0.119 0.115 0.212 0.506 0.122 0.386 0.014 0.014 0.161 0.155 0.244 0.137 0.88 0 0.353 0.122 0.105 0.034 0.588 0.34
Ecosystem service mitigated  r .990** -0.742 -0.596 0.284 0.287 0.594 -0.2 0.2 0.603 0.575 -0.649 0.695 0.384 -0.122 0.568 -0.123 0.118 0.512 0.287 0.58 0.577 0.574 0.649 -0.102 0.102 0.563 0.549 -0.569 0.486 0.08 1 0.017 0.532 0.662 0.638 -0.067 0.815 0.794
impact P 0.01 0.468 0.212 0.585 0.581 0.214 0.747 0.747 0.205 0.232 0.163 0.126 0.452 0.817 0.24 0.817 0.824 0.3 0.581 0.227 0.231 0.234 0.163 0.87 0.87 0.245 0.259 0.238 0.329 0.88 0.974 0.278 0.223 0.247 0.915 0.093 0.108
Actual ecosystem service r -.983% 0.643 0.432 925%* -0.729 -0.437 .920* -.920* -0.722 -0.223 0.478 -0.662 -0.354 .938** -0.745 -0.712 -0.26 -0.738 -0.729 -0.634 -0.38 -0.738 -0.48 .962** -.962%* -0.689 -0.696 0.602 -0.713 .998** 0.017 1 0.433 0.749 0.773 917* 0.291 0.511
provision [ 0.017 0.555 0.392 0.008 0.1 0.386 0.027 0.027 0.105 0.671 0.337 0.152 0.492 0.006 0.089 0.112 0.619 0.094 0.1 0.176 0.457 0.094 0.335 0.009 0.009 0.13 0.125 0.206 0.112 0 0.974 0.391 0.145 0.126 0.028 0.635 0.379
Ecosystem service provision  r 0.027 0.498 0.238 0.504 -0.503 0.136 0.137 -0.137 -0.126 0.512 0.126 0.215 -0.241 0.48 -0.042 -0.747 0.121 -0.318 -0.503 -0.178 0.16 0.168 -0.05 0.248 -0.248 -0.173 -0.178 0.143 -0.009 0.465 0.532 0.433 1 0.393 0.396 0.293 0.784 0.319
capacity P 0.973 0.668 0.65 0.309 0.309 0.797 0.826 0.826 0.812 0.299 0.812 0.683 0.645 0.335 0.937 0.088 0.819 0.54 0.309 0.736 0.762 0.75 0.925 0.687 0.687 0.743 0.735 0.787 0.987 0.353 0.278 0.391 0.513 0.51 0.632 0.117 0.601
Variation in structural r 0.424 -0.904 0.036 917% -0.5 -0.665 0.561 -0.561 -0.353 -0.34 0.15 -0.26 -0.273 0.702 -0.268 -0.679 -0.033 -0.316 -0.5 -0.357 -0.709 -0.265 -0.302 0.621 -0.621 -0.421 -0.461 0.462 -0.703 0.777 0.662 0.749 0.393 1 .999** 0.599 0.528 934*
impact P 0.721 0.282 0.954 0.028 0.391 0.221 0.325 0.325 0.56 0.576 0.81 0.672 0.657 0.186 0.663 0.207 0.958 0.604 0.391 0.556 0.18 0.667 0.622 0.263 0.263 0.48 0.434 0.433 0.185 0.122 0.223 0.145 0.513 0 0.285 0.36 0.02
Variation in ecosystem r 0.381 -0.882 0.068 .931* -0.527 -0.689 0.592 -0.592 -0.389 -0.343 0.186 -0.289 -0.268 0.728 -0.294 -0.689 -0.067 -0.35 -0.527 -0.392 -0.727 -0.294 -0.336 0.651 -0.651 -0.456 -0.494 0.496 -0.729 0.799 0.638 0.773 0.396 .999** 1 0.631 0.509 919*
service provision [ 0.751 0.312 0.913 0.022 0.362 0.199 0.293 0.293 0.518 0.572 0.765 0.637 0.663 0.164 0.631 0.198 0.915 0.563 0.362 0.513 0.164 0.631 0.58 0.234 0.234 0.44 0.397 0.395 0.162 0.105 0.247 0.126 0.51 0 0.253 0.381 0.027
Rate of effective ecosystem r -0.985 0.651 0.646 0.846 -0.825 -0.876 .963** -.963** -.923* -0.279 0.796 -0.734 -0.063 .936* -0.681 -0.603 -0.687 -0.861 -0.825 -.926* -0.794 -0.747 -0.868 .966** -.966** -.943* -.937% .946* -.946* .906* -0.067 917* 0.293 0.599 0.631 1 -0.049 0.28
service provision P 0.109 0.549 0.239 0.071 0.085 0.051 0.009 0.009 0.025 0.65 0.107 0.158 0.919 0.019 0.206 0.282 0.2 0.061 0.085 0.024 0.108 0.147 0.056 0.008 0.008 0.016 0.019 0.015 0.015 0.034 0.915 0.028 0.632 0.285 0.253 0.937 0.648
Variation in ecosystem r 0.631 0.008 0.093 0.414 -0.344 0.182 -0.104 0.104 0.084 0.501 -0.008 0.301 -0.785 0.295 -0.001 -0.7 0.67 -0.091 -0.344 0.014 0.185 0.272 -0.004 0.02 -0.02 -0.01 -0.067 0.068 0.004 0.33 0.815 0.291 0.784 0.528 0.509 -0.049 1 0.654
service provision capacity [ 0.566 0.995 0.881 0.488 0.571 0.769 0.868 0.868 0.893 0.39 0.99 0.622 0.116 0.63 0.999 0.188 0.216 0.884 0.571 0.982 0.766 0.659 0.995 0.975 0.975 0.987 0.915 0.914 0.995 0.588 0.093 0.635 0.117 0.36 0.381 0.937 0.231
Variation in ecosystem r 0.58 -0.966 -0.25 0.723 -0.225 -0.431 0.269 -0.269 -0.035 -0.304 -0.164 -0.034 -0.335 0.431 -0.071 -0.53 0.286 -0.01 -0.225 -0.024 -0.515 -0.034 0 0.339 -0.339 -0.1 -0.154 0.146 -0.446 0.547 0.794 0.511 0.319 .934% 919% 0.28 0.654 1
mitigated impact P 0.606 0.167 0.685 0.167 0.716 0.469 0.662 0.662 0.955 0.619 0.792 0.956 0.582 0.468 0.91 0.358 0.641 0.987 0.716 0.97 0.374 0.957 1 0.577 0.577 0.872 0.804 0.815 0.452 0.34 0.108 0.379 0.601 0.02 0.027 0.648 0.231
Variationn | Rateof | Variationin |\, ooy,
Variation in % of % of % of % of Variation in effective ecosystem
Correlations grazing | changing |mai changing | maii structural | SSOYSeM | o ocystem | service | SCoSYStem
intensity area area area area impact service service | provision | Mitiated
provision N impact
capacity
Variation in grazing intensity 1 0.487 -0.487 0.552 -0.552 -0.904 -0.882 0.008 -0.966
P 0.676 0.676 0.628 0.628 0.282 0.312 0.995 0.167
% of changing area r 0.487 1 -1.000** .992** -.992%* 0.561 0.592 -0.104 0.269
[ 0.676 0 0.001 0.001 0.325 0.293 0.868 0.662
% of maintenance area r -0.487 -1.000** 1 -.992%* 992%* -0.561 -0.592 0.104 -0.269
P 0.676 0 0.001 0.001 0.325 0.293 0.868 0.662
% of changing area r 0.552 992+ -.992%* 1 -1.000** 0.621 0.651 0.02 0.339
P 0.628 0.001 0.001 0 0.263 0.234 0.975 0.577
% of maintenance area r -0.552 -.992** .992%* -1.000** 1 -0.621 -0.651 -0.02 -0.339
[ 0.628 0.001 0.001 0 0.263 0.234 0.975 0.577
Variation in structural r -0.904 0.561 -0.561 0.621 -0.621 1 .999** 0.528 934*
impact P 0.282 0.325 0.325 0.263 0.263 0 0.36 0.02
Variation in ecosystem r -0.882 0.592 -0.592 0.651 -0.651 .999** 1 0.509 919*
service provision P 0.312 0.293 0.293 0.234 0.234 0 0.381 0.027
Rate of effective ecosystem r 0.651 963** -.963** .966** -.966** 0.599 0.631 1 -0.049 0.28
service provision P 0.549 0.009 0.009 0.008 0.008 0.285 0.253 0.937 0.648
Variation in ecosystem r 0.008 -0.104 0.104 0.02 -0.02 0.528 0.509 -0.049 1 0.654
service provision capacity P 0.995 0.868 0.868 0.975 0.975 0.36 0.381 0.937 0.231
Variation in ecosystem r -0.966 0.269 -0.269 0.339 -0.339 .934* .919* 0.28 0.654 1
mitigated impact P 0.167 0.662 0.662 0.577 0.577 0.02 0.027 0.648 0.231

* Correlation is significant at p<0.05 (2-tailed).
** Correlation is significant at p<0.01 (2-tailed).
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Appendix 2 — Spatial distribution of the co-occurrence of High/Low values of both the structural
impact and the capacity of ES provision (values represent the 2013 time slice).

e

- Low Y and Low es - Low Y and High es |:| High Y and High es

- High Y and Low es |:| Other combinations
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Appendix 2 — Spatial distribution of the I(Q) range for: a) the structural impact (in tons of soil loss per
pixel); b) the actual ES provision (in tons of soil loss per pixel); ¢) the ES mitigated impact (in tons of
soil loss per pixel); and d) the capacity for ES provision (adimentional).

a)
<1000 1000 - 3000 3000 - 7000 [l 7000 - 16000
I > 15000
c)
L e
<100 100 - 250 250 - 500 [ 500 - 1000 [ >1000
b)
<1000 1000 - 3000 3000 - 7000 [ 7000 - 16000
I > 15000
d)

<0.010 0.010 - 0.025 0.025-0.050 I 0.050 - 0.100
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