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PREFACE
This thesis project is part of a larger research project initiated by an organization named
Commonland. This thesis report is based on a joint proposal written by two students, Felipe Castaño
Díaz and Paula Duske. The data collection was carried out in the same period of time, at the same
place but work was carried out independently of each other due to the focus on different ecosystem
services that required different input data and approaches. Consequently, chapter one and two are
partly written together because they are based on the proposal and solely in parts adapted to the
specific ecosystem services and the personal reporting choices of the two students.
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SUMMARY
Although agriculture is essential to support the increasing human population, it is a major driver of
landscape change. Moreover, monocultures and livestock production cause land degradation,
deplete and pollute water resources, and reduce biodiversity.
Agriculture also uses much water and is responsible for a third of all CO2, N2O and CH4 emissions.
These emissions lead to climate change, which will considerably affect future land and water use.
However, well-managed regenerative agriculture can provide a wide range of ecosystem services to
mitigate and adapt to climate change.
Such changes in land use, management practices and climate change influence the ecosystem
restoration. This thesis research therefore investigates the effects of land-use change, sustainable
land management practices (SLM) and future climate conditions on providing ecosystem services in
the Segura catchment. This catchment encompasses an area of 18,815 km2. Its semiarid climate has
an average annual precipitation of 330mm, which concentrates in spring and autumn. Its mean
annual temperature is 16.6°C and the mean annual potential evapotranspiration is 800mm. This
results in mean annual water deficit of 470mm.
Land-use changes are assessed for the period from 1990 to 2012, land management changes involve
the effects of incorporating green manure and reduced tillage intensity. Then the impacts of landuse change and SLM practices on sediment retention, sediment export, carbon storage and
sequestration are determined for current and future climates (using IPCC’s RCPs). Finally, the InVEST
will be used to quantify the impact of SLM practices.
The implications for the Alto de los Vélez y Almanzora (AlVelAl) area which has similar biophysical
and socioeconomic conditions as the Segura catchment, is also included in the analysis because the
Commonland Foundation is interested in this area.
The importance of the selected ecosystem services were analysed. Most results based on using the
InVEST model, which analyses changes and spatial patterns in providing ecosystem services as a
result of land-cover transformations and the implementation of SLM practices. ArcGIS was used to
create visual outputs, such as maps, spatially allocating the results and providing a better
understanding for the whole catchment. In addition, a literature review and expert consultation was
done to provide the information needed for the InVEST model.
The results show that over the 22 year period, artificial surfaces (such as construction sites and
dump sites), forests and semi natural areas increased in extent, while agricultural extent decreased.
This is explained by land abandonment due to land degradation and the influence of for example,
changes in socio-economic conditions and policy developments. Land-use change probably has
important consequences at landscape level in terms of structure, stream dynamics, soil erosion and
reservoir silting. The consequences, depend on climate and, soil characteristics, plant colonization,
etc. The observed land use changes also increased sediment retention by 1.5% and decreased
sediment export by 41%. Moreover, carbon storage increased by 2%.
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The Net Present Value of carbon sequestration for the entire Segura catchment was estimated at
about 29 million euros.
Based on the application of the InVEST model, SLM practices improve providing ecosystem services.
The sediment delivery model, indicates that the retention of sediments increased by 1.8% whilst the
sediment export was halved. The carbon storage model showed that carbon storage increases by
6.4 %.
These results are explained by the reduced tillage, which positively affects the accumulation of soil
organic carbon. This also increases with the application of green manure. The implementation of
SLM practices improves the soil infiltration capacity and this, reduces the risk of runoff and soil
erosion, improves soil fertility and in sometimes contributes to increased crop yields.
SLM practices can be considered as climate change adaptation and mitigation measures because
they contribute to limit the vulnerability to climate change and reduce greenhouse gas emissions.
Reduced tillage intensity lessens CO2 emissions and energy consumption, and improves carbon
sequestration by increasing soil organic matter. Incorporating green manure reduces the use of
synthetic fertilizers. This, in turn reduces GHG emissions related to their production. Thus the
implementation of SLM practices certainly have considerable beneficial effects, not only by
providing direct benefits by enhancing ecosystem services, but also stimulating climate adaptation
and mitigation measures.
I conclude that SLM practices, like green manure and reduced tillage intensity, positively influence
the provision of ecosystem services in the Segura catchment and can also contribute to adapt to,
and mitigate climate change.
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1. Introduction
Agriculture is one of the main drivers of landscape changes around the world; about 80% (1300
Million ha) of the worlds’ cultivated area are rain-fed systems, from which 60% of the global crop
output is produced in a variety of production systems (FAO, 2011). Even though agricultural activity
is essential to support the increasing human population, it brings many externalities and side effects
both positive, such as attractive rural landscapes, but also negative, especially if we consider
monocultures and livestock production causing land degradation, depletion and pollution of water
resources, sedimentation and biodiversity decline (Friederich et al., 2012; Almagro et al., 2016).
More recent studies and field observations show that European soils are threatened by erosion,
compaction and loss of organic matter (Friederich et al., 2012). A reason for this are poorly adapted
production systems and trade-offs to increase productivity at the expense of ecosystem services
(FAO, 2011). Consequently, land degradation can also have strong socio-economic implications. This
is especially true in semi-arid areas, such as South-Eastern Spain. Past attempts to restore and
conserve soil and water resources were unsuccessful, leaving abandoned conservation
constructions behind and leading to unstopped degradation processes. This is causing high rates of
unemployment and already since the 1950’s, people are forced to migrate and abandon their land
(Commonland, 2016).
Climate change is likely to enforce this process of on-going degradation and land abandonment. The
reason is that agriculture is not only one of the industries directly affected by climate change, but
also contributes to emissions of GHGs from the soil and from livestock. Therefore, on the one hand,
climate change is expected to considerably affect future land and water use for agriculture (IPCC,
2007) and on the other hand, agriculture is responsible for about 30% of the total greenhouse gas
emissions of CO2, N2O and CH4 (IPCC, 2007; as quoted in Friederich et al, 2012).
Thus, effective adaptation strategies to increase resilience of agricultural systems, as well as
mitigation efforts through soil organic carbon (SOC) sequestration and emission reduction in
agricultural soils have become a global priority (FAO, 2011). Recent studies found that well-managed
regenerative agriculture can provide a wide range of ecosystem services such as carbon
sequestration, adaptation to climate change by increasing the resilience to drought and reducing
flood risks, but also by sustaining food production, biodiversity and an attractive landscape (Howden
et al., 2007; Lal 2013; as quoted in Almagro et al., 2016), which improves local livelihoods and quality
of life in general.
Consequently, there is an increasing need for landscape restoration and for changing conventional
farming practices to more sustainable and multi-functional systems. Worldwide, landscape
restoration projects have been implemented over the past 20 years (Holl et al., 2003). The Society
of Ecological Restoration (SER) International defines landscape restoration as “assisting the recovery
of an ecosystem that has been degraded, damaged, or destroyed” (Holl et al., 2003). This thesisresearch will adopt the concept of sustainable land management as a mean to implement
restoration practices. Sustainable Land Management (SLM) refers to integrated management of
soil, water and biodiversity to adequately maintain and improve ecosystem services for present and
future generations. SLM practices are increasingly promoted for adaptation and mitigation purposes
and aim to reduce the vulnerability of socio-ecosystems, increase their resilience and alleviate the
10

negative impacts from environmental change (de Vente et al., 2017). It represents a holistic
approach to achieving long-term productive ecosystems by integrating biophysical, socio-cultural
and economic needs and values (Schwilch et al., 2009).
An approach of holistic restoration and SLM is been carried out by Commonland. They recently
started a multi-actor partnership to restore the landscape through implementation of regenerative
agriculture, capacity building and the development of alternative business cases. The aim is to
deliver 4 types of returns: Inspiration, social capital, natural and financial capital. Inspiration implies
an improvement of livelihoods to create positive future outlook, social capital contains job creation
and strengthening of cultural and historical heritage, natural capital is the improvement of
ecological functionality, restoration of soils and water balance, and financial implies the increase of
monetary income (Figure 1).

Figure 1. The four returns strategy (Source: Commonland, 2016).

1.1 Study area

The region of Murcia is located in southeast Spain (Figure 2). The influence area of the Segura river
encompasses an area of 18.815 km2, making up to 3.7% of Spanish territory. My research will
evaluate two different experimental Mediterranean sites which are maintained by CEBAS-CSIC and
together with a literature review on impacts of SLM on soil and vegetation properties. The resulting
information was used to parametrize SLM practices in the InVEST model.
The climate is semiarid Mediterranean with an average annual precipitation of 330 mm, focussed in
spring and autumn. The mean annual temperature is 16.6°C and a mean potential
evapotranspiration of about 800 mm yr-1, which means a mean annual water deficit of around 500
mm (Almagro et al., 2016).
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Figure 2. Location of study area and AlVelAl - study case (Source: Commonland, 2016).

Both sites are located in shallow soils (average soil depth on Site 1 is 30 cm and on Site 2 45 cm)
with moderate east-facing slopes that goes up to 15% in site 1, and site 2 southeast-facing slopes of
around 7%. The soils are classified as Calcisols (FAO, 2006; as quoted in Almagro et al., 2016) with
high contents of CO3Ca (~ 45 %). and silt-loam texture (Almagro et al., 2016).
Additionally, this research provides an example of a study case of an adjacent area to the region of
Murcia known as AlVelAl (Figure 2), in which an analysis of the carbon storage model was applied
for two different reasons: 1) this area shares same biophysical and climatic conditions as the two
experimental sites and, 2) carbon storage and sequestration depends mostly on type of land-use
land-cover.

1.2 Research objectives

The research objective is to assess the effect of land use changes and the implementation of SLM
practices as restoration activities, on two selected ecosystem services applying the ecosystem
services valuation software InVEST. The selection of the two services was opportunistically based
on the ecosystem valuation models available in InVEST and their suitability and relevance for the
study area. Specifically, this thesis research focuses on understanding the impact of different SLM
strategies on sediment retention and carbon storage and sequestration. The main aim is to: 1)
understand the added value of different sustainable land management strategies for each of the
ecosystem services in order to achieve optimal restoration effects; 2) Evaluate the suitability of the
InVEST models for the assessment of the impact of ecosystem restoration on ecosystem services in
the study area.
Ecosystem restoration is probably influenced by many external factors, including the impact of
climate change. Therefore, this thesis research aims to also investigate the impact of different
climate scenarios on the proposed restoration practices. This will show the effectiveness of the
proposed restoration activities under climate change and thereby provide an indication of the level
of robustness of the restoration and its potential as a climate change adaptation and mitigation
12

strategy. Consequently, looking at climate change should provide a more complete picture of the
expected impacts on ecosystem services. Additionally, it may help stakeholders to design better
suitable land management options that can also function as climate change adaptation and
mitigation strategies.
The structure of this thesis is organized in such a way that after an introduction of the topic and
study area, methods I used are described. Afterwards, the results of land-use changes effects on
ecosystem services are explained to provide context and know the trends in land-use in the 22 year
period. Then, the effects of implementing SLM practices and climate change impacts are shown.
Finally, a discussion aimed to confirm the benefits of SLM practices and concluding remarks are
provided.

1.3 Research questions

In order to understand the effects of SLM practices and conduct an appropriate analysis this
research formulated the following questions:
1. What are the main changes in land use in the Segura Catchment in a timeframe of 22 years
(from 1990 to 2012)?
2. What are the impacts of land use change and SLM practices on sediment retention/export,
carbon storage and sequestration?
3. What are the effects of SLM practices under RCPs climate change scenarios on sediment
retention/export?
4. What are the impacts of SLM practices on carbon storage for the AlVelAl area?
5. What is applicability of the InVEST models for the assessment of the impact of SLM practices
on the ecosystem services object of this research?

1.4 Outline

Overall, this thesis embraces 7 chapters. First of all the introduction to provide context to the reader
in terms of the study area and the aims of this research. Chapter 2 describes the methodology and
the research methods used during the course of the research to collect and analyse the data. Also,
takes into account relevant concepts in terms of ecosystem services and its valuation.
Building upon the research questions, chapter 3 describes the main land use changes in a time span
of 22 years for the Segura catchment. The aim is to provide context and to identify trends in regards
to land use changes, providing the opening for chapters 4 and 5 to analyse the effects of land use
changes and the implementation of sustainable land management practices on the sediment
delivery and carbon storage and sequestration, respectively.
Chapter 9 addresses the limitations of the InVEST model that were identified during the course of
the research, and also those identified by the model developers. Furthermore, deals with the task
to provide robustness to this research by drawing on previous studies to support and argument the
outcome of the InVEST model. Finally, chapter 10 looks over the research questions to conclude that
land use changes and the implementation of sustainable management practices have positive
effects in the provision of the ecosystem services addressed in this research.
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2. METHODOLOGY
This chapter comprises the conceptual framework and also different methods and techniques used
to collect and analyse the data in order to achieve the research objective and answer the research
questions. First, most relevant concepts are described and then the methods chosen for this
research are subsequently summarized.

2.1 Conceptual framework

In order to restore the landscape and ensure its long-term effectiveness it is necessary to apply an
integrated approach to include social, economic (monetary) and ecological aspects. The aim is to
make degraded landscapes prosperous again, increasing monetary yield in a way that it satisfies
social needs but at the same time conserves nature. Such a systematic approach has been developed
by Commonland to guide their restoration plans. This approach consists of a framework of seven
steps, which includes 1) impact assessment; 2) ecosystem services analysis; 3) benefit analysis; 4)
monetary valuation; 5) economic analysis; 6) capturing the value and 7) communicating value (De
Groot et al., 2017). Within the framework of this thesis research (Figure 3), the focus is to analyse
the effects of land use changes, land management (SLM) and climate change on sediment retention
and carbon storage and sequestration through the use of the InVEST model. Additionally, an
economic measure (NPV) is developed to carbon sequestration.

Figure 3. Framework to analyse the effects of land use change, land management and climate change on
the provision of ecosystem services.
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2.1.1 Land use and land cover
The provision of ecosystem services is likely affected by global environmental change, which is
influenced by direct (climate change, invasive species, land use change) or indirect (cultural factors,
policies, etc.) drivers that continuously shape the direction of future global change (MA, 2005).
Land-use change is defined as “converting natural landscapes for human use or changing
management practices on human-dominated lands” (Foley et al., 2005). According to them, these
transformations of land-surfaces have been having large impacts on global and regional cycles and
ecosystems. As a result, regional water balances are disrupted and global CO2 emissions increased
(Houghton and Hackler, 2001). In this thesis report, land use changes of the Segura river catchment
are analysed in a temporal scale, from 1990 to 2012 in order to identify trends and main changes in
terms of land use land cover.
The CORINE classification is then used to categorise land cover of the study area. The CORINE
programme is aimed to provide localized geographical information on the land cover of the 12
Member States of the European Community. CORINE Land Cover (CLC) is then an inventory of land
cover in 44 classes (CORINE, 2017) and is used to model and assess transformations of land surfaces
and their impacts. In the CLC, land cover is subdivided in five main classes: Artificial (urban areas),
agricultural areas, forest and semi-natural areas, wetlands and water bodies. Each class is then
subdivided again in more detailed classes (Appendix 1).
Modelling sediment retention and carbon storage and sequestration with land cover maps of the
three different periods enables to establish linkages between the provision of those ecosystem
services and changes in land use over the time. The output can then be used to further compare it
to changes with the sustainable land management scenario. The magnitude of effects of both can
be compared, which can help to improve the decision making process undertaken by corresponding
authorities.
a consequence of SLM practices:
Table 1 shows the Corine classes chosen to reflect changes as a consequence of SLM practices:
Table 1. Corine clases with implementation of SLM practices (Source: Bossard et al., 2000)

Code

Corine LULC
class

211

Nonirrigated
arable land

This class includes cereals, legumes, fodder crops, root crops and fallow. For
purposes of this research this class comprises cereal fields.

221

Vineyards

Vineyard parcels exceeding 50% of the area. It includes vineyards for wine
production, and grapes and raisins for consumption land.

222

Fruit trees
and berry
plantations

It includes parcels with fruit trees or shrubs: single or mixed fruit species
associated with permanently grassed surfaces. Study area is dominated mainly by
orchards of almond, citrus, apricots and peaches land.

Olive groves

Includes areas planted with olive trees and also some occurrences of vines on the
same parcel land.

223

Description
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242

Complex
cultivation
patterns

Juxtaposition of parcels of annual crops, fallow land and permanent crops with
scattered houses land.

This study focusses on this classes not only because are the most relevant classes for the study area,
but also because are the type of crops that are present in the experimental sites from which the
data and information object of this research was obtained.

2.1.2 Sustainable Land Management Practices
Worldwide, the most common management practice in agricultural soils is tillage. This practice
accelerates the compaction, soil erosion, organic matter mineralization and the increase in GHGs
emissions (Quinton et al., 2010). Sustainable land management practices (SLM) maintain or increase
crop productivity, whilst maintaining or even accentuating the provision of ecosystem services such
as resilience to natural and anthropogenic perturbations, carbon sequestration, biodiversity, etc.
(Almagro, et al., 2016).
Nevertheless, although the use of SLM practices is advocated by different organizations (e.g. the
World Bank and the UN Food and Agriculture Organization) SLM is relatively new and if is
implemented properly likely has environmental benefits (Almagro, et al., 2016).
SLM practices consist in a set of alternative agricultural practices aimed to sustain and even increase
the productivity of the soil under sustainability principles. Schwilch et al. (2012) stated that SLM
involves “soil, water, and vegetation adequately supporting land-based production systems for
current and future generations. Its key principles are: productivity, security and protection of natural
resources, economic viability, and social acceptance”. An overview of different SLM practices is
presented in Table 2.
For the election of the SLM practices, this research is based on literature review and some
information obtained through some workshops conducted in Spain with different stakeholders
undertaken under the DESIRE project, which is financed by the European Union and encompasses
18 study sites around the globe with different socio-economic context in terms of land use and
management, and different landscape and climate conditions, but all sharing a common issue:
desertification related problems (www.desire-his.eu). During the workshops, stakeholders
identified best options for SLM in the Guadalentin catchment (which is a representative subcatchment of the Segura catchment) to address problems with soil erosion, water loss and soil
fertility. From a set of 20 different SLM options, after a voting mechanism the following options
were selected to best suit local conditions (Zagaria, 2014):
1. Reduced tillage.
2. Application of green manure (Vicia sativa and common oat).
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Figure 4. Green manure (Vicia sativa) in an almond orchard (up); tillage made by farmer (down)

The incorporation of green manure implies reduced tillage: reduced tillage + green manure (RTG).
According to Almagro et al. (2013), the combination of RTG has better results in terms of higher soil
organic contents and aggregate stability, which improves soil fertility and therefore crop
productivity. However, it is important to mention that in the semiarid regions RTG is not a common
practice due to the fact that farmers fear about competition over water resource between the cover
crop and the main crop, and also because positive effects are tangent after several years of
implementation (Gomez, et al., 2009).

2.1.2.1 SLM practices as an alternative to face climate change
Bangash et al. (2013) stated that “the Mediterranean basin is considered one of the most vulnerable
regions of the world to climate change and such changes impact the capacity of ecosystems to
provide goods and services to human society”. Therefore, testing and evaluating different options
and alternatives to reduce climate change impacts is necessary.
Advocated by different organizations such as the FAO and The World Bank (The World Bank, 2008),
SLM practices are being used in regional climate change adaptation and mitigation action plans,
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especially in areas for which the context is characterized by increasing soil aridity and desertification
of the land (Zagaria, 2014).
SLM practices can play an important role in adaptation and mitigation to climate change due to the
fact that for instance, practices such as reforestation, afforestation, establishment of cover crops,
grass strips or planting of perennial are likely to enhance carbon sequestration of biomass and soil,
which contributes to climate change mitigation and at the same time ensures the provision of
ecosystem services. Moreover, adding organic materials to soil improves its structure, nutrient
cycling and availability, water holding, and at the same time reduces the risk of soil erosion. Likewise,
reduced tillage directly influences sediment retention within soils and reduces energy consumption
and corresponding CO2 emissions by machinery (Almagro et al., 2013). Table 2 shows an overview
of SLM practices from the WOCAT database (the complete table is in Appendix 7).
Table 2. Overview of SLM practices from the WOCAT database (adapted from Schwilch et al., 2009)

Category/group
Conservation agriculture

Potential SLM practices identified

Agroforestry

•
•
•
•
•
•

Rotational system

•

No tillage/reduced tillage
Contour tillage.
Green manure.
Land terracing.
Terraces and vegetation strips.
Fruit tree plantation along the contour separated by strips
of crops.
Crop rotation.

Socioeconomic strategies

•
•

Training and sensitization.
Institutional and legal capacity strengthening.

Terraces

2.1.3 Climate change scenarios
The Mediterranean region climate projections points to water scarcity as a result of more and
frequent droughts and higher average temperatures, whereas water demand increases for irrigation
purposes (Iglesias et al., 2007). Specifically speaking of Murcia, is one of the cities from the Spanish
Mediterranean that will suffer the most abrupt changes in annual precipitation, with a 10% decrease
by 2080 with respect to 1990 levels (Moreno et al., 2005). Moreover, there is high uncertainty in
terms of magnitude of change in annual precipitation, which suggests that precipitation values
would be even lower (Zagaria, 2014). However, according Moreno et al (2005) predictions suggest
that for every 1% increase in annual rainfall, there will be approximately a 2% increase in surface
runoff and soil erosion.
According to the Spanish National Meteorological Institute, Murcia is going to be subject to a
maximum temperature change by 2100. Higher temperatures influence the reduction in soil water
content reducing plant growth so less biomass into the soil, which in turn reduces the soil organic
matter limiting soil permeability and aggregate stability. Thus, contributing to soil crusting and
desertification (Zagaria, 2014).
Agriculture is one of the main economic activities in this Spanish region and many families and
communities depend on agriculture. However, the aforementioned impacts will resonate in the
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local economy due to the fact that trends for the city of Murcia are pointing to land rural
abandonment (Zagaria, 2014). Therefore, is crucial to design and implement effective adaptation
and mitigation strategies to increase human and natural resilience, and face climate change in order
to sustain agriculture as well as the cultural and social traditions around the activity.

2.1.3.1 Representative Concentration Pathways (RCPs)
Climate research makes use of socio-economic and emission scenarios in order to provide
descriptions in terms of how the future may evolve in regards to variables such as energy and land
use, socio-economic and technological change, and emissions of air pollutants and greenhouse
gases (GHG) (van Vuuren et al., 2011).
Research community is in need of new scenarios (Mos et al., 2010) because the existing generation
of climate models are missing detailed information, and the increasing interest of different scenarios
exploring climate policies along with the no-climate-policy scenarios previously explored (Special
Report on Emission Scenarios – SRES). The development of the Representative Concentration
Pathways (RCPs) scenarios also enables to evaluate costs and benefits of long-term climate goals
(van Vuuren et al., 2011).
The RCPs constitute a set of GHG gas concentration pathways designed to support research and also
the potential policy responses to climate change (Riahi et al., 2011). The name RCPs refers to
radiative forcing target level for 2100. The word representative signifies that each one of the RCPs
represents a set of scenarios in the literature; the word concentration pathway reflects the idea that
these are not the final new, fully integrated scenarios, but instead are consistent projections of the
components of radiative forcing used in subsequent phases.
A cautious selection process was used to identify the RCPs, using criteria that reflected the needs of
both climate scenario developers and users. Two important characteristics of RCPs are reflected in
their names. The word “representative” signifies that each of the RCPs represents a larger set of
scenarios in the literature. Thus, a set of four pathways was designed leading to radiative forcing
levels of 8.5, 6, 4.5 and 2.6 W/m2 by 2100. Each RCP scenario covers the period between 1850 –
2100 (extensions have been formulated for the period up to 2300) (van Vuuren et al., 2011).
Thereby, within the four selected RCPs is included one mitigation scenario leading to a very low
forcing level (RCP 2.6), two medium stabilization scenarios (RCPs 4.5 and 6.0), and one with a very
high baseline emission scenarios (RCP 8.5) (van Vuuren et al., 2011).
The development of RCPs considered the following criteria (Moss et al., 2008):
1. RCPs should be based on existing literature and as a set have to be representative of the
total literature in regards to emissions and concentrations. Moreover, it should provide a
consistent description of the future;
2. RCPs should provide information on all components of radiative forcing that are used for
atmospheric chemistry and climate modelling. Furthermore, the information has to be
available in a geographically way;
3. RCPs should have for land use and emissions harmonized base year assumptions;
4. RCPs should cover the period up to 2100; however, information needs to be made available
for the following centuries.
RCPs 4.5 and 8.5 W/m2 scenarios were chosen to run the InVEST model to assess changes regarding
the provision of ecosystem services under that specific conditions. Likewise, these two represent
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most plausible-realistic scenarios of an intermediate scenario in which temperature increase is just
below 2°C, following the Paris agreement (2016), and another scenario with extreme increase in
temperature (assuming nothing is done to reduce GHG emissions).

RCP 4.5 W/m2
The RCP 4.5 scenario informs the consequences of reducing GHG to stabilize radiative forcing in
2100. It is an scenario of short lived species which stabilizes radiative forcing at 4.5 Wm-2 (650 ppm
CO2-equivalent approximately) in the 2100 without exceeding that value.

Figure 5. Population and GDP projections for the RCPs (van Vuuren et al., 2011)

This scenario is based on MiniCAM level 2 stabilization scenario – same population and income
drivers (Figure 5) (Moss et al., 2008) and its defining characteristics includes the following (Thomson
et al., 2011):
•

Applies GHG emission valuation policies in order to stabilize atmospheric radiative forcing
at 4.5 W m-2 in 2100.
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Figure 6. Emissions of main GHG across the RCPs (Source: van Riahi et al., 2011)

•

Besides form the usual set of anthropogenic emissions (CO2, CH4, N2O, HFCs, PFCs and SF6),
the RCP 4.5 scenario takes into account also active gases such as carbon monoxide (CO) and
volatile organic compounds (VOCs), and the influence of sulphur aerosols as well as black
and organic carbon (Figure 6).

Figure 7. Energy sources by sector (Source: van Vuuren et al., 2011)

•
•

The emergence of large scale CO2 capture and storage (CCS) enables the continued use of
fossil fuels. Nevertheless, the total use is lower than I reference scenario.
Changes in Carbon prices ($85 per ton of CO2) transform the global economy.
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•

Increased reliance in renewable (wind, solar and geothermal, and the application of CCS to
fossil fuel sources and bionergy) and nuclear energy made possible the change in electric
power generation from the largest source of emissions in the world to a system with net
negative emissions. (Figure 7)

The RCP 4.5 can be assumed as a mitigation scenario due to the fact that the transformations in the
global economy, land use and energy required to achieve this target are only possible with explicit
action to mitigate GHG emissions.

RCP 8.5 W/m2
The RCP 8.5 W/m2 is the so called baseline scenario for which main drivers, such as economic and
demographic trends, are based on the storyline of IPCC A2 scenario. It corresponds to a high gas
emission pathways and concentrations increasing over the time, leading to a radiative forcing of 8.5
W/m2 by the end of the century and does not include climate mitigation targets. However, it
presents some improvements compared with the A2 such as the inclusion of planned air quality
legislation for the projection of air pollutant emissions at a regional scale; new downscaling
approaches accounting for changes in spatial relationships between exposure and mitigation; and a
more detailed and refined land use categories for the spatial representation transformations in land
(Riahi et al., 2001).
Some of the main features and defining characteristics of the RCP 8.5 W/m2 scenario are the
following (Riahi et al., 2001):
•
•

High population growth and slow economic development leads to high energy demands,
which implies little progress in terms of efficiency.
Over the time horizon, fossil fuel continue to dominate the energy portfolio and the
electricity becomes the dominant mode of energy used mostly in the residential and
industrial sector (Figure 8).

Figure 8. Development of global primary energy supply in RCP 8.5 W m-2 (left) compared with global primary energy
supply in 2100 of the other RCPs: 6, 4.5 and 2.6 W m-2 (right)

•

Cultivated land increases by about 185 million ha up to 2050 and another 120 million ha up
to 2100. The use in aggregate arable land in developed countries slightly decreases, all the
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net increases occur in developing countries with Africa and South America accounting for
85% of the increase
GHG emissions continue to rise due to the increasing population, high demand for food and
therefore high fossil fuel intensity from the energy sector. Energy sector is responsible of the
increase in CO2 emissions; the increasing use of fertilizers and the intensification of agricultural
production increase the levels of N2O; and increases in rice production and livestock population
drive emissions of CH4 (Figure 6).

2.1.4 Scenario development
In order to assess the provision of ecosystem services under specific conditions making use of the
InVEST model it is necessary to develop different scenarios. So that, assessment object of this
research is not only oriented to current conditions, but also it is aimed to evaluate the provision of
ecosystem services under both sustainable land management practices and climate change
scenarios. In total, there are 5 scenarios as follows (Table 3):
•
•
•

1 current baseline scenario (LULC 2012) after running the InVEST model,
2 scenarios of SLM (explained in detail in the InVEST section) and
2 scenarios of climate change (RCPs). It is important to mention that in the RCPs the average
rainfall and temperature are based on predictions from multiple Regional Climate Models
(RCMs). Since the predictions of climate change often differ strongly depending on the RCM
used, one way to reduce uncertainty is to work with ensemble predictions, so taking the
average predictions of multiple RCMs. The RCPs are not applied to the carbon storage and
sequestration model because it does not consider climatic variables, which are necessary to
adjust the parameters to the specific conditions of the RCPs.
Table 3. SLM and RCPs scenarios

Model/Scenario

Carbon storage
and
sequestration

Baseline
scenario

SLM

25% increase of SOC
LULC 2012

Sediment
delivery ratio

Decrease in cover
management factor
(usle_c) and soil erodibility
(K)

RCP
The
InVEST
model
does not
consider
climatic
variables
2030 2050 (4.5
and 8.5
W/m2)

2.2 Research methods
2.2.1 Ecosystem Services analysis
Different studies identified the importance of ecosystems for human well-being (De Groot, 1992,
Costanza et al., 1997, Millennium Ecosystem Assessment (MEA), 2005, De Groot et al., 2010, TEEB
Foundations, 2010 and TEEB Synthesis, 2010). In order to understand that role of ecosystem
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processes and functions the cascade model from The Economics of Ecosystems and Biodiversity
(TEEB) is applied, which concepts help to understand the links and processes within an ecosystem
and to monetize its services and values (Figure 9). Likewise, the typology of ES from the TEEB will be
used to assess the impacts of SLM and climate change on ecosystem services.

Figure 9. TEEB framework to link ecosystems to human well-being (Source: De Groot et al, 2010).

Four groups of ecosystem services are differentiated by the TEEB study: Provisioning Services,
Regulating Services, Habitat Services and Cultural Services. In this thesis, the main focus will be on
the regulating services of climate regulation through carbon storage and sequestration, and erosion
control directly linked to sediment delivery ratio.
Carbon storage and sequestration is probably the most recognized of the wide spectrum of
ecosystem services (IPCC, 2006; Stern, 2007). Terrestrial ecosystems (peat swamps, forests,
grasslands, etc.) as a whole can store much more carbon than the atmosphere itself (Lal, 2004); the
storage takes place in the soil, wood and other biomass keeping CO2 out of the atmosphere where
it would contribute to climate change. Moreover, is not only about the storage but also about
carbon sequestration. In this sense, many systems continue to accumulate it in soil and plants over
the time, thereby sequestering carbon over the time. This particular ecosystem service was chosen
for this research due to the fact that restoration activities or even alternative agricultural practices,
such as SLM practices can lead to the storage of large amounts of CO2, therefore, is possible to say
that agricultural management plays an important role in climate regulation.
Sediment delivery ratio is directly related with soil erosion and refers to the fraction of eroded
material transported to a point of reference in a basin, usually the basin outlet (de Vente and
Poesen, 2005). At a catchment scale, sediment dynamics are mainly by climate, topography,
vegetation and soil properties; but also anthropogenic factors such as agricultural practices, dam
construction and operation influence sediment dynamics (Sharp et al., 2016).
Water quality and reservoir management in many places of the world is dramatically affected by
increases in sediment yield. However, land use changes and land management practices modify the
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amount of sediment running off a catchment depending on the main sediment sources and the
spatial distribution of sources and sinks. The sediment retention service is part of the focus of this
research because a well understanding of which sub-catchments produce bigger amounts of
sediments and where are these delivered enables the design of sediment load reduction strategies,
which contributes to a better performance of reservoirs, improved water quality and, better and
more recreation opportunities (Sharp et al., 2016).

2.2.3 The InVEST model
InVEST stands for Integrated Valuation for Ecosystem Services and Trade-offs. It is a software tool
that includes ecosystem service models aimed to map and value the goods and services ecosystems
provide. According to Kareiva et al (2011) it is one of the most commonly used ecosystem service
modelling and mapping tools. It has been used to map and value ecosystem services under different
scenarios of land cover in the USA and Tanzania. Taking into account models for different ecosystem
services, each of the models uses land cover/land use data, biophysical and economic information,
and other environmental variables to analyze spatial patterns or changes as a result of
transformations in land cover (Crossman et al., 2013). The results of the model can be both in
biophysical (e.g., tons of carbon sequestered) or economic terms (e.g., net present value of
sequestered carbon) (www.naturalcapitalproject.org).
Landscape changes, in this case restoration activities through sustainable land management
practices, influence the structure and function of ecosystems. The application of InVEST models
allows then to define changes in flows and values of ecosystem services across the landscape, taking
into account the service supply and the location and activities of people who benefit from those
services (www.naturalcapitalproject.org).
InVEST is designed for decision makers to quantify trade-offs associated with different management
choices and to identify areas where investment in natural capital can improve conservation and
human development (www.naturalcapitalproject.org).
Due to the fact that there is availability of data from previous studies and because are key ecosystem
services according to the local context, the focus of this research is on sediment retention and
carbon storage and sequestration models, which will be explained further in detail.

2.2.3.1 Carbon storage and sequestration: climate regulation

According to land use and land cover (LULC) maps, the InVEST Carbon storage and sequestration
model makes use of the sizes of four different carbon pools to estimate: the net amount of carbon
(C) stored on land over the time and the market values of the carbon sequestered in remaining
stock. The carbon pools are the following (Sharp et al., 2016):
•
•
•
•

Soil organic matter;
Belowground biomass comprises the living root systems;
Aboveground biomass comprises all living material above the soil (branches, leaves, trunks,
etc.); and
Dead organic matter which includes litter and dead wood.

If there is no availability of all four carbon pools, the model can be executed with the information
of at least one of the pools. In the case of this research, model was executed with available data of
soil organic carbon and the aboveground biomass. To obtain the Carbon vegetation stock from
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aboveground biomass this research is based on data from the study made by Muñoz-Rojas et al,
2011, which associates carbon vegetation densities to land cover types. For the soil organic carbon,
data was obtained making use of the available layers in SoilGrids and adding up the values from the
layers of soil organic carbon (SOC) (T/ha) to have the value for 1 m depth (Sharp et al., 2016).
The model applies then the estimates of the C pools to LULC rasters to produce a map of carbon
storage in aboveground biomass and SOC in each one of the Corine classes. In addition, as this
research is focus on Segura Catchment, it also considers the carbon storage of the whole Catchment
taking into account the values for each one of the sub-watersheds. In order to obtain the C
sequestration the model uses LULC maps from past and future years, therefore it can calculate the
net change in C storage over time (Sharp et al., 2016).
Furthermore, the model has a component that enables to calculate the economic value of C
sequestration (the valuation part of the model is applied to sequestration due to the fact that
market prices are related only to C sequestration). The model estimates the economic value of
carbon sequestered as a function of the amount of C sequestered. Hence, the outputs of the model
can be expressed in Mg of C per grid cell or the value of sequestration in currency units per grid cell
(Sharp et al., 2016).
In order to assess the provision of ecosystem services under sustainable land management
practices, it was necessary to make some assumptions. In this regards and for the case of the carbon
storage and sequestration model, due to the reduction of tillage and the addition of green manure
it is assumed that the SOC will present some changes and the implications of the aforementioned
sustainable practices. In the input data section changes in SOC are explained in detail (C_soil under
SLM).
Input data
In this section is outlined the type of data needed to enable the execution of the model (Sharp et
al., 2016):
Current LULC map: A GIS raster dataset with codes of LULC for each cell;
Carbon pools: A table containing data of C storage of each one of the Corine classes in
relation to the different pools (aboveground and SOC for this research):
A) Lucode: An integer land cover code that corresponds to a LULC Corine class;
B) C_above: Carbon density in aboveground biomass (Mg/Ha);
C) C_soil: Carbon density in soil (Mg/Ha).
•
•

C_soil under SLM: Increase of 25% of carbon density in soil (Mg/ha). The increase in the
percentage is supported by the study made by Almagro et al., 2016 in which they evaluate
the potential benefits of SLM practices on a range of ecosystem services in two experimental
sites located in southeast Spain, province of Murcia (Los Alhagueces and Burete). They
conclude that the reduction of tillage combined with the addition of green manure led to
an increase of SOC between 20 and 48% in both experimental sites. Likewise, a different
study in Mediterranean cropping systems demonstrated that on average, the reduction of
tillage and the input of organic amendments (assumed in this study as green manure)
contributes to an increase of SOC ranging from 15 to 30% (Aguilera et al., 2013). Therefore,
the percentage of change in SOC chosen for this research is 25% due to the fact that this
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value is not only within the range of values from different studies, but also is consistent and
realistic according to expert´s criteria (Joris de Vente, thesis fieldwork supervisor).
• Future landcover: A raster with a LULC identification code for each cell and
• Economic data: required for valuation:
A) Value of a sequestered Ton of C: Value (currency) per metric ton of elemental C. The value
of sequestered carbon used in this research is €10.00 per ton;
B) Market discount rate: It reflects the preference of the society to receive immediate over
future benefits. The discount rate used in this research is 5%; and
C) Annual rate of change in the price of C: Adjusts the value of sequestered C as impacts
related with emissions on expected emissions change over the time. The default value of
the interface is 0; if is greater than 0 then it assumes that the societal value of C sequestered
in the future is less than the value of sequestered C now. If is less than 0 suggests that the
societal value of C sequestered in the future is greater than the value of sequestered C now.
In the case of this research, the assumption is that the societal value of sequestered C in the
future and in the present is the same, therefore the value is equal to 0. The annual rate of
change in this research is 0%.

2.2.3.2 Sediment delivery ratio
The main objective of the model is to map the overland sediment generation as well as the delivery
to the stream. This information is useful because enables to study the ecosystem service of sediment
retention object of this research (Sharp et al., 2016).
Working at the spatial resolution of a digital elevation model (DEM) raster, the model computes the
eroded sediment for each cell first, and then the sediment delivery ratio (SDR) which is basically the
proportion of soil loss reaching the catchment outlet (Sharp et al., 2016).
The following steps explain how to calculate the sediment load (for further details check the user´s
guide of the InVEST model http://data.naturalcapitalproject.org/nightly-build/invest-usersguide/html/).
First step: it is necessary to calculate the amount of annual soil loss of each one of the pixels
according to the revised universal soil loss equation (Sharp et al., 2016):
EQ. 1
Where:
•
•
•
•
•

Ri: Rainfall erosivity (M J . mm (ha . hr)-1);
Ki: Soil erodibility /ton . ha. hr (M J . ha . mm)-1);
LSi: Slope lenght - gradient factor;
Ci: Crop management factor and
Pi: Support practice factor (Renard et al., 1997).

Second step: to calculate the SDR for a pixel derived from the conductivity index (IC) (Vigiak et al.,
2012; as quoted in Sharp et al., 2016) as follows:
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EQ. 2
After calculating the SDR and the USLE, it is possible to know the amount of sediments exported
from a determined source, which in the case of this research sources are sub-catchments. Therefore,
sediment load (ton.ha-1 yr-1) from a given pixel can expressed as following:
EQ. 3
And the total catchment sediment load (ton.ha-1 yr-1) is given by:

EQ. 4
For a more detailed explanation and a better understanding of formulas and equations direct to the
InVEST model user´s guide (Sharp et al., 2016).
In order to assess the provision of ecosystem services under sustainable land management
practices, it was necessary to make some assumptions. In this regards and for the case of the
sediment delivery ratio model, due to the reduction of tillage and the addition of green manure it is
assumed that the cover management factor and the soil erodibility (K) will present some changes
and the implications of the aforementioned sustainable practices. Corine classes subject to changes
are the same classes used for the carbon storage and sequestration model (a consequence of SLM
practices:
Table 1).
Input data
In this section is outlined the type of data needed to enable the execution of the model (Sharp et
al., 2016):
•
•

•

•
•
•

Digital elevation model (DEM): A GIS raster dataset with elevation values for each cell.
Rainfall erosivity index (R): R is a GIS raster dataset with erosivity values for each one of the
cells. It is a variable that depends on intensity and duration of rainfall in area of interest.
The units of the index values are M J . mm . (ha . h . yr)-1 (Appendix 2).
Soil erodibility (K): K refers to a measure of susceptibility of soil particles detachment and
transport by rainfall and runoff. It is a GIS raster dataset with erodibility values for each one
of the cells and the values are given in ton . ha . h . (ha . M J . mm)-1 (Appendix 3).
Soil erodibility under SLM (K): Implementation of RTG have positive effects on the soil and
reduces the erodibility of the soil.
Land use/land cover (LULC): A GIS raster dataset with codes of LULC for each cell.
Watersheds: Consists in a shapefile of polygons with the spatial distribution of all sub –
watwersheds of the Segura catchment.
Biophysical table: A .csv table with the following information for each one of Land use
classes:
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A) Lucode: A unique integer for each LULC class
B) usle_p: Support practice factor (p_factor) for the USLE. It ranges between 0 and 1 but
as there is no information available for the spatial distribution of soil erosion prevention
measures, it is assumed that all vegetated layers have a value of 1, which means that
support practices do not influence soil erosion, or better said there are not soil erosion
control practices. The previous assumption was made for this study due to lack of
information. Moreover, cover – management factor values already incorporates
management practices such as green manure and reduced or no tillage (Panagos et al.,
2015).
C) usle_c: Cover – management factor (c_factor) for the USLE. This value is obtained
making use of the information of different studies (de Vente et al., 2009; Borrelli et al.,
2014; Panagos et al, 2015), but mostly relies on Panagos et al, 2015 because is based on
the best available data at European scale (EU-28), and also takes into account type of
crop and management practice.
usle_c under SLM: Cover – management factor (c_factor) for the USLE under SLM.
There is a distinction in the c_factor of non-irrigated arable land and the rest of the
Corine classes under SLM. A c_factor for the class non-irrigated arable land has been
calculated as follows:

Carable = Ccrop x Cmanagement

EQ. 5

Where the Ccrop is the c_factor and Cmanagement quantifies the influence of
management practices on soil erosion (Panagos et al., 2015). For the remain classes
under SLM (221, 222, 223, 242), c_factor was calculated based on the assumption that
implementing green manure to these classes would cover the soil and create similar
conditions like non-irrigated arable land. Therefore, c_factor of these classes is the
same than non-irrigated arable land without SLM.
•

•
•
•

Threshold flow accumulation: It can be explain as the number of upstream cells that must
flow into a cell before it is considered part of a stream. The sediment deposition stops when
a flow path reaches the stream, so that sediment exported is assumed to reach the outlet.
The chosen value for this research is 250.
Kb: A calibration parameter that represents the hydrologic connectivity (connection from
patches of land to the stream). The default value is 2.
IC0: A calibration parameter that represents the percentage of soil loss that is reaching the
stream. The default value is 0.5.
SDRmax: Depending on the soil texture, is the maximum SDR a pixel can reach this parameter
can be also used for calibration. The default value is 0.8.

Due to the fact that there is available data of sediment yield from some of the reservoirs from the
Segura Catchment, it is possible to compare predicted with observed data. Taking into account the
bathymetry measurements of reservoirs just after its construction and some years later, is possible
to measure the sediment volume stored by the reservoirs in that period of time. Then, the annual
change in volume was calculated to be multiplied by the bulk density in order to obtain tons of
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sediments per year stored by the reservoirs. Thus, the SD model is subject to calibration in order to
evaluate the performance of the model according to real measured data (detailed information in
the model calibration section).

2.3 Data collection

This section provides information about sources of data and how the information was collected to
develop the thesis research.

2.3.1 Literature review
Literature review was used to receive background information for all the concepts applied and to
get a better understanding about the study area. Furthermore, it was crucial due to the fact that it
was the source of confirmation of a significant part of the input data. For instance, for the SD model
literature was used to compare the cover management factor previously established by CEBAS
researchers. Also, for the carbon storage and sequestration model values of the carbon pools were
also obtained by this mean.
Likewise, literature was searched to get information for the monetary valuation of carbon
sequestration. Moreover, literature review allowed to investigate costs of construction and
maintenance of check-dams, as well as costs of reforestation in order to compare which was more
cost-effective.

2.3.2 Expert consultation
During data analysis a GIS specialist (Pedro Pérez) from the CEBAS cooperated with this research as
he prepared most of the data in part or completely. Therefore, he was approached to discuss about
which data was needed, in which form, how available data should be modified to fit the research
purposes and for clarification purposes. Further, agricultural soil experts from the CEBAS-CSIC
(Centro de Edafología y Biología Aplicada del Segura) were met, Dr. Maria Almagro and Dr. Joris de
Vente, to discuss about the sustainable land management option that should be used, the input
parameters, and overall get a better understanding about agricultural conditions, issues and current
practices in the study area.
This thesis research was made with the cooperation of researchers from the soil and water
conservation group of the CEBAS-CSIC. They facilitate all the necessary input data for the InVEST
model and also supported the interpretation of the output from both models.

2.4 DATA ANALYSIS

This section describes the tools and methods used to analyze the output data of the InVEST model.
Detailed information about data types used, data storage, data sources etc. can be found in the Data
Management Plan (Appendix 4).

2.4.1 ArcGIS
The spatial nature of the output data from the InVEST model are raster files, which made strictly
necessary to use the ArcGIS software for the visualization and processing of the data.
The following table (Table 4) shows the raster files (outputs) of both sediment delivery ratio and
carbon and sequestration model that were used in the ArcGIS software to be analysed and
processed:
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Table 4. Outputs of the InVEST model

Model

Type of file
Raster (.tif)
Raster (.tif)
Shapefile (.shp)

Sediment delivery ratio

Carbon
storage
sequestration model

and

Raster (.tif)

File name

sed_export.tif
sed_retention.tif
Watershed_results_sdr.shp
tot_c_cur
tot_c_fut
npv_fut

The SD output (Watershed_results_sdr.shp) contains a table with biophysical information of

each sub-watershed in terms of sediment retention and export. Also, it has the total amount
of potential soil loss per sub-watershed (Sharp et al., 2016).

The carbon storage and sequestration outputs show the total amount of carbon stored in current
and future LULC layers. The npv_fut file shows the economic value of carbon sequestered

between the current and the future LULC (Sharp et al., 2016).

2.4.2 Model evaluation techniques and calibration
This section describes the model evaluation techniques and the sensitivity analysis conducted for
the sediment delivery ratio model. It was not possible to evaluate the carbon storage and
sequestration model due to the fact that no studies have been undertaken for the carbon pools
investigated in the area of the Segura Catchment.
In order to evaluate the performance of the model in terms of how similar the outcome is compared
with real measured data, observed and predicted sediment yield data was compared and the R2,
Nash-Sutcliffe Efficiency and the PBIAs values were determined and used as evaluation criteria.
2.4.2.1 Coefficient of determination (R2)
The R2 describes the degree of collinearity between predicted and measured data based on the
variance in measured data explained by the model. It ranges from 0 to 1, with higher values
indicating less error variance (values greater than 0.5 are considered acceptable) (Santhi et al.,
2001). Even though the R2 is typically used for model evaluation, the statistic is oversensitive to
extreme values and insensitive to proportional differences between measured and model predicted
data (Moriasi, et al. 2007).
2.4.2.2 Nash-Sutcliffe Efficiency (NSE)
The Nash and Sutcliffe efficiency (NSE) is a normalized statistic to determine the relative magnitude
of the residual variance compared with the variance of measured data (Nash and Sutcliffe, 1970; as
quoted in Moriasi et al., 2007). The NSE equation is the following:
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EQ. 6
Where:
•
•
•
•

Yiobs: The ith observation for the constituent being evaluated;
Yisim: The ith simulated value for the constituent being evaluated;
Ymean: Mean of observed data for the constituent being evaluated;
n: Total number of observations.

It ranges between −∞ and 1, being NSE=1 the optimal value. Values between 0 and 1 are generally
acceptable performance levels, whilst values ≤ 0.0 indicates levels of unacceptable performance
because means that the mean observed value is a better predictor than the simulated value (Moriasi
et al., 2007).
2.4.2.3 Percent bias (PBIAS)
The PBIAS measures the average tendency of the simulated data to be smaller or larger than the
observed data. The optimal value of PBIAS is 0.0, positive values indicates and underestimation of
the model whereas negative values indicate overestimation of the model (Gupta et al., 1999). The
PBIAS equation is the following:

EQ. 7
A criteria for the selection of the PBIAS as an evaluation technique is because it has the capacity to
indicate very clearly poor model performance (Gupta et al., 1999).
After running the model and apply the aforementioned evaluation techniques, it was necessary to
conduct a sensitivity analysis in order to identify which parameters have more influence in the
outcome of the model, to afterwards calibrate the model to obtain its acceptable level of
performance. According to the InVEST users´ guide, the parameters Kb, IC0, SDRmax and threshold
flow accumulation (TFA) can be used for calibration, therefore these parameters were modified in
the sensitivity analysis (detailed information is provided in the chapter sediment delivery and
Appendix 5).
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3. Land use changes in the Segura Catchment: 1990 – 2012
This chapter is aimed to describe the main changes in land use occurring over a period of time of
about 22 years in the Segura River catchment (Figure 10). To do so, ArcGIS is used to analyse LULC
of the different years to identify which classes have changed the most, which classes remain similar,
and also possible trends in terms of LULC.
Land-use classes are a result of anthropogenic transformation processes oriented to the
development of human activities. Throughout the years, land use classes vary depending on
private/public interests according to main economic activities conducting the development of a
determined place.
To have an idea of land use changes throughout the time (Figure 10), the different years object of
this research were compared in order to determine the classes that have presented more variations
in terms of increase and decrease of surface area. Likewise, it is possible to determine trends and
main variations over time in terms of LULC
Even though artificial surfaces presented some major changes along different CORINE classes (Level
3) from 1990 to 2012, for purposes of this study the 10 selected classes shown in Table 5 are the
ones with a closer relation to agricultural activity. Thus, Table 5 presents the 5 classes with higher
increase and the 5 classes with higher decrease in surface area.
Results indicate that from 1990 to 2000 there has been some main changes of the CORINE classes
(level 3) in the Segura catchment. This is the case for instance of pastures, there was no cover in
1990 whereas in 2012 the cover appeared with 23275 ha. However, is possible pastures were
included in a different land use class and after a detailed classification it appear in 2012. Classes
such as Rice fields, Agro-forestry, Natural grasslands and Olive groves had an increase of more than
100% on surface area compared with 1990, exceeding up to 99 times the value of the original area
(Rice fields). On the contrary, classes like annual crops associated with permanent crops and land
principally occupied by agriculture presented a significant decrease in surface area close to 100%
(Table 5). The class Water courses (canals) presented a reduction of more than the half (67,9%) of
its surface area. Nevertheless, this could be influenced by CORINE resolution (1:100.000) and
mapping methods differences from 1990 to 2012.
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Table 5. Land use changes from 1990 to 2012 in the Segura catchment

CORINE CLASSES

Area
1990
(ha)

Area 2000
(ha)

Area 2012
(ha)

% of change
1990-2012

*Land
use
change
factor

Pastures

0

0

23.275

-

23275

Rice fields

14

1.375

1.420

-

99,1

Agro-forestry

881

68

4.977

-

5,6

Natural grasslands

58.528

34.707

275.303

-

4,7

Olive groves

8.060

15.000

24.175

-

3

Annual crops associated with
permanent crops
Water courses

5.876

417

88

-98,5

-67,1

1.027

454

86

-91,5

-11,9

Land principally occupied by
agriculture, with significant
areas of natural vegetation
Permanently irrigated land

153.519

72.871

49.149

67,9

-3,1

180.512

76.186

95.505

-52,9

-2,1

Complex cultivation patterns

215.400

249.888

144.988

-32,6

-1,5

*Land use change factor means x times of land use change and it was calculated dividing the initial area (1990) by the final
area (2012). Positive values indicate an increase whilst negative values indicate a decrease in surface area.
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Figure 10. CORINE land cover classes variations from 1990 to 2012
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Taking into account a broader perspective at landscape level, all different CORINE classes were
grouped in Level 1 of CORINE classification system in order to facilitate the comparison of land use
changes throughout the time (Table 6).
Table 6. Land use changes according to CORINE classification system in the Segura catchment from 1990 to 2012.

CORINE CLASSES (LEVEL 1)
Artificial surfaces
Agricultural areas
Forest and semi natural
areas
Wetlands
Water bodies

Area 1990
(Ha)

Area 2000
(Ha)

Area 2012
(Ha)

Total % of change
1990 - 2012

17.955

28.818

43.551

988.998

894.602

81.6135

142,5
-17,4

*Land
use
change
factor
2,42
-1,21

734.948

817.185

882.634

20

1,20

1.536

1.864

607

4.841

6.052

5.562

-60,4
14,8

-2,53
1,1

*Land use change factor means x times of land use change and it was calculated dividing the initial area (1990) by the
final area (2012). Positive values indicate an increase whilst negative values indicate a decrease in surface area.

Table 6 shows that Agricultural areas and Wetlands have decreased the surface area over the time.
On the contrary, Artificial surfaces, Forest and semi natural areas, and Water bodies have increased
the surface area. The main change occurred in Artificial surfaces with an increase of 142,5% of the
original surface area, suggesting a considerable growth of human made infrastructure and reflecting
also migration processes from the country side to the cities.
The Appendix 5 shows in detail the changes occurred in each one of the Corine classes (level 1) in
the Segura catchment from 1990 to 2012.
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4. Effects on sediment Delivery (SD)
At the catchment scale, sediment dynamics are determined by climate, topography, vegetation and
soil properties. Moreover, anthropogenic activities such as agriculture also have strong influence.
Erosion processes and sources of sediment includes overland flow causing sheet and rill erosion,
gully and bank erosion and mass movements. The InVEST model focusses on rill and interrill erosion
which constitutes soil particles detached and transported by rain and shallow overland flow (Sharp
et al., 2016).
The output of the model is not only the sediment load delivered to a stream per year, but also the
amount of sediment eroded in the catchment as well as retained by vegetation (Sharp et al., 2016).
The sediment retention service is important in terms of water management due to the fact that
sediment load and its changes can present impacts upon downstream reservoir storage capacity
loss and subsequent water availability for irrigation and drinking water purposes, and of course
water treatment costs (Sharp et al., 2016).
To have an acceptable performance it is necessary to calibrate the model. Further details can be
found in the methodology and in the Appendix 6
Table 7. below shows the predicted sediment yield data obtained by the InVEST model and the
observed/measured data for 12 sub-watersheds (de Vente et. al, 2008). After several attempts and
different parameter combinations the optimal model parameter combination was selected. Table 7
shows the predicted and observed sediment yield values after model calibration and represents the
predicted and observed values and optimal model parameters
Table 7. Predicted and observed data of the SD model

Predicted data

Observed
data

Sediment
export 1990
(ton per subwatershed)
INVEST

Sediment
yield (ton per
subwatershed)
CEBAS-CSIC

Talave

486.100

184.000

Fuensanta

485.400

455.700

Taibilla

71.900

130.100

Anchuricas

230.200

86.600

Cenajo

176.100

231.300

Camarillas

147.400

6.200

Argos

44.300

80.700

AlfonsoXIII

81.000

274.200

Valdeinfierno

57.100

153.100

Subwatershed
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Predicted data

Observed
data

Sediment
export 1990
(ton per subwatershed)
INVEST

Sediment
yield (ton per
subwatershed)
CEBAS-CSIC

Puentes

350.300

191.000

La Cierva

71.800

46.500

La Pedrera

2.900

254.400

2.200.000

2.000.000

Subwatershed

Total

Figure 11. Results of SD model calibration and optimal model parameters (TFA, Borselli K, ICo and SDRmax; see
appendix 6 for more details)

The SD model was calibrated through the use of three different model evaluation techniques: the
R-square between predicted and observed values, the NSE and the PBIAS. Even though R2 is low
(0.20), the combination of NSE (0.47) and PBIAS (overestimation of just 5%) showed reasonable
results to choose this parameter combination to make the analysis of the SD model. The measured
data comes from reservoir bathymetric surveys performed in the 1970’s and 1980´s. The data
normally represent over 10-30 years period, so land use might have been significantly different
which partly explains difficulties obtaining acceptable performance levels for R2 and PBIAS, for
instance. Moreover, the model only represents sheet and rill erosion while channel erosion may be
responsible for a large part of the sediment budget (de Vente et al., 2008).
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Once the model is calibrated is possible to run it and analyse the SD model for each of the different
land use, land management and climate scenarios proposed for this research.

4.1 Impacts of land use changes on sediment delivery

This section contains the impacts of land use changes throughout the time regarding the SD model.
Thus, sediment retention/export are analysed taking into account land use classes and its changes
over 20 years in the Segura catchment.
Table 8. Total values of sediment delivery

Outcome SD model

1990

2012

Sediment retention
(tons/year)

% of
change

111.550.000

113.270.000

1,5

Sediment export
(tons/year)

3.680.000

2.170.000

-41

The Table 8 shows the two different outcomes of the InVEST model for the whole Segura catchment
(i.e. adding the values of each one of the sub-watersheds to obtain the total amount of the two
different parameters).
The strong decline in sediment export can be explained by the fact that from 1990 to 2012 land use
changes are leading to more forest and semi natural areas and less agricultural land. For 1990 and
2012, the 5 sub-watersheds with higher retention and the 5 sub-watersheds with lower sediment
retention of the Segura catchment were chosen to identify spatially those with good and poor
retention and compare the results with previous studies (Table 9).
Table 9. Sediment retention in 1990 and 2012

Subwatershed
Anchuricas
Fuensanta
Vieja
Talave
Taibilla

Bayco
Pedrera
Camarillas
Judio
Charcos

Sediment retention
(tons/ha)
1990

726
405
357
250
118
5
5
9
9
9

2012

731
407
356
255
119
5
5
10
19
10

% of change
between 1990 2012
0,7
0,5
-0,3
2
0,8
0
0
10
53
10

(Top 5 higher values)

Anchuricas and Fuensanta are the sub-watersheds with higher values of sediment retention, while
Charcos and Judio have the lower values. Overall, all the sub-watershed presented an increase in
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the retention of sediments due to land use changes. However, Vieja witnessed a reduction in the
retention.

Figure 12. Sediment retention 2012 (ton/ha) – Segura catchment

The outlined sub-watersheds with red colour are the ones with higher values whereas those
outlined with yellow colour represent the lower values (from here on this logic is applied to all maps
of sediment retention). In the Figure 12 witnessed that the north-western part of the catchment
shows higher values of sediment retention and that is related with the fact that this area is covered
in majority with forest and semi natural areas (Figure 10) On the other hand, the north part of the
catchment presents lower values for sediment retention, which is coherent because most of the
area is dominated by agricultural areas. In relation to that, some agricultural plots are left in fallow
for periods of one year to diminish the pressure on the soil, therefore no vegetation at initial stages
to participate in the retention of sediment (The figure for sediment retention in 1990 is in Appendix
7).
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Table 10. Sediment export in 1990 and 2012

Subwatershed
Anchuricas
Pliego
Vieja
Fuensanta
Talave
Bayco
Charcos
Pedrera
Guardamar
Santomera

Sediment export (tons/ha)
1990

9,7
8,2
8
7
6,3
0,5
0,5
0,6
0,8
0,8

% of
change

2012
5,4

-44,2

1,5

-81,2

7,6

-5,3

5,5

-20,7

2,5

-59,8

0,5

0,0

0,5

0,0

0,6

0,0

0,7

-13,1

0,6

-21,7

Figure 13. Sediment export 2012 (ton/ha) – Segura catchment
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In 1990 the export of sediments in the Segura catchment is dominated by the Anchuricas subwatershed with a sediment export average of 9,7 ton/ha, followed by Pliego and Vieja, with 8,2 and
8 ton/ha, respectively. For 2012, values presented a change and the export of sediments is reduced.
Some sub-watershed presented considerable changes. For instance, in Pliego and Talave the
reduction was of 80 and 60%, respectively (Table 10). Higher values of sediment export are
distributed from north to south part of the catchment (Figure 13). It is important to mention that
there are some catchments such as Anchuricas, Fuensanta and Vieja are presenting high values for
sediment export as well as for sediment retention, which is related with the presence of agricultural
areas contributing to sediment export as a consequence of agricultural practices such as frequent
tillage, resulting in a low soil cover by vegetation, but is also related with the presence of forest and
semi natural areas for the case of sediment retention, for instance (The figure for sediment export
in 1990 is in Appendix 7).

4.2 Impacts of sustainable land management practices on sediment delivery

This section describes the changes occurred in the SD model taking into account the implementation
of sustainable land management practices, reduced tillage and green manure (RTG). The presence
of soil cover (during winter and spring, and slightly on autumn) and the reduction of tillage have an
effect on the cover management factor and in the erodibility of the soil (for more details go to
methodology chapter). The following are the results of the InVEST SD model under the
implementation of SLM practices:
Table 11. Average sediment retention values with and without the
implementation of SLM for 2012

Subwatershed

Sediment
retention
2012
(tons/ha)

Sediment
retention
2012 SLM
(tons/ha)

% of
change
2012 2012 SLM

Anchuricas
Fuensanta
Vieja
Talave
Taibilla
Bayco
Pedrera
Camarillas
Charcos
Judio

730
410
356
255
118
5
5,3
9,5
9,6
9,8

731
407
357
256
119
5
6
10
19
10

0,02
0,08
0,2
0,1
0,2
4
3,4
1,6
2,3
2,3

consequence of SLM practices:

After the implementation of SLM, is
possible to say that the undertaken
SLM measures green manure and
reduction of tillage are functioning
and are presenting changes
improving the capacity of the subwatersheds to increase the
sediment retention (Table 11). For
purposes of this study it is assumed
that the implementation of SLM
practices is for the whole
agricultural area comprising the
following CORINE classes: Nonirrigated arable land, vineyards,
fruit trees and berry plantations,
olive
groves
and
complex
cultivation
patterns
(a

Table 1). From 1990 to 2012 the retention of sediments have increased mainly due to larger forest
and semi natural areas. Without SLM practices the total retention of sediments is 113.270.000
million tons but implementing SLM increases the retention in 0.4% (113.680.000 million tons). The
implementation of SLM practices increases the amount of soil organic carbon by additional carbon
inputs of green manure, and the reduction of the tillage increases the retention of sediments up to
4% in some of the sub-catchments, for instance Bayco (Table 11). The comparison of 2012 with and
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without the implementation of SLM shows an improvement in terms of retention in the chosen
CORINE classes, therefore more retention at the sub-catchment level (The figure for sediment
retention in 1990 with the implementation of SLM is in Appendix 7).

Figure 14. Sediment retention 2012 (ton/ha) with the implementation of SLM – Segura catchment

Major changes are concentrated in the upper west part of the catchment (Figure 14) in which forest
and semi natural areas dominate the landscape, while the rest of the catchment presents low
changes (no more than 1% for most of the sub-catchments). The highest change in retention is for
Bayco (4% increase), the rest of the sub-catchments ranges between 0 and 1,6%. Consequently,
raises the question if the effort, time and energy employed changing from conventional to
sustainable agriculture are worth it (the aforementioned is strictly based on the outcomes of the
InVEST model under SLM practices).
Overalll, from 1990 to 2012 the sediment export in the Segura catchment decreased because the
surface area of forests and semi natural vegetation increased. Also, construction of check dams
contribute to the accumulation of sediments therefore less export through the sub-watersheds
(Quiñonero-Rubio et al., 2016).
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Contrary to sediment retention
Table 12. Sediment export values with and without the implementation
of SLM for 2012
results, sediment export under
SLM shows an important
Sediment
Sediment
% of
decrease
in
percentage
Subexport
export
change
compared with 2012 without
watershed
2012
2012 SLM 2012 (tons/ha)
(tons/ha)
2012 SLM
SLM. The implementation of SLM
Talave
2,5
2,1
-13,3
practices
explain
the
Fuensanta
5,5
5,1
-6,4
aforementioned; reducing tillage
Anchuricas
5,4
5,2
-3,2
improves the physical conditions
Vieja
7,5
6,9
-9
of the soil, the pressure exercised
Risca
1,7
1
-36
by wind and water is therefore
Bayco
0,5
0,3
-41,2
less and results in less amount of
Pareton
0,5
0,3
-23,2
sediments exported, The Figure
Charcos
0,5
0,3
-45,4
15 shows the spatial distribution
Romeral
0,5
0,4
-24,5
of sediment export along the
Boqueron
0,6
0,4
-23,8
Segura catchment highlighting
the sub-watersheds that are
presenting the higher and lower values in terms of sediment export. The sub-watershed Charcos is
the one with the highest reduction in sediment export (45%), followed by Bayco and Risca with 41%
and 36%, respectively (Table 12).
Even though sub-watersheds like Fuensanta and Anchuricas are showing lower values of sediment
export, SLM practices are causing a reduction in sediment export therefore a positive effect
diminishing sediment yield at the catchment scale (The figure for sediment retention in 1990 with
the implementation of SLM is in Appendix 7).
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Figure 15. Sediment export 2012 (ton/ha) with the implementation of SLM – Segura catchment

4.3 Effects of sustainable land management practices under climate change
scenarios RCP 4.5 W/m2 and 8.5 W/m2

This section is aimed to describe the effects of implementing SLM practices under future climate
scenarios such as the Representative Concentration Pathways (RCPs). The projections of the RCPs
are made for one period, 2030 – 2050, aimed to analyse the closer future in terms of stabilization
of emissions in the case of RCP 4.5 W/m2, and the increase of GHG emissions in RCP 8.5 W/m2, in
which is assumed no mitigation actions are taken (for more details of RCPS go to methodology
chapter). Thus, the outcome of this research can be useful to design policy responses to face climate
change in the short - medium term.
The carbon storage and sequestration model does not have climatic variables, therefore is not
possible to adjust the input parameters that would be affected by climate change. Thus, the analysis
of the RCPs is only made for the SD model.

RCP 4.5 W/m2
As mentioned before, RCP 4.5 is probably consistent with the Paris well-below 2°C climate
protection target.
In order to apply the InVEST model for this particular scenario, it is necessary to draw on the input
data (methodology chapter) and make an adjustment (reduction) in the R factor (see appendix 2 for
45

more details) due to changes in rainfall intensity and duration according to specific conditions of
this scenario. Thus, sediment retention/export under RCP 4.5 with and without the implementation
of SLM practices present the following results:
Taking into account the conditions of the scenario and the implementation of SLM practices is
possible to say that for the period of 2030 – 2050 most of the sub-watersheds are presenting an
increase in sediment retention due to
Table 13. Average sediment retention - RCP 4.5 W/m2 scenario
implementation of SLM under climate
change. Table 13 shows a positive
SubSediment Sediment % change
effect of SLM implementation because
watershed retention retention
RCP 4.5
RCP 4.5
RCP 4.5
with and
the retention of sediments increased,
(tons/ha)
SLM
without
especially in those sub-watersheds in
(tons/ha)
SLM
which the retention was low without
Anchuricas
557
558
0,02
SLM. Thus, contributing to the
Fuensanta
325
325,5
0,1
improvement of water quality
Vieja
278
279
0,2
reducing the turbidity, and indirectly
Talave
207
207,4
0,1
the reduction in costs in relation to
Taibilla
100
100,5
0,2
Bayco
4,7
5
4
water treatment processes. The Figure
Pedrera
5,5
6
3,4
16 shows that the upper western part
Camarillas
9
9,1
1,6
of the catchment is presenting the
Charcos
9
9,2
2,3
highest values in sediment retention
Judio
9,4
10
2,3
and is related with the fact that those
sub-watersheds are mainly dominated
by forest and semi natural areas, more
specifically coniferous and mixed forest. The upper central part of the catchment presents the
lowest values of retention in accordance with the type of land use, which is mainly agricultural areas.
However, SLM practices increase the capacity of retain sediments because there is a constant soil
cover in which sediments can settled (The figure of sediment retention RCP 4.5 W/m2 without the
implementation of SLM is in Appendix 7).
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Figure 16. Sediment retention RCP 4.5 W/m2 with the implementation of SLM

Overall, the export of sediments in the RCP 4.5 W/m2 scenario with the implementation of SLM
practices is presenting a reduction of the export for all of the sub–watersheds (Table 14). The
percentages in sediment export
Table 14. Average sediment export - RCP 4.5 W/m2 scenario
reduction with and without SLM
ranges from 3 – 45% and it is coherent
Sediment Sediment
%
with the results of sediment retention
Subexport
export
change
watershed
RCP 4.5
RCP 4.5
RCP 4.5
because the more sediments are
(tons/ha)
SLM
with and
retained the less are exported. The
(tons/ha)
without
Error! Reference source not found.
SLM
shows that the west side of the
Vieja
6
5
-9,3
catchment presents higher values of
Fuensanta
4,4
4
-6,9
Anchuricas
4,1
4
-3
sediment export. On the contrary, east
Talave
2,1
1,8
-13,6
side sub-watersheds are presenting
Mayes
1,6
1,3
-19
the values with the lower reduction in
Camarillas
0,4
0,2
-34
sediment export due to the fact that
Charcos
0,4
0,2
-45
there are mostly agricultural areas in
Bayco
0,4
0,2
-41
which SLM practices are assumed to be
Pareton
0,4
0,3
-23
applied (Figure 10). The implications of
Romeral
0,5
0,3
-24,7
the
outcome
contribute
to
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improvement water and habitat quality, and the reduction in costs regarding the
construction of check-dams, for instance.

Figure 17. Sediment export RCP 4.5 W/m2 with the implementation of SLM

RCP 8.5 W/m2
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As mentioned before the RCP 8.5 scenario corresponds to high gas concentration pathways
increasing over the time, leading to a radiative forcing of 8.5 W/m2 by the end of the century
and does not include climate mitigation targets.
Table 15. Average sediment retention - RCP 8.5 W/m2 scenario

Subwatershed

Sediment
retention
RCP 8.5
(tons/ha)

Sediment
retention
RCP 8.5
SLM
(tons/ha)

% change
RCP 8.5
with and
without
SLM

Anchuricas
Fuensanta
Vieja
Talave
Taibilla
Bayco
Pedrera
Charcos
Camarillas
Judio

611,3
356,4
298,5
229
99,3
5,3
7,3
10,6
10,8
11

611,5
356,7
299,1
229,2
100
6
8
11
11
11,2

0,02
0,09
0,2
0,13
0,2
4
3,4
2,3
1,6
2,3

The same procedure than in
scenario RCP 4.5 W/m2 was
conducted and the R factor
decreased due to changes in
rainfall intensity and duration
according to specific conditions of
this scenario. The results are the
following:

Taking into account the conditions
of the scenario and the
implementation of SLM practices is
possible to say that for the period
of 2030 – 2050 all of the subwatersheds are presenting an
increase in sediment retention
(Table 15). Nevertheless, for the sub-watershed with higher values of retention the
difference between RCP 8.5 with and without SLM are minimum (0,02 to 0,2%). According
to Table 15 and similar to RCP 4.5 W/m2, the retention of sediments is higher in the subwatersheds that had a lower retention before the implementation of SLM. Also, changes in
percentages regarding the implementation of SLM practices ranged from 0,02 to 4%.
According to the outcome of the InVEST model, although there are no mitigation actions
and the emissions continue increasing, the capacity of most of the sub-watersheds to retain
sediments seems higher due to reduction in erosion levels, contributing to less amount of
sediments in the streams therefore better water quality. The outcome of both, 4.5 and 8.5
W/m2, is influenced by the decrease in the cover management factor due to the
implementation of green manure and also, the reduction in the rainfall erosivity as a
consequence of the assumed decrease in precipitation levels due to climate change.
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Figure 18. Sediment retention RCP 8.5 W/m2 with the implementation of SLM

Overall,
with
the
Table 16. Average sediment export - RCP 8.5 W/m2 scenario
implementation
of
SLM
SubSediment
Sediment % change
practices there is a reduction of
watershed
Export
Export
RCP 8.5
the sediment export for all of the
RCP 8.5
RCP 8.5
with and
sub–watersheds.
The
(tons/ha)
SLM
without
(tons/ha)
SLM
percentage of change with and
Vieja
6,2
5,6
-9,3
without SLM shows a reduction
Fuensanta
4,8
4,5
-6,8
ranging from 9 to 45%. Similar to
Anchuricas
4,5
4,3
-3,2
sediment export in RCP 4.5
Mayes
3
2,4
-19,5
W/m2, the sub-watersheds with
Talave
2,32
2,00
-13,58
lower values before the
Pareton
0,5
0,4
-23,2
implementation of SLM, are
Bayco
0,50
0,30
-41,1
presenting
and
important
Camarillas
0,52
0,34
-34,2
Charcos
0,55
0,30
-45,3
improvement due to the fact
Boqueron
0,66
0,50
-24
that the export is reduced at
least in 23%, showing a positive
impact as a consequence of SLM implementation (Table 16). The west side of the catchment (Figure
19) presents higher values in terms of sediment export while the upper part have lower values. It is
important to mention that even though Charcos is a small sub-catchment, it presented a reduction
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of 45% in the export of sediments, which demonstrates the positive effect of the establishment of
green manure and specially the reduction of tillage.

Figure 19. Sediment export RCP 8.5 W/m2 with the implementation of SLM

Comparing the outcome of sediment export of this scenario with the outcome of RCP 4.5 W/m2, is
possible to say that the behaviour of sub-catchments is similar because they all are presenting a
reduction in the export of sediments, therefore in a world with a continuous increase of GHG
emissions, the implementation of SLM practices will cause a positive impact reducing sediment
export in the whole Segura catchment. However, and in principle, the decrease in rainfall erosivity
index have a strong influence in the outcome. Taking into account that R factor is calculated based
on a monthly data, changes in rainfall concentrations are not visible within months, only within the
year. Therefore, an annual reduction in rainfall will most likely often lead to a reduction in R factor
if calculated on a monthly basis. Roughly, a reduction in precipitation levels produces less rainfall,
so that less erosion causing a reduction in sediment export under RCPs 4.5 and 8.5 W/m2 climate
change scenarios.
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5. Effects on carbon storage and sequestration
Natural ecosystems such as grasslands, forests, and other terrestrial ecosystems have the capacity
to store the carbon in the biomass and in the soil, reducing levels of CO2 in the atmosphere where
it would contribute to climate change. Additionally, the carbon can also be accumulated or
sequestered in plants and soil over the time.
For purposes of this study, the outcome of the InVEST model is presented as the amount of carbon
stored per sub-watershed and per CORINE class, indicating which have presented major changes
over the time. Thus, the results will be suitable to identify how much carbon is been stored or lost
over the time, and the influence land use changes have had on the storage and further sequestration
of carbon. Moreover, the results can provide information to define sites with high relevance in terms
of carbon storage and sequestration in order to support or influence the decision making in regards
to these ecosystem services.

5.1 Impacts of land use changes on carbon storage and sequestration

For 1990, the total carbon stock of the Segura catchment stored aboveground biomass and SOC is
estimated by the model at 209,5x106 Mg of C. Coniferous forest contributed to over 25% of the
carbon stock, followed by complex cultivation patterns and non-irrigated arable land with 11 and
9% respectively. Therefore, forest and semi natural areas along with agricultural classes are the
classes contributing the most in carbon storage. For 2012, the carbon stock estimated by the model
increased 2% (214,1x106); Coniferous forest and sclerophyllus vegetation present a reduction in
carbon stock (11 and 3%, respectively), which can be explained by the reduction in surface area and
also the loss of vegetated areas by deforestation (Table 17).
Table 17. CORINE classes and their contribution to total carbon stock for the Segura catchment

CORINE classes
Coniferous forest
Complex cultivation patterns
Non-irrigated arable land

Total C stock (Mg C)
Year 1990
Year 2012
53.195.000
46.875.000
22.255.000
23.165.000
21.407.000
26.150.000

Sclerophyllus vegetation

20.840.000

Permanently irrigated land
TOTAL (Segura catchment)

18.290.000
20.941.000
214.149.000

20.214.000

% of change in C
stock 1990 - 2012
-11,8
4
22,
-3
14,5

The Table 18 shows the five sub-watershed that presented the highest and lowest amount of carbon
stock for the Segura catchment for 1990, and the percentage of change for 2012. Upstream subcatchments presented the higher values in carbon stock such as Fuensanta (151 Mg C/ha),
Anchuricas (150,30 Mg C/ha) and Talave (149 Mg C/ha); whereas sub-watersheds situated
downstream presented the lower values like the case of Santomera (99 Mg C/ha) and Pedrera (103
Mg C/ha).
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Table 18. Sub-watersheds with highest and lowest average values of carbon stock and the percentage of change from
1990 to 2012 in the Segura catchment

Subwatershed
Fuensanta
Anchuricas
Talave
Taibilla
Vieja
Santomera
Pedrera
Risca
Bayco
Pliego

Average C stock (Mg
C/ha)
Year
Year
1990
2012
151
149
150,3
153
149
154
138
141
136
134
99
104
103
93
105
103
107
112
107
136

% of
change
1990 2012
-1
1,7
3,5
2
-1
5
-9
-2
5
26

(Top 5 are higher values)

CORINE classes in relation to forest and semi natural areas (mostly situated upstream) are
presenting the higher values of carbon stock for the Segura catchment. On the contrary,
downstream sub-catchments dominated by agricultural areas and artificial surfaces are presenting
low values of carbon stock according to estimates of the InVEST model (Figure 20).

Figure 20. Simulated average carbon stock distribution in the Segura catchment for 2012.
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Carbon Sequestration
The model has a valuation component to estimate the economic value of sequestration, not storage
due to the fact that market prices are only related with carbon sequestration. The estimated value
is a function of the amount of carbon sequestered, the price of each carbon unit, a monetary
discount rate and the change in the value of carbon sequestration over the time (values are defined
in the methodology chapter).
Table 19 presents the NPV of carbon sequestration
from 1990 to 2012 in the Segura catchment for both
the top five sub-watershed presenting highest values
of sequestration, and sub-watershed presenting
losses of carbon (carbon emissions).

Table 19. NPV of carbon sequestration from
1990 to 2012

Subwatershed
Camarillas
Cenajo
Pliego
Pareton
De la Cierva
Guardamar
Judio
Valdeinfierno
Fuensanta
Pedrera

NPV (€)
6 million
3.7 million
3,6 million
3.4 million
2.8 million
-1.7 million
-820 thousand
-763 thousand
-717 thousand
-318 thousand

Sub-watersheds
with positive values
are
representing carbon sequestration whereas subwatersheds with negative values correspond to
carbon emissions. The highest NPV of sequestration
are for Camarillas and Cenajo with €6 million and
€3.7 million, respectively. On the other hand, subwatersheds with negative NPVs are reflecting
changes from carbon storage to carbon emissions as
a consequence of land use changes. In this regards,
Guardamar and Judio are the sub-watersheds that suffer larger carbon emissions. For instance,
Guardamar suffered different land use changes within which one was changing from coniferous
forest in 1990 to natural grasslands and in 2012, hence the land use change led to carbon losses
especially in the aboveground biomass.
The Figure 21 allocates spatially the NPV of carbon sequestration in the Segura catchment. The subwatersheds highlighted in red are presenting emissions (negative values in Table 19) whereas those
in blue are sub-watersheds in which carbon sequestration occurred the most.
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Figure 21. Carbon sequestration 1990 – 2012 in the Segura catchment

5.2 Impacts of sustainable land management practices

The aim of this section is to describe the effects of the implementation of SLM on the carbon stock
in the Segura catchment for 2012 at the level of CORINE classes and also sub-catchment level. Thus,
the analysis of this section is focussed on the CORINE classes that were chosen for the
implementation of SLM practices, as follows: Non-irrigated arable land, vineyards, fruit trees and
berry plantations, olive groves and complex cultivation patterns.
It is assumed then that the aforementioned CORINE classes would evidence changes in carbon
storage as a result of the implementation of green manure (mostly) and the reduction in tillage
according to the results of the InVEST model. It is important to mention that an increase of 25% of
the SOC is assumed as a result of the implementation of the SLM practices based on values obtained
from literature (for more details go to Methodology section 2.2.3.1).
Table 20 shows the change in percentage of carbon stock for the classes chosen to implement SLM
practices in order to see the response of the carbon stock. Most of the SLM classes presented an
increase in the carbon stock, with the highest value (237%) for the class fruit trees and berry
plantations, followed by olive groves with 236% of change. On the contrary, some classes presented
a reduction in the total carbon stock after the implementation of SLM, for instance non-irrigated
arable land. This can suggest that the additional carbon in the soil does not necessarily means an
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increase of the carbon stock of the different CORINE classes, but also can suggests that with
additional carbon inputs more carbon is then used by the crops.
Table 20. Total carbon stock for CORINE classes in 2012 with and without the implementation of SLM practices
(2012SLM)

CORINE classes
Non-irrigated arable land
Complex cultivation patterns
Vineyards
Olive groves
Fruit trees and berry
plantations

Total C stock (Mg C)
2012
26.149.000
23.165.000
11.622.000
1.013.000
7.543.000

2012 SLM
22.588.000
17.752.000
12.375.000
3.402.000
25.396.000

% of change in C
stock 2012 2012SLM
-13,6
-23,3
6,4
236
237

After the implementation of SLM practices the total carbon stock raised up to 228,9x106 Mg C for
the whole Segura catchment, which points to a direct increase of 6.4% of the carbon stock, especially
for the additional carbon inputs through the application of green manure.
At the level of sub-catchments, the results indicate that with the implementation of green manure
and the reduction in tillage all presented an increase in the average carbon stock for the Segura
catchment. Although some are presenting small increases in average carbon stock, Risca and Bayco
are showing the higher values with a 16 and 13% increase, respectively. Other sub-catchments are
showing increases but small compared with Risca and Bayco, for instance (Table 21). The increases
occur within the sub-catchments with relevant surfaces areas of fruit trees and berry plantations,
and olive groves for which SLM implementation was modelled.
Table 21. Sub-watersheds with highest and lowest average values of carbon
stock and the percentage of change from 2012 with and without SLM in the
Segura catchment

Subwatersheds
Fuensanta
Anchuricas
Talave
Taibilla
Vieja
Santomera
Pedrera
Risca
Bayco
Pliego

2012
149
153
154
141
134
103,82
93
103
113
136

2012 SLM
150
153,2
156
143
136
113,54
102
119
128
145

% of change
2012 - 2012SLM
0,8
0,2
1,2
1,4
1,2
9,36
9,6
16
13,4
6,3

Figure 22 shows that sub-catchments located upstream are the ones with higher values mainly
because the area is dominated by forest and semi natural areas, whereas the sub-catchments
downstream present the lower average carbon stock values and within these areas there is
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dominance of agricultural areas. Therefore, according to the modelled outcome, forest and semi
natural areas have a bigger capacity to store carbon in relation with the other CORINE classes.

Figure 22. Simulated average carbon stock distribution with the implementation of SLM in the Segura catchment for
2012.

Additionally, the carbon storage and sequestration model was applied to the ALVelAl area taking
into account that shares similar biophysical and climatic conditions with the area of the Segura
catchment.
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Study case – AlVelAl
The AlVelAl area is an area with an extension of 630.000
ha and comprises three different counties in the
provinces of Granada and Almería: Altiplano, Los Vélez
and Alto Almanzora. Similar as many other areas in the
Mediterranean, this area suffers of desertification, land
degradation, low rates of employment therefore rural
abandonment. In addition, decades of unsustainable
farming practices, overgrazing and water use led to serious environmental issues.
In 2014, Commonland associated with local farmers to promote landscape restoration initiatives
in order to support business and farm development. Also, to create an added value for their local
products and offer jobs.
The area of AlVelAl shares the same climatic conditions than the area of the Segura catchment,
and also, the type of crops and production is similar (almonds, olives, cereal). Therefore, the
model is applied with the same values of the carbon pools for the Segura catchment.
Table 22 shows the amount of carbon that is actually stored, and what would be the changes in
it as a result of the implementation of SLM practices. The analysis is focussed in the same CORINE
classes used in the analysis of the Segura catchment, as follows:
Table 22. Total carbon stock for CORINE classes in 2012 with and without the implementation of SLM practices
(2012SLM)

CORINE classes
Vineyards
Olive groves
Complex cultivation
patterns
Fruit trees and berry
plantations
Non-irrigated arable land

12.200
2.054.000
3.262.000

2012 SLM
Mg C
14.700
2.437.000
3.852.000

% of change
2012 2012SLM
20,3
18,6
18

7.219.000

8.474.000

17,3

10.662.500

14.162.000

32,8

2012 Mg C

The implementation of SLM practices has a positive effect in the storage of carbon, there is an
increase in carbon storage in all CORINE classes with the implementation of SLM (Table 22). Nonirrigated land and vineyards are the classes with bigger changes (33 and 20%, respectively)
whereas the class Fruit trees and berry plantations presented the lower increase in carbon
storage.
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Likewise, Figure 23 presents the spatial distribution of carbon storage in the selected CORINE
classes. The results are given in Mg C per hectare and is possible to say that carbon storage is
higher towards the boundaries of the whole area, with the exception of the southeast part which
presents low levels of carbon storage.

Figure 23. Simulated average carbon stock distribution with the implementation of SLM in the AlVelAl area.

In one hand and taking into account climate change and the increasing awareness around it by
different sectors of society, this information is valid to demonstrate the benefits of SLM
implementation in regards to carbon storage, and in the other hand, is useful to influence
decision making processes in an appropriate way, enabling the design and implementation of
protection measures to those areas with high rates of carbon storage. Also, it can be used to
define mechanisms or different strategies to improve land cover conditions (if possible) to
enhance carbon storage, contributing to a reduction of the amount of carbon in the atmosphere,
responsible along with other greenhouse gases of global warming.
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6. Discussion
6.1 Assumptions and limitations of this study

This research analysed the changes and spatial patterns in the provision of ecosystem services using
the InVEST model. Specifically sediment retention and carbon storage and sequestration, in the
Segura catchment were studied under three specific conditions:
1. Changes in the provision of ecosystem services as a result of land use changes in a time span
of 22 years, from 1990 to 2012;
2. Changes in the provision of ecosystem services as a result of implementation of SLM
practices; and
3. Changes in the provision of ecosystem services under the RCPs climate change scenarios.
The InVEST tool has some limitations that are important to take into account for further research
and the awareness of them can help to improve the tool (some limitations are also identified by the
InVEST developers but some others identified during the course of this research). However, the
model is widely used by different researchers to map and visualize spatial changes in the provision
of ecosystem services. Therefore, it constitutes a valid approach to understand how ecosystem
services can be influenced by specific conditions, like the three aspects mentioned above object of
this research.
The carbon storage and sequestration model showed the following simplifications and limitations
(partly based on Sharp et al., 2016):
•

•

•

The model assumes there is no gain or losses of carbon within the same LULC classes over
the time. The only changes in carbon storage occur when there are changes from a LULC
class to another; therefore if grid cells are not presenting a change in LULC class there will
be no sequestration.
The model does not capture the carbon that moves from one pool to another. For instance,
if there is a mortality of trees in a forest, the carbon stored in them will become part of the
carbon stored in the dead material but this is not captured by the model.
InVEST assumes that after a land use change the whole system immediately adapts to the
new land use class, so carbon will shift immediately, while this normally takes a long time
to adjust (especially restore carbon that was lost).

The sediment delivery ratio model presented the following limitations (based partly on Sharp et al.,
2016):
•

•

The reliance of the model in the USLE equation constitutes a limitation because is restricted
in scope and it represents only rill/inter-rill erosion processes without taking into account
other types of erosion such as stream bank, gully and mass erosion.
Rainfall is expected to decrease in the future under the RCPs. However, changes in
precipitation are uncertain because is not clear if changes in precipitation intensity will
occur among months or even at a finer scale, within a month. The calculation of R uses mean
monthly precipitation but this variable however does not reflects the changes in the
intensity of precipitation within a month.
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•

The reduction in precipitation levels is expected to have negative impacts on the vegetation
cover. For instance, a Mediterranean forest today will not be the same forest after 30 years
with lower levels of precipitation. The most likely to occur is a reduction in vegetation cover
therefore an adjustment in the cover management factor is necessary. Nevertheless, this
aspect was not taken into account in this particular research.

6.2 Relevance of the results: Comparison with literature findings

In their efforts to mainstream ecosystem services concepts in EU policy, Maes et al. (2013) stated
the necessity of spatially explicit data and models. The InVEST tool possible to quantifies and
spatially allocates multiple ecosystem services, in my study carbon storage and sequestration, and
sediment retention in the Segura catchment. The visualization and quantification of spatial
information enables the development of better informed decision making processes and
contributes to the appropriate management of natural resources (Zagaria, 2014).
This research assessed the effects of restoration activities in the provision of ecosystem services.
The term restoration is defined as “assisting the recovery of an ecosystem that has been degraded,
damaged, or destroyed” (Holl et al., 2003). For the case of this research, restoration can be achieved
by two different means: 1) land use changes, which refers to reforestation processes and the
greening-up of some abandoned areas colonized by natural vegetation over the time, and 2) land
management through the implementation of SLM practices as a mean to recover soil fertility and
reduce land degradation. This section will discuss first the impacts of land-use changes, then the
impacts of SLM practices and finally, the impacts of climate change on the provision of ecosystem
services in the Segura catchment.

6.2.1 Land-use changes and the provision of ecosystem services
Important changes in land cover, such as the reduction of agricultural areas and the increase in
forest and semi natural areas, and also artificial surfaces occurred. The reduction in agricultural
areas is about 17% of the original surface area in 1990 and several reasons can explain it. First of all,
we have to draw on the fact that in Europe, the main characteristic of rural areas is land use change
since the 20th century (Rounsevell et al., 2006). Different factors influenced land use changes:
migration from rural areas to the cities, low productivity (Duarte et al., 2008; as quoted in
García_Ruiz et al., 2011), socioeconomic and political factors, effects of the Common Agricultural
Policy (CAP), governmental initiatives to subsidize some crops over other crops and financing to
build infrastructure (reservoirs and canals), among others. As a consequence, land abandonment
which can be distinguished in two types: 1) spontaneous abandonment, refers to the collapse of
mountain societies due to cultivation restrictions in mountainous areas (Lasanta, 1989); and 2)
induced abandonment, prescribed by European policies to regulate the markets for specific
agricultural products. In this sense, the CAP fostered the withdrawal of cultivated land to reduce
food surpluses and limit the high costs incurred by the European Union in regards to agricultural
subsidies. Thus, there is a relation between the aforementioned and the outcomes of this research,
leading to a reduction of agricultural areas and the increase of forest and semi natural areas in the
last 20 years.
Land abandonment and the corresponding land use change had important consequences at
landscape level in terms of structure, stream dynamics, soil erosion and reservoir silting, depending
on climate, soil characteristics, plant colonization, etc. (García-Ruiz et al., 2011). One of the main
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consequences of land abandonment and of special interest in this research is the colonization
processes of vegetation, demonstrated with the increase of forest and semi natural areas for 2012.
In many European regions, once vegetation starts gaining surface area there is a decline in water
resources, a reduction in soil loss and sediment delivery due to changes in the connectivity of
sediment sources with the streams, and soil protection increases due to a reduction in run-off, which
in turn causes a reduction of sedimentation in reservoirs and changes in water quality (García-Ruiz
et al., 2011). However, in a semi-arid environment with a low annual precipitation, vegetation
recovery is slow due to low infiltration rates (particularly on marl substrata) (Lesschen et al., 2008).
From 1990 to 2012 the levels of sediment export have decreased by approximately 40%, exporting
approximately 3.7 million tons in 1990 to 2.1 million tons in 2012 in the Segura catchment. The
outcome of the InVEST model indicated an increase in sediment retention. This is coherent with the
previously mentioned land use changes occurred over the time.
Land-use changes are responsible for land-cover changes and their consequent change in carbon
stocks (Bolin et al., 2000). Each soil has an equilibrium carbon content which depends on
precipitation, temperature and vegetation (Gupta et al., 1994), and is the result of inflows and
outflows to the pools (Fearnside et al., 1998). The equilibrium may be altered by land use changes
and the soil can act like a sink or a source of carbon, depending on inflows and outflows ratio (Guo
et al., 2002). According to a meta-analysis based on 74 different publications, Guo et al (2002)
presented evidence about levels of carbon stock changing as a response to land use changes (from
forest to pastures, crops to secondary forests, forest to crops, etc.). They stated that the conversion
from crops to secondary forests and pastures would increase the carbon stock in 53 and 19%,
respectively, for instance, which is different from the results of this research.
According to estimates of the InVEST model, the total carbon stock in the Segura catchment
increased 2% from 1990 to 2012 as a result of land use changes. Based on the analysis per CORINE
classes and per sub-watersheds, the results vary and some showed increases and other decreases
in carbon stock. However, the results of this research contrast with those of Guo et al (2002). The
main land use change in the Segura catchment was the increase of surface area for forest and semi
natural areas along with the decrease of surface area for agricultural areas. On the light of this
change and based on the results of Guo et al (2002), it is supposed that the carbon stock of forests
and semi natural areas would increase, but in my research it decreased by 5%. Likewise, the carbon
stock of agricultural areas increased 8% when it was supposed to decrease. Therefore, raises the
question if the model is performing well or not, ignoring the possibility to calibrate due to lack of
data.

6.2.2 SLM practices and the provision of ecosystem services
The DESIRE project was a research project that at the same time aimed to establish a strategic
alliance between research institutes, non-governmental organisations and policy makers aimed to
design alternative strategies for the use and protection of the most vulnerable areas around the
world in terms of desertification and land degradation. In the course of the project, some workshops
were conducted to identify SLM practices suitable for the area of Guadalentín catchment (is an area
close to Segura catchment that shares similar climatic conditions and soil issues). From the different
alternatives suggested in the workshop, 5 SLM were chosen by the farmers as the most suitable for
implementation (Joost, 2007), from which 2 of them are the focus of this research: the reduction of
tillage and application of green manure (RTG).
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SLM implementation is based on low cost alternatives and its success depends on the willingness of
farmers to apply them. The potential of it to enhance the provision of ecosystem services such as
carbon storage and sequestration, and sediment retention was evaluated through the use of the
InVEST model. For some CORINE classes there was an increase in the carbon stock (fruit trees and
berry plantations, olive groves and vineyards) whereas others presented a decrease (non-irrigated
arable land and complex cultivation patterns), indicating carbon emissions due to land use changes.
At the sub-catchment level, all presented an increase in the average carbon stock.
Making a comparison with the study made by Zagaria (2014), in which she evaluated the impacts of
SLM on sediment retention and carbon storage and sequestration, there are some differences in
the outcome of the INVEST model that are explained by two important factors:
1. A recent adjustment of the SD model made by its developers.
2. The current research ran the model with updated data for both carbon storage and
sequestration, and sediment delivery ratio.
The outcome estimates of the model of this research are presented in the Table 23 and are
compared with the data presented by Zagaria et al. (2014):
Table 23. Comparison of results presented by Zagaria et al. (2014) with this study (total values)

Sediments (in tons)
Carbon stock (Mg C)

Retention

Export

This study

228.9x106

113.7x106

1.8 x106

Zagaria et al., (2014)

4.94x106

14.7x109

843x103

The outcomes of Zagaria et al. (2014) are based on the land-use and land-cover maps of 2006;
compared with the land-use land cover of 2012. They did not found big differences, therefore I
assume is possible to compare with the outcomes of this research (taking into account is not the
same year). As we can see the outcome of Zagaria et al (2014) differs from the current research.
However, there are also some similarities in terms of the sub-catchments presenting higher values
for sediment retention and export. For instance, Zagaria et al (2014) stated that the five subwatersheds with the highest values of sediment retention were Anchuricas, Fuensanta, Vieja,
Taibilla and Talave, and the same sub-watersheds have the highest values in this study. Therefore,
priority areas of sediment retention under SLM are the same. In terms of sediment export, also the
sub-watersheds with higher values are the same. Thus, in both studies sub-watersheds retaining
and exporting the most amount of sediments are similar. This is due to the fact that this areas are
dominated by forest and semi natural areas but also there is presence of agricultural fields,
therefore even though there is vegetation cover to retain sediment there are also crops and
orchards in which the resistance to run-off is less, hence the export of sediments is also high.
In terms of carbon stock results demonstrate high suitability of SLM implementation to enhance
carbon stocks. Within this study, carbon stock values are higher with the implementation of SLM
than without it. However, sub-watersheds presenting higher values of carbon storage are different
than the ones presented by Zagaria et al. (2014).
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Reduction of tillage have demonstrated positive effects by many field experiments in the
accumulation of SOC (Baker et al., 2007). Moreover, incorporation of green manure leads to an
increase in SOC stock (Almagro et al., 2013). In a study conducted by Almagro et al. (2013), they
compared conventional agriculture and evaluated the effect of different SLM practices such as green
manure and reduce tillage (RTG) on erosion control, SOC and carbon sequestration, among others.
Their results indicated that under RTG concentration levels of SOC stock increase by 48%. This
support the results of this research due to an increase in carbon stock (+8%). Moreover,
conventional treatment (tillage business as usual) presented three times more erosion than RTG
(Almagro et al., 2013). This, demonstrates the importance of SLM practices.
Even though the use of green manure is not a common practice in Mediterranean agroecosystems,
due to issues like water competition with the main crop (Ramos et al., 2010), combining the
incorporation of green manure with the reduction of tillage enhance soil physical and chemical
properties improving the infiltration capacity, reduces the risk of runoff and soil erosion, improves
soil fertility and it is even proved that increase crop yields (Almagro et al., 2013; Powlson et al. 2010).
Moreover, the increase of naturally vegetated areas contributes to intercept more rainfall reducing
water erosion and increasing water infiltration (Almagro et al., 2013). Thus, the implementation of
SLM practices likely have considerable beneficial effects and improves the provision of ecosystem
services.

6.2.3 Representative Concentration Pathways and the provision of ecosystem services
This research analysed the effect of SLM practices under the climate change RCPs 4.5 and 8.5 W/m2
scenarios and the potential of SLM practices as adaptation and mitigation measures to cope climate
change. It should be reminded that the carbon model dos not contain climatic variables, therefore
the analysis of the RCPs is based on the SD model. However, the outcomes of the carbon storage
and sequestration model are useful in the sense that is possible to identify the sub-watersheds with
lower and higher carbon stocks, with a potential for carbon sequestration.
Overall, the estimates of the InVEST model in terms of sediment retention/export are demonstrating
that the effects of the implementation of SLM practices are positive not only because of an increase
in the levels of sediment retention, but also and in line with the aforementioned, the levels of
sediment export decrease for both the stabilization (RCP 4.5) and the GHG increasing (RCP 8.5)
scenarios. Table 24 presents the comparison of the values for sediment retention/export with and
without the implementation of SLM practices under RCPs scenarios.
Table 24. Sediment retention/export in the Segura catchment (ton/ha)

Ecosystem service
Sediment retention
Sediment export

2012*
2.593
46

4.5 W/m2

8.5 W/m2

No SLM

SLM

No SLM

SLM

2.148

2.155

2.416

2.425

40

32

46

38

(*2012 values without SLM implementation nor climate change scenarios)

The value of the rainfall erosivity index (R factor) was reduced due to an expected reduction in
rainfall volumes, like most of the climate models coincide (IPCC, 2007). The most beneficial
outcomes are witnessed for sediment export, predicting a decrease of 20% in the stabilization
scenario and 18% in the RCP 8.5 W/m2. In terms of sediment retention the values did not change
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that much, only 0.3% for 4.5 W/m2 and 0.4% for 8.5 W/m2. Yet, the implementation of SLM is
beneficial.
Figures 19 to 22 show the spatial distribution of the sub-watersheds and allows the localization of
climate change impacts in terms of sediment retention/export, and priority areas of concern for
targeting adaptation strategies to face climate change.
The present research assumes that the incorporation of green manure and the reduction in tillage
intensity contributes to cope climate change. In the Mediterranean region, where soils are prone to
desertification and usually poor in SOC contents, SOC can be increased by the incorporation of green
manure to the soil. Furthermore, according to Holland (2004) carbon sequestration is raised by
increasing soil organic matter. Field experiments conducted by Almagro et al. (2013) have shown
that the addition of organic amendments increased SOC by 23% and C sequestration rate by 1.34
Mg C ha-1 yr-1, while the reduction in tillage increased SOC in 15% and enhanced carbon
sequestration rate by 0.32 Mg C ha-1 yr-1. Moreover, the addition of organic materials through green
manure improves soil structure and water holding capacity, reducing risk of erosion and other
degradation processes (Lal, 2013). Previous studies conducted in semiarid region from the
Mediterranean have stated the importance of reduced tillage to diminish CO2 emissions, energy
consumption, and improves carbon sequestration by increasing soil organic matter (Holland, 2004),
acting then as mitigation measure (Fuentes et al., 2007, 2008; as quoted in Almagro et al., 2013).
Diminishing soil disturbance also increases internal organic inputs. From the perspective of climate
change, GHG emissions can be reduced by two different means:
•
•

Tillage reduction lowers energy consumption and CO2 emissions by machinery to farm
operations (Govaerts, et al., 2009); and
The incorporation of green manure implies a reduction in the use of synthetic fertilizers,
which in turn reduces GHG emissions related to their production.

Thus, SLM practices not only contribute to enhancing the provision of ES but also have a stake in
adaptation and mitigation measures in order to cope climate change impacts.
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7. Conclusions
The changes in the provision of ecosystem services are determined by land use changes and the
implementation of SLM practices. In addition, climate change and the predictions based on regional
climate models have also influence upon the provision of ecosystem services.

Land-use changes and its effects on the provision of ecosystem services

In terms of land use change, from 1990 to 2012 there has been some variations at landscape level.
On the one hand, agricultural areas and wetlands have decreased the surface area. In the other
hand, artificial surfaces, forest and semi natural areas, and water bodies have presented an increase
in surface area. The results in land use changes are related with the fact that this part of the
Mediterranean is affected by land desertification and degradation, causing low productivity soils so
agriculture is diminished. In addition, people from rural areas are migrating to the cities looking for
new opportunities and ways to maintain and improve their livelihoods. At a catchment scale, due
to land use changes the retention of sediments increased 1.5% and the sediment export was
diminished in 41%, which reflects a positive effect of land use changes in terms of sediment delivery.
On the other hand, CORINE classes as well as sub-watersheds have presented both increases and
decreases in carbon storage, due to carbon emissions as a response of the changes in the land use.

SLM practices and its effects on the provision of ecosystem services

The implementation of SLM practices have beneficial effects upon the provision of ecosystem
services. At a catchment scale, the estimates of the InVEST model are pointing out that levels of
sediment retention increased 1.9% whereas the sediment export decreased 52%. Likewise, average
carbon stock values increase from 2% by land use changes to 6.4% with the incorporation of green
manure and the reduction in tillage intensity. This suggests also the benefits of SLM because
improvements in the provision of ecosystem services are greater than those provided by land use
changes.
The increase of SOC is achieved by the incorporation of green manure, which is proved to raise
carbon sequestration. In addition, reducing tillage intensity reduces CO2 emissions and improves
carbon sequestration by increasing soil organic matter. Therefore, the implementation of SLM
practices can act as an alternative to face climate change functioning as adaptation and mitigation
measures.

Applicability of the InVEST model assessing changes in the provision of
ecosystem services

The InVEST model proved to be a useful tool to map and spatially visualize the impacts of land use
changes, SLM practices and climate change in the provision of ecosystem services. In the case of the
SD model, the estimates of this study were compared with real measured data of sediment export
for some sub-watersheds in the Segura catchment. The estimates of the model were too different
from the real data; however, the model was calibrated in order to ensure an appropriate
performance. For the carbon storage and sequestration model, unfortunately there was no available
data to compare with the outcome of the model, therefore is not clear how the model is performing.
Making a comparison of the outcome with previous studies (Guo et al., 2002), we can say the model
is somehow not performing well due to the fact that the response of the carbon stock to land use
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changes for instance, is not coherent. Nevertheless, the InVEST is useful to quantify ecosystem
services and can be highly valuable in participatory and decision making processes, contributing to
an appropriate management of natural resources.
To conclude, the provision of ecosystem services is influenced by different factors like land use
changes and the implementation of SLM practices, such as green manure and reduced tillage. The
SLM practices have greater benefits than land-use changes, as long as they are implemented at large
scale. The response of implementing SLM practices showed a positive effect fostering the provision
of ecosystem services in the Segura catchment and functioning also as feasible means to adapt and
to mitigate climate change.
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Appendix
1. CORINE classification system
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2. Calculation of the R factor

In this case erosivity is exposed for the values of R factor calculated with historical precipitation from
the Atlas Climático de la Península Ibérica. Value is given in MJ mm/ha/year.
The ethod to calculate the R factor is based on Renard and Freimund (1994):
2
∑12
𝑖𝑖=1 𝑃𝑃𝑖𝑖
𝑀𝑀𝑀𝑀 =
𝑃𝑃

𝑅𝑅 = 0.7397 ∗ 𝑀𝑀𝑀𝑀1.847 , para MF < 55 mm
𝑅𝑅 = 95.77 − 6.081 ∗ 𝑀𝑀𝑀𝑀 + 0.4770 ∗ 𝑀𝑀𝑀𝑀 2 , para MF > 55 mm

Where
MF (mm): Modified Fournier index (Arnoldus, 1977)
Pi (mm): Monthly mean precipitation
P (mm): Annual mean precipitation
R (MJ mm ha- 1 h- 1 year): Erosivity factor of precipitation (RUSLE).

For future climate change scenarios, calculations of R factor from the values ENSEMBLE will be used.
These are obtained with average values of all model used in the MEDCORDEX project.
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3. Calculation of the K factor

Calculation of erodibility is based on Torri´s equation which is in function of texture (gr/mm) and
the organic matter (OM) (gr/mm). To obtain the SLM layer is necessary to increase OM values in
25% to established Corine LULC classes (211, 221, 222, 223, 242). Once the new OM_SLM layer is
done, K-SLM must be recalculated.
Information about OM was obtained through the layers of soil organic carbon (gr/kg) from the
SoilGrids project. The acronym “sl” determines depth at which SOC values are founded. SOC data
for this model are estimated at a 30 cm depth, therefore is necessary to calculate the content of the
first four layers (ORCDRC_M_sl1_250m_ll, ORCDRC_M_sl2_250m_ll, ORCDRC_M_sl3_250m_ll y
ORCDRC_M_sl4_250m_ll) through an average value of those four layers.
Textures are calculated estimating its average value (clay, silt, sand) in the first four layers
corresponding
to
established
depth
(30
cm)
(CLYPPT_M_sl1_250m_ll.tif,
CLYPPT_M_sl2_250m_ll.tif, CLYPPT_M_sl3_250m_ll.tif, CLYPPT_M_sl4_250m_ll.tif).
Calculation of K factor according to Torri (1997) consist in 2 steps:
1. Estimation of 𝐷𝐷𝐺𝐺 value:

𝐷𝐷𝐺𝐺 = � 𝑓𝑓𝑖𝑖 𝑙𝑙𝑙𝑙𝑙𝑙10 (�𝑑𝑑𝑖𝑖 𝑑𝑑𝑖𝑖−1 )
𝑖𝑖

𝐾𝐾 = 0,0293 (0,65 − 𝐷𝐷𝐺𝐺 + 0,24𝐷𝐷𝐺𝐺2 ) ∗ 𝑒𝑒𝑒𝑒𝑒𝑒 �−0,0021

𝑂𝑂𝑂𝑂
𝑂𝑂𝑂𝑂 2
− 0,00037 �
� − 4,02𝐶𝐶 + 1,72𝐶𝐶 2 �
𝐶𝐶
𝐶𝐶

Where:
OM: Organic matter (gr/mm)
C: Clay content (gr/mm)
𝐷𝐷𝐺𝐺 , Geometric measure of soil particles diameter (mm)
𝑓𝑓𝑖𝑖 : Soil particles proportion in i fraction (%)
𝑑𝑑𝑖𝑖 : Maximum size of i fraction texture
𝑑𝑑𝑖𝑖−1 :Minimum size of i fraction texture

To solve the equation 𝐷𝐷𝐺𝐺 in ArcGIS is necessary to sum texture values according to sizes:

(Clay * Log10(SquareRoot(0.002*0.00005))) + (Silt * Log10(SquareRoot(0.05*0.002))) + (Sand *
Log10(SquareRoot(2*0.05)))  USDA
(Clay * Log10(SquareRoot(0.002*0.00005))) + (Silt * Log10(SquareRoot(0.02*0.002))) + (Sand *
Log10(SquareRoot(2*0.02)))  International System
Texture values range from 0 to 1

To sum up values of equation 𝐷𝐷𝐺𝐺 (example USDA):

𝑙𝑙𝑙𝑙𝑙𝑙10 (�𝑑𝑑𝑖𝑖 𝑑𝑑𝑖𝑖−1 ) : Clay= log10(Square root (0,002*0,00005)) = -3,5

Silt= log10(Square root (0,05*0,002)) = -2
Sand= log10(Square root (2*0,05)) = -0,5

Therefore the command to ArcGIS would be simplified in:
(Clay * -3,5) + (Silt *-2) + (Sand * -0,5)  USDA (Fracción en la que están los datos de
SoilGrids)
(Clay * -3,5) + (Silt *-2,2) + (Sand * -0,7)  International System
To sum up the process:
Organic Matter
Estimation of average values
(ORCDRC_M_sl1_250m_ll.tif):

of

SOC

at

30

cm

depth

with

SoilGrids

RasterCalculator
"("ORCDRC_M_sl1_250m_ll_EurAfri_.img"
"ORCDRC_M_sl2_250m_ll_EurAfri_.img"
"ORCDRC_M_sl3_250m_ll_EurAfri_.img"
"ORCDRC_M_sl4_250m_ll_EurAfri_.img") / 4"

data
+
+
+

Output layer:

E:\data_global\_BasicData\rast\SoilGrids\OC\OC_EurAfri
ORCDRC_M_Total30cm_depth_250m_ll_EurAfri_.img

Next step is divide the layer output in 10 (SoilGrids values (gr/kg) must be converted in values in
percentage required by Torri´s):
RasterCalculator
Float("ORCDRC_M_Total30cm_depth_250m_ll_EurAfri_.img") / 10"

""

Note: The option ‘float’ was used to obtain values with decimals due to the fact that input values
are while numbers
Output layer:
E:\data_global\_BasicData\rast\SoilGrids\OC\OC_EurAfri
ORCDRC_M_Total30cm_Porcentual_depth_250m_ll_EurAfri_.img

With the new SOC layer, is necessary to convert it in OM to be used in the equation. So that, just
need to be multiply by the transformation factor (1,72):
Executing:
RasterCalculator
""ORCDRC_M_Total30cm_Porcentual_depth_250m_ll_EurAfri_.img" * 1.72"

Output layer:

E:\data_global\_BasicData\rast\SoilGrids\OC\OC_EurAfri
ORCDRC_M_OM_Total30cm_Porcentual_depth_250m_ll_EurAfri_.img
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The last step is convert percentage OM values to proportions. Thus, it can be used for the calculation
of 𝐷𝐷𝐺𝐺 (Shirazi), along with the textures that should be also in proportions from 0 to 1:
RasterCalculator
""ORCDRC_M_OM_Total30cm_Porcentual_depth_250m_ll_EurAfri_.img"
100"

/

Output layer:

E:\data_global\_BasicData\rast\SoilGrids\OC\OC_EurAfri
ORCDRC_M_OM_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img

Textures
First of all, is necessary to calculate average texture values at 30 cm. Output values should be same
as input values (SoilGrids), reason why they will be found in percentges (%). To do so, elaborate the
following process for the three categories (Clay, Silt y Sand):
RasterCalculator
"("CLYPPT_M_sl1_250m_ll_EurAfri_.img"
"CLYPPT_M_sl2_250m_ll_EurAfri_.img"
"CLYPPT_M_sl3_250m_ll_EurAfri_.img"
"CLYPPT_M_sl4_250m_ll_EurAfri_.img") / 4"

+
+
+

RasterCalculator
"("SLTPPT_M_sl1_250m_ll_EurAfri_.img"
"SLTPPT_M_sl2_250m_ll_EurAfri_.img"
"SLTPPT_M_sl3_250m_ll_EurAfri_.img"
"SLTPPT_M_sl4_250m_ll_EurAfri_.img") / 4"

+
+
+

RasterCalculator
"("SNDPPT_M_sl1_250m_ll_EurAfri_.img"
"SNDPPT_M_sl2_250m_ll_EurAfri_.img"
"SNDPPT_M_sl3_250m_ll_EurAfri_.img"
"SNDPPT_M_sl4_250m_ll_EurAfri_.img") / 4"

+
+
+

Output layer:

E:\data_global\_BasicData\rast\SoilGrids\Texture\Texture_EurAfri
CLYPPT_M_Total30cm_Porcentual_depth_250m_ll_EurAfri_.img
SLTPPT_M_Total30cm_Porcentual_depth_250m_ll_EurAfri_.img
SNDPPT_M_Total30cm_Porcentual_depth_250m_ll_EurAfri_.img

Output layers must be converted into proportions from 0 to 1 (to be at the same range as OM in
order to calculate Torri´s K factor). So with the output layers (average of textures at 30 cm depht),
is necessary to transform into proportions from 0 to 1 (in order to have them inthe same range as
OM, because are the units used in Shirazi´s equation to calculate Torri´s K factor). To do so, layers
must be divided by 100:
Note: The option ‘float’ was used to obtain values with decimals due to the fact that input values
are while numbers
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RasterCalculator
"Float("CLYPPT_M_Total30cm_Porcentual_depth_250m_ll_EurAfri_.img")
/ 100"
RasterCalculator
"Float("SLTPPT_M_Total30cm_Porcentual_depth_250m_ll_EurAfri_.img")
/ 100"
RasterCalculator
"Float("SNDPPT_M_Total30cm_Porcentual_depth_250m_ll_EurAfri_.img")
/ 100"

Outer layer:

E:\data_global\_BasicData\rast\SoilGrids\Texture\Texture_EurAfri
CLYPPT_M_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img
SLTPPT_M_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img
SNDPPT_M_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img

K Factor (Torri)
Part 1 (𝐃𝐃𝐆𝐆 )

Texture layers in proportions are used to apply the following algorithm in the map
calculator:
RasterCalculator
"("CLYPPT_M_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img" * - 3.5
) + ("SLTPPT_M_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img" * 2) + ("SNDPPT_M_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img" *
- 0.5)"

Outer layer:

E:\data_global\_BasicData\rast\NewOutput\FactorK\
DG_Torri_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img

Part 2 (K Factor)
First step is develop in the fisrt part of the equation following the algorithm:
RasterCalculator
Exp((
0.0021
*
("ORCDRC_M_OM_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img"
/
"CLYPPT_M_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img") + ( 0.00037
*
Square("ORCDRC_M_OM_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img
" / "CLYPPT_M_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img")) + (
- 4.02 * "CLYPPT_M_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img")
+
(1.72
*
Square("CLYPPT_M_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img"))
))

Outer layer:

E:\data_global\_BasicData\rast\NewOutput\FactorK\
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Paso1_FactorK_Torri_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img

Second step with:
RasterCalculator
"0.0293
*
(0.65
"DG_Torri_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img" + (0.24 *
Square("DG_Torri_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img"))
)"

Outer layer:

E:\data_global\_BasicData\rast\NewOutput\FactorK\
Paso2_FactorK_Torri_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img

Finally, layers are combined multiplying layers to each other obtaining estimation of K factor
according to Torri:
RasterCalculator
""Paso2_FactorK_Torri_Total30cm_Proporcion_depth_250m_ll_EurAfri_.i
mg"
*
"Paso1_FactorK_Torri_Total30cm_Proporcion_depth_250m_ll_EurAfri_.im
g""

Outer layer:

E:\data_global\_BasicData\rast\NewOutput\FactorK\
FactorK_Torri_Total30cm_Proporcion_depth_250m_ll_EurAfri_.img

K factor – SLM
In order to calculate the effects of changing land management is feasible to estimate the
transformation of OM that goes in the calculation of K factor. To do so, Corine classes codes to be
modified are selected (211, 222, 223, 224, 242) to apply an increase of 25% of OM due to enhanced
soil conditions as a consequence of SLM. The algorithm used is as follows. Also, to increase the OM
in 25% is necessary to multiply by 1,25. Finally, the layer with proportion values is chosen because
is the layer that Torri´s factor K calculation requests.
RasterCalculator
Con(("CLC12_WA100_etrs89.img"
==
211)
|
("CLC12_WA100_etrs89.img" == 221) | ("CLC12_WA100_etrs89.img" == 222) |
("CLC12_WA100_etrs89.img"
==
223)
|
("CLC12_WA100_etrs89.img"
==
242),("ORCDRC_M_OM_Total30cm_Proporcion_depth_250m_ll_WA_etrs89.img"
*
1.25),"ORCDRC_M_OM_Total30cm_Proporcion_depth_250m_ll_WA_etrs89.img")

Output layer:

E:\SENECA\INVEST_Data_New\rast\
ORCDRC_M_OM_SLM25x100_Total30cm_Proporcion_depth_250m_ll_WA_etrs89.
img

Implementation of OM_SLM to Factor K
Repetition of the K factor process:
RasterCalculator
Exp((
0.0021
*
("ORCDRC_M_OM_SLM25x100_Total30cm_Proporcion_depth_250m_ll_WA_etrs8
9.img"
/
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"CLYPPT_M_Total30cm_Proporcion_depth_250m_ll_WA_etrs89.img") + ( 0.00037
*
Square("ORCDRC_M_OM_SLM25x100_Total30cm_Proporcion_depth_250m_ll_WA
/
_etrs89.img"
"CLYPPT_M_Total30cm_Proporcion_depth_250m_ll_WA_etrs89.img")) + ( 4.02 * "CLYPPT_M_Total30cm_Proporcion_depth_250m_ll_WA_etrs89.img")
+
(1.72
*
Square("CLYPPT_M_Total30cm_Proporcion_depth_250m_ll_WA_etrs89.img")
)))
RasterCalculator
0.0293
*
(0.65
"DG_Torri_Total30cm_Proporcion_depth_250m_ll_WA_etrs89.img" + (0.24
*
Square("DG_Torri_Total30cm_Proporcion_depth_250m_ll_WA_etrs89.img")
))
RasterCalculator
""Paso2_FactorK_Torri_Total30cm_Porcentual_depth_250m_ll_WA_etrs89.
img"
*
"Paso1_FactorK_Torri_Total30cm_Porcentual_depth_250m_ll_WA_etrs89.i
mg""

Output layer:

E:\SENECA\INVEST_Data_New\rast\FactorK\
Paso1_FactorK_Torri_Total30cm_Porcentual_depth_250m_ll_WA_etrs89.im
g
Paso2_FactorK_Torri_Total30cm_Porcentual_depth_250m_ll_WA_etrs89.im
g
FactorK_Torri_Total30cm_Porcentual_depth_250m_ll_WA_etrs89.img
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4. Data management plan

This data management plan template is designed by the library and adapted for
use by ESA MSc thesis students by Nynke Hofstra and Wichertje Bron. Please
ask them if you have any questions. This is an appendix to the MSc data
management policy available from the MSc thesis brochure, available from this
URL.

1. Describe the organizational context
Name

Felipe Castaño Díaz

Date

September 4th, 2017

Chair group

Environmental Systems Analysis Group

Supervisor/ (co-)promotors

Rudolf de Groot

Start date of project

March 15, 2017

File name of this DMP

04.09.2017_DMP_MScthesis_Castaño.docx

2. Give a short description of your research project
Title

Effects of landscape restoration and climate change on ecosystem
services in South-eastern Spain: Analysing sediment retention and
carbon storage and sequestration in the segura river catchment

Abstract

Although agriculture is essential to support the increasing human population, it is
a major driver of landscape change. Moreover, monocultures and livestock
production cause land degradation, deplete and pollute water resources, and
reduce biodiversity.
Agriculture also uses much water and is responsible for a third of all CO2, N2O and
CH4 emissions. These emissions lead to climate change, which will considerably
affect future land and water use. However, well-managed regenerative agriculture
can provide a wide range of ecosystem services to mitigate and adapt to climate
change.
Such changes in land use, management practices and climate change influence the
ecosystem restoration. This thesis research therefore investigates the effects of
land-use change, sustainable land management practices (SLM) and future climate
conditions on providing ecosystem services in the Segura catchment. This
catchment encompasses an area of 18,815 km2. Its semiarid climate has an
average annual precipitation of 330mm, which concentrates in spring and autumn.
Its mean annual temperature is 16.6°C and the mean annual potential
evapotranspiration is 800mm. This results in mean annual water deficit of 470mm.
Land-use changes are assessed for the period from 1990 to 2012, land
management changes involve the effects of incorporating green manure and
reduced tillage intensity. Then the impacts of land-use change and SLM practices
on sediment retention, sediment export, carbon storage and sequestration are
determined for current and future climates (using IPCC’s RCPs). Finally, the InVEST
will be used to quantify the impact of SLM practices.
The implications for the Alto de los Vélez y Almanzora (AlVelAl) area which has
similar biophysical and socioeconomic conditions as the Segura catchment, is also
included in the analysis because the Commonland Foundation is interested in this
area.
The importance of the selected ecosystem services were analysed. Most results
based on using the InVEST model, which analyses changes and spatial patterns in
providing ecosystem services as a result of land-cover transformations and the
implementation of SLM practices. ArcGIS was used to create visual outputs, such
as maps, spatially allocating the results and providing a better understanding for
the whole catchment. In addition, a literature review and expert consultation was
done to provide the information needed for the InVEST model.

82

The results show that over the 22 year period, artificial surfaces (such as
construction sites and dump sites), forests and semi natural areas increased in
extent, while agricultural extent decreased. This is explained by land abandonment
due to land degradation and the influence of for example, changes in socioeconomic conditions and policy developments. Land-use change probably has
important consequences at landscape level in terms of structure, stream dynamics,
soil erosion and reservoir silting. The consequences, depend on climate and, soil
characteristics, plant colonization, etc. The observed land use changes also
increased sediment retention by 1.5% and decreased sediment export by 41%.
Moreover, carbon storage increased by 2%.
The Net Present Value of carbon sequestration for the entire Segura catchment
was estimated at about 29 million euros.
Based on the application of the InVEST model, SLM practices improve providing
ecosystem services. The sediment delivery model, indicates that the retention of
sediments increased by 1.8% whilst the sediment export was halved. The carbon
storage model showed that carbon storage increases by 6.4 %.
These results are explained by the reduced tillage, which positively affects the
accumulation of soil organic carbon. This also increases with the application of
green manure. The implementation of SLM practices improves the soil infiltration
capacity and this, reduces the risk of runoff and soil erosion, improves soil fertility
and in sometimes contributes to increased crop yields.
SLM practices can be considered as climate change adaptation and mitigation
measures because they contribute to limit the vulnerability to climate change and
reduce greenhouse gas emissions. Reduced tillage intensity lessens CO2 emissions
and energy consumption, and improves carbon sequestration by increasing soil
organic matter. Incorporating green manure reduces the use of synthetic
fertilizers. This, in turn reduces GHG emissions related to their production. Thus
the implementation of SLM practices certainly have considerable beneficial
effects, not only by providing direct benefits by enhancing ecosystem services, but
also stimulating climate adaptation and mitigation measures.
I conclude that SLM practices, like green manure and reduced tillage intensity,
positively influence the provision of ecosystem services in the Segura catchment
and can also contribute to adapt to, and mitigate climate change.
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3. Define data management roles

Roles
Who is collecting the data?

Name of researcher: Felipe Castaño Díaz

(Even in a modelling study

Role of the researcher:

someone (most likely you as
MSc
collect

thesis
the

student)
required

will

•

Collects and processes the data in an organized way.
He is responsible for the quality and authenticity of

input

the data and ensures that they are safely stored

data for the model, even if

during the project (i.e. short-term storage). The

these are already available).

researcher will allow the supervisor and others
involved in the research access upon request.
•

Responsible for documentation and submission of the
data files for long-term storage according to ESA
guidelines (after finishing the publication, thesis or
completion of the project).

Who is analysing the data?

Name of researcher: Felipe Castaño Díaz
Role of the researcher:
•

Analyses the data in an organized way. (S)he is
responsible for the quality and authenticity of the
results and ensures that they are safely stored during
the project (i.e. short-term storage). The researcher
will allow the supervisor and others involved in the
research access upon request.

•

Responsible for documentation and submission of the
result data files for long-term storage after finishing
the thesis).

Other
(Do

Pedro Pérez-Cutillas contributed collecting most of the
other

persons

input data to be applied in the InVEST model.
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contribute, for example by
writing code?)
What is the role of your
supervisor?

Name of supervisor: Rudolf de Groot
Role: The supervisor or project leader checks the data files
before long-term storage. The supervisor is responsible for
the data quality, clarity and completeness

4. Give an overview of expected type of research data, software
choices, data size & growth
Data stage

Specification
research data

of

type

of

Software choice

Data size/
growth

Processed data

-

Land use land cover

-

Excel

60MB

Models/code

-

Land use land cover raster
files.
Values of carbon pools for
aboveground biomass and
soil.
Values for the USLE equation
(R: Rainfall erosivity (M J .
mm (ha . hr)-1),

-

ArcGIS

100MB

-

-

(.tif, .shp,
.mxd).
-

Excel
(.csv,
.xls).
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K: Soil erodibility /ton. ha. hr
(M J . ha . mm)-1),
LS: Slope lenght - gradient
factor
C: Crop management factor
P: Support practice factor
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5. Short term storage solutions*
Describe where the data will be stored physically and how the back-up is organised.
Data stage

Storage
location

Backup procedures

Processed data

c-drive pers. pc

Google drive daily, hardware weekly

Models/code

c-drive pers. pc

Google drive daily, hardware weekly

(storage medium and location/ how often?)

Other?

The data will be saved on the personal M drive of the researcher, to ensure daily back
up by ICT-WUR. If storage capacity is too limited the D drive could be used for
storage, but the researcher is responsible for sufficient back-up.
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6. Structuring your data and information
Give a visual representation of the system for directory- and file names you intend to
use. See the examples for inspiration.
My proposed directory- and file naming structure:
To avoid confusion about different versions of data files, dates of last change should be
added at the beginning of the file name using the following format: (YYYYMMDD). This way
facilitates sorting the files according to the version’s date and previous versions are not
overwritten.
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Does your workflow provide for version control? If not, describe how you intend to keep
versions apart.

To keep versions apart I named the files with dates to enable an appropriate
differentiation of them.
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7. Documentation and metadata*
Describe how you are going to document your data collection process, what the resulting
data files comprise and how they will be processed further. Think about documenting
the:
1. Content (what does your dataset contain?)
The dataset contains GIS layer, biophysical tables, excel tables, graphs,
secondary data (papers, reports and electronic books)
2. Context (who, what, why, where and how will the data be collected and
analysed)
Data was collected by researcher (and by Pedro Pérez-Cutillas) from sources such
as websites, scientific papers and previous studies. The outputs of the InVEST
model were analysed making use of Microsoft Excel and the software ArcGIS to
visualize and process it. Finally, the results are displayed in tables, graphs and
maps.
3. Process (are there specific processes and does it make sense to organise notes
by process?)
Specific processes in this thesis reseach consisted in the analysis and processing
of the output of the InVEST model. First, it was necessary to run the model to
afterwards make use of the software ArcGIS to visualize and extract the
information of the raster files (output). Once information was obtained tables,
maps and graps were generated.
There are no notes explaining the process.
NB: Good data documentation ensures that:
• The data are organized in such a way that it facilitates efficient data analysis
and minimizes errors.
• Data are self-explanatory and understandable to supervisors/project partners in
order to facilitate communication and teaching.
• Data can be retrieved, understood and properly interpreted, now and in the
future, as relevant context is available.
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8. Sharing and ownership*
Sharing

and

ownership

sharing

Data

- Do you expect that others may be interested to re-

(With) who(m), what and how?

The data belongs to Wageningen UR and
CEBAS – CSIC.

use your data? Do you have plans to share your data
with

these

parties?

- How are you going to make sure your datafiles will
be accessible once you leave the department? Who
will take care of your data?

The student and his supervisor are
responsible to store the data. In case
somebody

request

the

data,

that

person/organisation should contact the
student

by

e-mail

(felipecasta77@gmail.com)

or

my

supervisor Rudolf de Groot.
ownership

NB: ownership isn’t so much about

- Any funder’s requirements to share you data, or

‘property’ (to whom do the data belong).

to

embargo?

It’s about custodianship: What is going

- Are there agreements on how the data will be used

to happen to the data when the project

and shared within your group or with other parties

is

involved in this research? (outside your group or

responsible for taking care of the data

outside Wageningen UR)

and ensuring it can be accessed.

Data
impose

an

finished?

Who

is

the

person

The project leader or supervisor is:
Rudolf de Groot
The

project

(permanent

leader
staff

consultation

with

involved

the

in

or

supervisor

member),
other

data

in

researchers
collection,

is

responsible for long term data storage
and access/use by others, unless stated
otherwise in the individual RDMP.
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Privacy

There are no restrictions, the only

- Are there privacy or security issues, and if there

condition for using the data is previous

are, how are you dealing with them?

permission from Wageningen UR and the
CEBAS - CSIC

9. Long term storage*
Which part of your research data has value for long term storage? Do you intend to
preserve these data for the long term?

Yes or no ?

Argumentation

yes

The code of conduct for scientific practice requires that you retain your data
for five years after you have published your article/thesis and that you make
it available upon request for verification purposes.

Which data archive do you intend to use?
After completion of the thesis/papers/project, data files will be submitted to the
secretary for long term storage (at least 5 years). For ESA data will be stored in a
dedicated central location for ESA data storage on the server of ICT.
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4. Land use changes from 1990 to 2012 – CORINE classes level 1

The Figure 28 shows that from 1990 to 2012 there has been an increase in the artificial areas and
this growing is mostly concentrated in the east part (right) of the study area, in which is possible to
see the tendency of the colour red to increase. This is the result of the increase in surface area of
green urban areas, road and rail networks and associated land, and dump sites.

Figure 24. Spatial changes in artificial surfaces from 1990 to 2012

From 1990 to 2012 there has been a reduction of agricultural areas in the region of the Segura
catchment of about 18%. According to Figure 29, this reduction seems to be equally distributed from
the north to the south of the region. Also, west part of the region (upper left), which comprises the
headwater, has always been somehow intact and no agriculture has been done there. This can be
explained by the influence of two possible factors: 1) Protection of headwater due to its vital
characteristic as a water source, and 2) limitations accessing the area of the headwater due to hilly
characteristics of the terrain.

Figure 25. Spatial changes in Agricultural areas from 1990 to 2012
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In terms of forest and natural areas there has been an increase of 20% from 1990 to 2012. The upper
west area (left) of the Catchment have always had a notable forest and semi natural cover, although
in 1990 there was more presence of other classes. On the contrary, the east part has always been
dominated by other CORINE land cover classes in which agricultural areas and artificial surfaces have
a strong influence (Figure 30).

Figure 26. Spatial changes in forest and semi natural areas

Over the last 20 years, surface area of wetlands have reduced 60% which is evident in Figure 31 in
which the area of wetlands decrease until reach a point in which are almost not visible. On the
contrary, water bodies, specifically water courses, are showing an increase in surface area of about
13% from 1990 to 2012.

Figure 27. Spatial changes in wetlands and water bodies.
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5. Sediment delivery model calibration

As it is explained in the methodology, model calibration was made according to the results of three
different model evaluation techniques: R2, Nash-Sutcliffe efficiency and percent bias. But first, a
sensitivity analysis was conducted to determine which parameters had more influence in the
outcome of the model.
The Table 25 shows the parameters that were used for the calibration, in which several
combinations were applied in order to find the best optimal performance of the model.
Table 25. Parameters subject to calibration

Parameter

Acronym

Threshold flow accumulation

TFA

Hydrologic connectivity

BK

Percentage (%) of soil loss
reaching the stream
SDRmax

IC0
SDRmax

The following are some of the different parameter combinations of the sensitivity analysis:

.
Figure 28. Different combinations for calibration of the SD model

After several attempts and different parameter combinations the model was finally calibrated and
used to make the analysis of ecosystem services provision.

6. Figures of sediment retention/export
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7. Overview of SLM practices from the WOCAT database
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