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Abstract
In Mediterranean catchments, such as the Sorraia catchment in Portugal, it is expected that climate change will
increase drought stress and the deterioration of water quality in reservoirs. Sustainable land management (SLM)
practices are seen as an adaption measure for those problems, but the effectiveness on improving climate change
impacted water availability and quality on catchment scale is still unknown. Therefore this study aims to evaluate
the effectiveness of SLM practices in adapting the impacts of climate change on water availability and quality of
the Montargil and Maranhão reservoir in the Sorraia catchment. A well calibrated SWAT model is used to simulate
four scenarios (2041-2071 and 2071-2100; RCP 4.5 and 8.5), to investigate the effects of climate change on total
phosphorus load (TP) in streams, reservoir volume, irrigation use and water exploitation index (WEI). Afterwards,
the most suitable SLM practices for this region, barriers (1BA), natural filters (2NF), green manure (3GM), mulching
(4MU), biodiverse permanent pastures (5BPP), grassed waterways (6GW), retention areas (7RA) and precision
irrigation (8PI) are tested for each climate scenario. Results showed that WEI will not exceed any water stress
level while reservoir water quality will worsen, since the TP load in streams flowing into the reservoirs increase
and the volume decrease, resulting in a higher probability that the existing P limitation for eutrophication will be
counteracted. SLM practices, such as 1BA, 2NF, 3GM, 4MU and 6GW, are able to decrease the TP load in those
streams (respectively −45.16 − 59.65%, −46.14 − 93.91%, 0 − 8.10%, 2.00 − 25.71%, 5.29 − 41.21%) and 8PI
is able to increase the reservoir volume in future climates (+7.39 − 9.97%). It can be concluded that 1BA, 2NF,
4MU, 6GW and 8PI are effective in adapting the climate change effects regarding reservoir water quality, without
worsening the water availability. So, the findings show that SLM practices are a promising tool which is needed to
be more investigated and can help local land-users and decisionmakers by solving problems related to water quality
and availability.
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1 | Introduction
Nowadays all over the globe, climate change is already
affecting weather and climate extremes, such as heatwaves, droughts, and heavy precipitation [IPCC, 2021].
Unless there will be a strong reduction in greenhouse
gas emissions in the coming years, those weather and
climate extremes will only increase in frequency and intensity [IPCC, 2021]. Also, in the Mediterranean region
climate change has an impact on the weather and climate extremes, resulting in increasing inter-annual and
-seasonal variability of precipitation (García-Ruiz et al.
[2011]; Giorgi and Lionello [2008]). It is even expected
to become one of the most responsive regions to climate
change, also called a Hot-Spot [Giorgi, 2006]. This is
confirmed in the IPCC [2021] report when looking at
the predictions on how climate change will impact temperature, precipitation (and relating droughts), and fire
weather in this specific region.
Those meteorological changes influence the hydrological variables since precipitation is the main input of
water in all hydrological systems. According to the IPCC
[2021], the evaporative demand will increase and the
mean precipitation will decrease due to climate change
in the Mediterranean region. During the summer, this
will cause an increasing precipitation deficit in which the
reduction of precipitation is the main factor since the increase of evapotranspiration will decline when soil moisture becomes limited (Seager et al. [2014]; IPCC [2021];
Senatore et al. [2011]). Also, during the winter the precipitation surplus will decrease [Seager et al., 2014]. The
reduction in rainfall and increase in evapotranspiration
will in their turn cause a decrease in soil moisture in
the root zone, and also a reduction in the groundwater storage in the Mediterranean region [Senatore et al.,
2011]. For example, episodes with anomalously low soil
moisture, which occur once in 10 years nowadays, will
become more frequent and in the most extreme scenario
(in the late 21st century under Representative Concentration Pathway (RCP) 8.5) will occur every second year
[Ruosteenoja et al., 2018]. Also, many studies show that
runoff and streamflow are expected to decrease when
looking at the average over a year, with larger variability in runoff through the year (Senatore et al. [2011];
Vicente-Serrano et al. [2014]; Sellami et al. [2016]).
In general, the expected decrease in precipitation
and increase in evapotranspiration (until soil moisture
becomes limited) will increase the frequency and inten-
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sity of hydrological, agricultural, and ecological droughts
due to climate change [IPCC, 2021]. So, the responses of
hydrological variables on climate change will make the
Mediterranean region more vulnerable, especially concerning water resources [García-Ruiz et al., 2011]. Many
hydrological modelling studies, within the Mediterranean
region, predicted a lower water availability in the future
under climate change conditions [Dias et al., 2020]. Dias
et al. [2020] also showed that the likely decreasing water
supplies are to be accompanied by increasing water demands for irrigation. The increasing water demands for
irrigation are expected to be between 4 and 18% (depending on the climate scenario) from climate change
alone [Fader et al., 2016]. With future predicted population growth included this expected percentage is even
larger [Fader et al., 2016].
Water quantity is not always the limiting factor
when looking at water availability. Water quality is
also important, especially when reservoir water is used
as drinking water [Dias et al., 2020]. Almeida et al.
[2021], Nunes et al. [2017] and Molina-Navarro et al.
[2014] conclude that due to climate change an increasing eutrophic state in reservoirs is predicted in the future, although their explanations differ. According to
Almeida et al. [2021] the main reason is that the reservoir had a decreased inflow and increased nutrient concentration as well as decreased amount of precipitation,
while Molina-Navarro et al. [2014] indicate fertilization
and soil erosion as main reason. Nunes et al. [2017] concluded that the sediment and phosphorus inflows into
the reservoir increased mostly due to land-use changes,
but that the increase in concentrations was also caused
by lower reservoir volumes. The different explanations
can maybe be explained by the different scenarios which
are incorporated in their models, namely one with landuse management scenarios included and the other one
without.
Some papers are highlighting the importance of improving irrigation systems and implementing adaptation
measures to maintain water availability and/or "good"
water quality under future climate in the studied areas
(Nunes et al. [2017]; Rocha et al. [2020]; Fader et al.
[2016]; Dias et al. [2020]; Almeida et al. [2021]; Almeida
et al. [2018]). When adaption measures, mostly regarding water savings techniques, are implemented, it
is found that measures are expected to at least partly
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mitigate effects of climate change on water availability (Fader et al. [2016]; Almeida et al. [2021]; Collet
et al. [2015]; Liu et al. [2018]). More on the water
quality outlook, it is assumed that adaption measures,
such as best management practices (BMPs), will improve the water quality on watershed scale (Qiu et al.
[2019]; Uniyal et al. [2020]; Liu et al. [2019]). According to Qiu et al. [2019], practices such as filter strips,
grassed waterways and constructed wetlands are efficient
in reducing total phosphorous (TP) and nitrogen (TN)
in streams and thus improving the water quality. With
another modelling study, it was found that buffer zones
along rivers showed marked improvement in reservoir water quality [Nielsen et al., 2013]. So, the effectiveness of
adaption measures on water availability and quality are
promising combining all insights.
However, when alternative adaption strategies, such
as BMPs, are tested on effectiveness in a modelling studies, it is only done for a present climate. Also, sustainable land management practices (SLM) are a type of alternative adaption strategies and can be defined as the
use of land resources, including soil, water, animals and
plants for the production of goods to meet changing
human needs, while simultaneously ensuring the longterm productive potential of these resources and ensuring their environmental functions [WOCAT, 2007]. According to Eekhout and de Vente [2019], there is very
little knowledge on the potential of SLM practices to alleviate the impact of climate change at large scales and
the resulting trade-offs between ecosystem services. This
is because, the effectiveness of SLM’s is mainly investigated on plot-scale and laboratory experiments [Eekhout
and de Vente, 2019]. Therefore Eekhout and de Vente
[2019], tested two SLM practices on their effectiveness
for maintaining the water security in a large Mediterranean area that is impacted by climate change with a
coupled hydrology-soil erosion model. The results are
very promising since it shows that the impacts of climate change on water security can significantly be reduced [Eekhout and de Vente, 2019]. However, that paper only evaluated two measures which are only focusing
on soil and water erosion and not on vegetation growth.
Nor did it investigate the effects of those measures on
water quality in the study area.
Therefore this study aims to solve the problem
which comes forward from the indicated knowledge gap.
To solve this problem, the Sorraia catchment in the centre of Portugal will be used as the study area. So, the
problem statement is “how sustainable land manage-

ment practices can adapt the effects of climate change
on water availability and quality in the Sorraia catchment in the future” and is still unanswered, due to a
lack of modelling studies that incorporate sustainable
land management practices at catchment scale under
climate change conditions.

1.1

Research questions, aim and
objectives

In order to solve the problem indicated in the problem
statement, the following main research question needs
to be answered: “What is the effect of sustainable land
management practices on the water availability and quality in the Montargil and Maranhao reservoirs in the Sorraia catchment under climate change conditions?”
The main research question is divided into two
sub-questions (note: they all focus on the Montargil
and Maranhao reservoirs in the Sorraia catchment):
1. What are the relative short- and long term effects of
climate change scenarios, RCP 4.5 and 8.5, on water
availability and quality?
2. Which sustainable land management practices are
best suitable for improving water availability and quality
in this study area?
This study aims to investigate the effectiveness of
sustainable land management practices in adapting the
impacts of climate change on water availability and
quality of the Montargil and Maranhão reservoir in the
Sorraia catchment. Related objectives are:
- Apply the Soil and Water Assessment Tool (SWAT)
model to quantify the water availability and quality in
the future under different climate scenarios (including
calibrating and validating).
- Identify main water resource problems due to climate
change in the study area.
- Do a literature study and expert consultation on SLM
and create a list of the most suitable SLM practices
that improve the water availability and quality in the
study area.
- Test with the SWAT model the effectiveness in solving
the problems related to water availability and quality of
the most suitable SLM practices under different climate
scenarios .
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2 | Methods
2.1

Study area

The study area, which is the Sorraia catchment, is located in the middle of Portugal (Figure 2.1a). The Sorraia river is a tributary of the Tagus. The catchment has
a dry sub-humid climate, with dry and hot summers, and
mild and wet winters. It has an area size of 7730 km2
in which the dominant soil types are Cambisols, Luvisols, and Regosols. The catchment can be characterised
by authropogenic modification such as the construction
of dams and weirs to respond to residential, agricultural, and industrial demands (Almeida et al., 2018).
The biggest reservoirs are the Montargil and Maranhão,
which were built as part of the Sorraia Valley Irrigation
Implementation Plan. In the downstream area of those
two reservoirs, a small strip around the river forms the
Sorraia Valley. This valley has an area of 16.000 ha and
forms one of the largest irrigated areas in Portugal. The
main cultivation is corn, rice, and tomato. Farmers in
this region are united in an agriculture association, which
manages and exploits the irrigation infrastructures: the
Associação de Regantes e Beneficiários do Vale do Sorraia (ARBVS). In the remaining area of the catchment,
land use is mainly holm oak forest, rainfed cereals, and
pasture. Part of that area is the upstream area of the
Montargil reservoir, which is covered for 40% with oak
forest, 13% with annual crops, and 2% with irrigation
cropping. The Sorraia river has besides water provision
for agriculture as ecosystem services, also recreational
services (including tourism and angling), and wastewater treatment (by waste water treatment plants). So,
important to address is that the regions inhabit 153100
humans, mainly divided over three cities: Ponte de Sôr,
Samora Correia, and Coruche.
In the Maranhão and Montargil reservoirs is P
the limiting factor for eutrophication for both reservoirs
based on observed N:P ratios (Appendix A.2a and A.2b).
Moreover, in the past (2000 - 2018) the total phosphorous (TP) concentration already exceed the critical level
for good water quality, according to the Water Framework Directive (WFD)[INAG, 2009], for 39.7% (Maranhão) and 31.9% (Montargil) of the time (see A.1). For
the future, in the Sorraia River basin, the same trends
in water quantity and quality are predicted as already
described for the whole Mediterranean region in the introduction (Almeida et al. [2018]; [2019] and [2021]).
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Almeida et al. [2018], did simulate three distinct storylines which combine alternative trends in the evolution
of society and practices with climate change scenarios.
It showed that the river flow will decrease and nitrogen and phosphorus concentrations in river water will increase and that those changes are even more evident for
storylines with increasing population growth and unsustainable agricultural expansion. According to Almeida
et al. [2021], it is predicted that the water quality will
decrease in the Montargil reservoir. Moreover, the implementation of a reduction in water abstraction for irrigation caused only a small improvement in the water
quality in that reservoir.

2.2

Hydrological modelling

To answer the proposed research questions, the Soil Water Assessment tool (SWAT) is used to simulate the volume in the Montargil and Maranhão reservoirs, the irrigation use and demand from those reservoirs and the TP
load in four streams within the catchment (locations can
be found in Figure 2.1b). Although nitrogen and phosphorous are key nutrients regarding assessing water quality, only phosphorous is analysed within this study. This
choice is justified by the fact that P is the limiting factor
for eutrophication in both reservoirs. Additionally, SLM
practices need to be modeled with SWAT under climate
change conditions to answer the main research question.
Therefore, after a small description of the SWAT model
and the calibration/validation process, a explanation is
given about the selection process and implementation of
climate scenarios and SLM practices.

2.2.1

Soil and water assessment tool
(SWAT) model

The SWAT model is a process-based and semidistributed eco-hydrological model with a continuoustime step [Arnold et al., 2012]. It can be used for
present-day meteorological conditions and also under
potential climate change conditions and is thus widely
used to simulate present and future watershed processes
(Almeida et al. [2018]; [2019] and [2021]; Nunes et al.
[2017]; Molina-Navarro et al. [2014]). The SWAT model
divides the watershed, in this case the Sorraia catchment, into smaller sub-basins, which in their turn are di-
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(a) Location of Sorraia catchment within Portugal (source
picture: Molina-Navarro et al.
[2014])
(b) Sorraia catchment area including used water quality and hydrometric stations.

Figure 2.1: Sorraia catchment
vided into multiple hydrological response units (HRUs),
with homogeneous combinations of unique land cover,
soil type, and management combinations [Neitsch et al.,
2011].
Since this study will investigate how SLM practices change water availability and quality under climate
change conditions, it is important to know how SWAT
can model this. First of all, crop growth is simulated
using a simplified version of the Erosion Productivity
Impact Calculator (EPIC), in which phenological plant
development is based on the growth characteristics of
each plant and by the timing of management operations. The potential biomass is based on the fact that
the growing conditions are ideal, so with adequate water
and nutrient supply, and a favourable climate. The actual growth is simulated based on the potential growth
but then corrected for the real situation where temperature, water, and nutrients are limited. This plant growth
cycle can be controlled by management operations such
as the timing of planting, fertilizer, and pesticide and
the kind of removal and timing of plant biomass. These
management operations are represented as in the SWAT
model. Also, irrigation is implemented in SWAT, which
can be scheduled by the user (specifying timing, application amount, and source of irrigation water) or automatically applied in response to a water deficit in the soil
or plant water stress. Either for the manual and autoapplication, parameters can be changed to simulate the
process [Neitsch et al., 2011]. Those parameters allow
the incorporation of SLM practices in the model.
Besides hydrology, SWAT can also simulate nutri-

ents, such as the nitrogen (N) and phosphorus (P) cycles. For this study, only the P cycle is of interest, as already explained. The P cycle is simulated with six pools
in total. There are three inorganic P pools (solution,
active, and stable) and three organic P pools (active,
stable, and fresh). For P, the fresh organic pool is associated with the crop residue and microbial biomass, and
the active and stable organic pools are associated with
the soil humus. The main sources of P to soil are fertilizers, manure, and/or residue application. The total
amount of P in the soil is simulated considering the supply and demand during plant growth (only inorganic P
in solution is taken up by plants). Besides plant uptake,
P in soluble and organic forms can be removed from the
soil via mass flow (runoff). The amount of soluble P
removed with runoff is calculated in SWAT using the
solution P concentration in the top 10 mm of the soil
profile, the runoff volume, and a partitioning factor. A
loading function is used to simulate the amount of P
transported with sediment to a stream (Neitsch et al.
[2011]; Almeida et al. [2018]). A more detailed description of how processes are simulated in SWAT (including
equations) can be found in Neitsch et al. [2011].
For this study, the SWAT model version 2012 is
used in combination with QGIS. The input data can be
found in Table 2.1. The locations and inputs of wastewater treatment plants (WWTP) in the catchment were
incorporated in the model (Table 2.1). Also, all relevant
hydrometric and quality stations, which are used for the
calibration and validation phase, were put in place.

2.2. HYDROLOGICAL MODELLING
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Table 2.1: Observation data used as input for the SWAT model
Data

Source

Resolution

DEM
Land-cover
Soil

European Digital Elevation Model EU-DEM v1.1
Portuguese land use and land cover maps 1995
Portuguese Soil Map (Cardoso and Marado [1973];
da Silva [1982])
Portuguese Water Resources Information System; Eobs v.19 [Cornes et al., 2018]
Urban Waste Water Treatment Directive [EEA, 2019]

25 m
1:1000000

Meteorological data
Location and population
equivalent of WWTP

2.2.2

Calibration and validation

The calibration of the model was done in five steps, calibration of 1) streamflow, 2) erosion and nutrient exports
on field scale, 3) sediment flow, 4) TP load in streams,
and 5) reservoir volume and mineral phosphor (min P)
mass. The calibrated parameters are available in the
Appendix (Table A.4). Throughout the whole calibration process, parameters were mostly changed to values based on literature and tried to keep within certain
boundaries to stay as close as possible to "reality". All
observed data was obtained from the Portuguese Water Resources Information System (SNIRH, Table A.1).
The water flow was calibrated and validated for four hydrometric stations: Couto de Andreiros, Moinho Novo,
Monforte and Ponte de Vila Formosa. Those stations
are all located in the upstream area of the two reservoirs
(Figure 2.1b). The simulated flow was compared to the
observed flow on a monthly timescale at the four stations
to assess model performance. For the calibration, the period from 1980 until 1985 was used and for the validation
the period 1986-1990. The model performance evaluation was done with the following three indicators: coefficient of determination (R2 ), percent bias (PBIAS), and
modelling efficiency (NSE). Those indicators are widely
used in literature for assessing the model performance
of SWAT models (Moriasi et al. [2015], Krause et al.
[2005]).
Before starting the sediment flow calibration, the
erosion and nutrient exports on field scale were calibrated to annual values for Mediterranean regions from
literature (Cerdan et al. [2010], Reckhow et al. [1980].
Rial Rivas [2007]). This was done to prevent parameter
equifinality, a concept in which there are multiple parameter sets providing equally good or acceptable model
outputs [Her et al., 2019]. Erosion and nutrient export
rates are highly variable between fields, therefore this
calibration was done without the use of performance in-

Daily time series
-

dicators and only by checking if the simulated values
were in the range of magnitude of the values from literature. The sediment flow calibration was done for
three stations; Vila Formosa, Moinho Novo and Praia
Coruche. The first two are located upstream of the
reservoirs and the last one downstream (Figure 2.1b).
Instead of using the total suspended solids (TSS) concentration data, the sediment flow is calculated and used
to limit the propagation of errors from the streamflow
simulation. Since, the TSS concentration is depending
on the streamflow (sediment flow devided by streamflow), so when the streamflow is incorrectly simulated it
would have influenced the simulated TSS concentration.
To calculate the daily continuous sediment flow,
a sediment-discharge relationship was made and used,
based on the methodology in Lane et al. [1997]. The
use of this relationship was necessary, because the TSS
concentration is highly variable with streamflow and in
combination that only one sample per month is taken,
makes it very difficult to estimate a continuous daily sediment flow by only multiplying both. Due to the lack in
quality in the observed streamflow data in period of interest (2000-2010), simulated streamflow data was used
for calculating the sediment-discharge relationship, although observed streamflow data is preferred. Those
sediment-discharge relationships were calculated over a
period from 2000 until 2010. Based on data availability,
regarding TSS concentration and variation in hydrological years, the sediment flow is calibrated over the period 2000 - 2005 and validated between 2006 - 2010.
The model performance evaluation, regarding simulating sediment flow, is done with the same parameters as
for streamflow, only one parameter is added, the coefficient of determination multiplied by the coefficient of
the regression line (bR2 ). This indicator is added to
be used as an alternative for NSE performance indicator, since the NSE has a tendency to emphasis on peak
flows and outliers [Krause et al., 2005]. This can cause

6

|

CHAPTER 2. METHODS

problems in calibrating sediment flow and TP loads with
the NSE indicator. Especially, because of the uncertainty in the observed peaks and the fact that SWAT has
most difficulties in simulating those same peaks. There
is uncertainty in the observed peaks due to use of the
sediment-discharge relationship and more in general due
to the use of monthly data.
The TP load in streams, the reservoir volume and
min P mass in reservoirs were calibrated and validated
with same performance indicators as for sediment flow.
For TP load, the periods and stations are also the same.
The observed TP concentration data is multiplied by
the simulated streamflow data to calculate the TP load,
also to limit the propagation of errors from the streamflow simulation. The calibration of reservoir volume and
min P mass were only done for Montargil and Maranhão
reservoirs. Due to low data availability, the used periods are shorter (calibration: 2001-2004 and validation:
2005-2008). To limit the propagation of errors from
volume simulations, the observed min P concentration
is multiplied by the observed volume to get the min P
mass.

2.2.3

Climate scenarios

The present climate condition is represented by the historical period 1976-2005. To investigate the water quality and quantity and the effectiveness of SLM under future climate conditions, four future climate scenarios are
defined with two temporal intervals 2041-2070 and 20712100 (respectively 2055 and 2085 are used to represent
those periods) and two Representative Concentration
Pathways (RCP) 4.5, and 8.5. RCP’s are scenarios that
incorporate time series of emissions and concentration of
atmospheric greenhouse gases, aerosols and chemically
active gases, as well as land use and land cover [Moss
et al., 2008]. RCP 4.5 is a medium stabilization scenario in which emission of greenhouse gasses stabilize,
and RCP 8.5 is a very high baseline emission scenario
[Moss et al., 2008]. Therefore, it is predicted that RCP
8.5 cause the most pronounced climate change effects.
The choice of two temporal intervals is made, because it
covers both the more relative short term effects, which
are more interesting for practical users and policymakers,
as well as the long term effects, which are best to test
the climate change adaptability of the measures since the
change will be bigger in the long term as in the short
term. The data for those scenarios is obtained from
the regional high-resolution EURO-CORDEX initiative,

which includes many different regional climate models.
Due to limited time, only three regional climate models with a 0.11◦ resolution, KNMI, CLM3 and SMHI3,
are chosen. The choice of the three models is based on
which models are best capable in simulating precipitation and temperature for the Sorraia catchment. At first
papers by Soares et al. [2017] and Cardoso et al. [2019]
were considered to determine this since those two papers include maps of Portugal in which is shown the
differences between the climate model and the observed
precipitation and temperature data, respectively. Based
on this, four models were selected as most comparable
(KNMI, CLM1, CLM3 and SMHI3). However, in the end
three models had to be selected and since it is preferred
to have models from different institutions a choice between CLM1 and CLM3 had to be made. This preference
for models from different institutions can be explained
by their unique representation of processes, due to use
of other parametrizations and boundary conditions, resulting in different predictions which are interesting to
analyse. To choice between CLM1 and CLM3 an extra
analysis was done. This time, the simulated precipitation
of all models were compared with observed data within
the area in the historical time period. In general, the results of this analysis supported the results from the two
papers. Moreover, the results showed that CLM3 was
better capable in simulating precipitation in the Sorraia
catchment than CLM1 and therefore, CLM3 is chosen.

2.3

2.3.1

Simulation of sustainable land
management practices
Selection of SLM practices

A literature review has been done to make the first list
of relevant and applicable SLM practices. In this study,
relevant SLM practices are defined as practices which in
the end improve the water quality and increase the water availability in the studied region. The starting point
of this literature review was the SoilCare project. This
project studied the adoption of sustainable agricultural
practices in particular regarding improving soil quality
and delivered a report including an extensive list of practices with explanations and their potential to improve
certain factors (such as water-, wind erosion and organic
matter content). Another deliverable of the project is
an interactive map which shows the applicability, relevance and impact of each practice across Europe, and
thus also for the Sorraia catchment. From the report

2.3. SIMULATION OF SUSTAINABLE LAND MANAGEMENT PRACTICES
all measures that have an impact on water- and wind
erosion were selected [van Delden et al., 2022]. Additionally, those measures were tested on applicability in
the Sorraia catchment with the help of the interactive
map. Other practices were found in:
• The Desert-Adapt project: focus on adaptation
measures that revert ongoing desertification and
help building more climate resilient local communities in the Mediterranean region. Especially, the
list of adaption measures have been used for this
study.
• The World Overview of Conservation Approaches
and Technologies (WOCAT) is a global network of
institutions and specialists working in the field of
SLM. WOCAT has a Global SLM database, where
land users and SLM specialist document SLM practices which are implemented in the field.
• Papers: Keesstra et al. [2018]; Pijnappels and Dielt
[2013].
The focus was on practices that were applied in the
Mediterranean region and which have a purpose that
overlap with the definition of a relevant practice (such
as enhanced infiltration, nutrient uptake and decreased
soil erosion). The applicability of those measures has
been checked by two experts in the field of conservation
agriculture and are familiar with the Sorraia catchment
(Vizinho, A. and Avelar, D. (2022, March 2). Personal
Interview), since those measures are not included in the
SoilCare project. During the same interview, details of
the measures were discussed to gain more knowledge
about the measures which helped with the implementation of the measures in SWAT. The final selection of
SLM practices can be found in Table 2.2, including a
description and their source(s).

2.3.2

Implementation of SLM practices in
SWAT

|
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SWAT show that SWAT provides options for incorporating practices that are included in Table 2.3 (Arabi et al.
[2007]; Sirabahenda et al. [2020]; Strauch et al. [2013];
Kaini et al. [2012]; López-Ballesteros et al. [2019]). For
some of the SLM practices information from those papers, could be used to know which parameters had to
be changed and to which values.
1BA The barriers strategy is mainly based on Arabi et al.
[2007]. The only parameter which could not be
fully adjusted was USLE P (USLE equation support
factor), since this parameter was already used for
the calibrated model to represent minimum tillage.
2NF For natural filters, and especially, riparian vegetation it is known that FILTERW is representing the
width of edge-of-field filter strip in SWAT [Arnold
et al., 2012]. In this study, FILTERW is also used to
represent aquatic filters in reservoirs by increasing
FILTERW by 50 meters in the subbasins where the
reservoirs are located. The value of 50 meters is
chosen, since the filter strip effectiveness is limited
beyond a width of 50 meters [Sirabahenda et al.,
2020]. For all other subbasins an increase of 20
meters is chosen to represent riparian vegetation,
based on Sirabahenda et al. [2020] and Hilary et al.
[2021].
3GM According to the description of green manure given
in WOCAT, a certain crop rotation system, with the
implementation of nitrogen fixation plant, is needed
to represent green manure. Arabi et al. [2007]
showed that this was possible to model with SWAT.
As nitrogen fixation plant, red clover is used, since
this plant is known for this purpose and available
in the plant database of SWAT [McKenna et al.,
2018].
4MU The use of residue management operation for
mulching is based on Arnold et al. [2012] and the
amount of residue on Prosdocimi et al. [2016]. Additionally, a change in CN2.mgt (runoff curve number) was added, since this was also done by Jang
et al. [2017] to represent mulching.

After establishing this list with selected SLM practices
(Table 2.2), some combinations had to be made since
from a model perspective some of the measures are al5BPP Biodiverse permanent pasture is implemented with
most equal or at least would have been implemented
the help of Arnold et al. [2012].
by changing the same parameter(s). For example, the
strategy "Barriers" includes half-moons, swales, soil and 6GW To implement grassed waterways, the grassed waterways operation in SWAT was explored with help
stone bunds, contour planting and live barriers and filter
of Arnold et al. [2012]. For the qualification of
berms. Therefore, SLM practices are combined in stratethe size, and related parameters, Guillou [2008] was
gies which can be found in Table 2.3. Previous studused.
ies which implemented (best management) practices in
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7RA Retention ponds are implemented with .pnd file of
SWAT. The size of the ponds were based on one
pond, which is part of the water retention landscape in Tamera, Portugal and is given as an example in Keesstra et al. [2018]. With the help
of Google Maps, the size of the actual pond was
measured (coordinates of the pond: 37°43’08.7"N
8°31’04.7"W). The volume was calculated with the
measured area, using equation 2.1. This empirical
equation was derived by Li et al. [2016]. The general implementation of ponds in subbasins is based
on Strauch et al. [2013] and Arnold et al. [2012].
V olume = 39.306 × Area0.712

(2.1)

8PI Precision irrigation is implemented with the help of
Arnold et al. [2012].
To test if the measures are well implemented, all
measures (except 7RA and 8PI) are simulated with observed data as input over the period 1970-2000 and results on annual runoff (RR) and soil loss (SLR) ratios on
field scale are compared with literature (Maetens et al.
[2012]; Fiener and Auerswald [2003]). Those ratios are
calculate with the following equations, based on Maetens
et al. [2012]:
RR = RaSLM P ractices /RaBaseline

(2.2)

SLR = SLaSLM P ractices /SLaBaseline

(2.3)

In equation 2.2 Ra is annual runoff and with the
variable SURQ GEN (mm · yr−1 ) extracted from the
SWAT database. SL, in equation 2.3, is annual soil loss
and with variable SYLD (metrics tons · ha−1 ) extracted
from the SWAT database.
Every strategy is simulated for each climate scenario
and RCM as input, resulting in twelve simulations per
strategy (four climate scenarios and three RCMs). Besides those strategies, baseline scenarios for every period,
RCP and RCM were made to compare with the above
mentioned strategies. The baseline scenarios were obtained by running the calibrated SWAT model with the
current management practices and environmental settings.

2.3.3

Impact assessment approach

At first, the effects of climate change on water availability and water quality were analysed. The effects on water

availability was assessed using volume, irrigation use and
the water exploitation index (WEI). The water exploitation index is the ratio between irrigation demand and inflow of a reservoir and give an indication of the pressure
of the demand over the existing resources (Nunes [2007];
EEA European Environment Agency [2005]). The effects on water quality was assessed using the TP load in
streams at four points in the catchment (locations are
shown in Figure 2.1b). The TP loads at three upstream
locations, stations Ponte Vila Formossa (PF), Moinho
Novo (MN) and Figueira e Barros (FG), in combination
with the volumes were used to indicate changes in P
concentration in the reservoirs. In this study the P concentration is considered to be enough to assess the water
quality in both reservoirs. The TP load in stream located
downstream of the reservoirs, station Benavente (BE),
was used to assess the changes in a more agricultural
landscapes.
After analysing the effects of climate change, the
climate change adaptability of the selected SLM practices was analysed. In principle, the adaptability was
assessed with the same variables as mentioned above.
However, variables which were not showing to be effected by climate change in this study, were not been
analysed on how the SLM practices affect this certain
variable. Those variables were excluded because it is
only possible to test climate change adaptability if the
variable change due to climate change. If there is no
change, it can also not be adapted.

2.3. SIMULATION OF SUSTAINABLE LAND MANAGEMENT PRACTICES
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Table 2.2: Selected SLM practices with definition and source.
SLM practice

Definition

Purpose

Source(s)

Minimum
tillage

Less tillage

van Delden et al.
[2022]

Mulching

The application of various types of dead
plant material on the soil surface

Biodiverse
permanent
pastures

A mix of different seed varieties in pasture, which ensure that species are suited
for different soil conditions in a pasture,
and provide cover in different parts of the
year

Reduce water and wind erosion, evaporation and decline in soil organic carbon
Less erosion,
reducing
evaporation, increase local
soil temperature and add
organic material to soil
Increase soil organic matter, and thus increasing water holding capacity which
in turn reduces surface
runoff and with that soil
erosion
Increasing soil and groundwater availability at the expense of surface runoff. Increased crop yield and decreased intensity of floodings
Reduce peak runoff, sediment and nutrient export
from field to channels
Enhance infiltration and
slow down surface runoff
which increase sediment
trapping
Enhance infiltration, slow
down surface runoff (and
therefore decrease erosion)
and capture sediments
Enhance infiltration and
slow down surface runoff
(and therefore decrease erosion)
Improve water infiltration
and avoid soil erosion

WOCAT

Increase water quality in
ponds
Avoiding surface runoff (decreasing erosion) and improving biodiversity

DESERT-ADAPT

Increase the overall sustainability and quality of the
soil and thus mitigate compaction, organic carbon loss
and erosion. Reduce leaching of nutrients to streams
Increase infiltration, decrease erosion, creates
more fertile soil nearby

WOCAT
and
DESERT-ADAPT

Creation
retention
ponds

of

Permanent artificial ponds in which the
rainwater can collect behind a dam constructed from natural material.

Restoration
of
riparian
vegetation
Grassed waterways

Restoration of vegetation at the interface
between land and a channel

Contour
planting
Soil
and
stone bunds
Half-moons

Aquatic filters
Live barriers
and
Filter
berms
Green
nure

Swales

ma-

Grassed waterways are shaped constructed channels that are seeded to grass
or other suitable vegetation to convey water to a stable outlet at a non-erosive velocity
Vegetation strips in a horizontal way on
slopes
Type of contour barrier, which are embankments built of large- and mediumsized rock fragments in shallow trenches
along contour lines
Half-moons are semi-circular basins 2 to
6 m in diameter that are dug on gentle
slopes (<3%) to retain the water. The
half-moons are laid in staggered rows with
4 metres between them.
Planting special aquatic filtering plants in
ponds
Contour barriers are contour strips which
intercept down slope flowing water and
soil particles. The classification "live"
means that it are strip with living plants
Green manure is provided by seeding
a mixture of leguminous nitrogen-fixing
species and cereals in autumn (October)
and incorporating this into the soil with
tillage in springtime (May)
A ditch on the contour of not too steep
slopes (max 12%) and it is always combined with planting of plants/trees

Keesstra
et
al.
[2018]; van Delden
et al. [2022]
Keesstra
et
al.
[2018];
Teixeira
et al. [2011]; VanCamp et al. [2004]
Keesstra
et
al.
[2018];Pijnappels
and Dielt [2013];
WOCAT;
Tamera
[2022]
Keesstra
[2018]

et

al.

Keesstra
[2018];
[2022]

et
al.
USDA

Klik et al. [2018]

DESERT-ADAPT
and Nyamekye et al.
[2018]

DESERT-ADAPT

Vizinho, A. and Avelar, D. (2022, March
2). Personal Interview
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Table 2.3: List of implemented strategies and corresponding changed parameters in SWAT. Definitions and explanations of parameters and land uses can be found in A.5 and A.2. Changed parameters are located in SWAT in: .mgt
= management file, .ops = operation file, .pnd = pond file and .crop = land cover/plant growth database.
Code

Strategy

Included SLM practices

Changed parameters

Implemented
in land use(s)

1BA

Barriers

Half-moons, Swales,
Soil
and
stone
bunds,
Contour
planting, Live barriers and filter berms

2NF

Natural
Filters

WPAS,
CORN,
WWHT,
FRST,
MONT,
OLIG
all land uses

3GM

Green
Manure

Aquatic
filters,
Restoring
riparian
vegetation
Green manure and
Minimum tillage

Cn2.mgt = −3; USLE P.mgt = slope 0 −
5% : 0.27; 5 − 10% : 0.27; > 10% : 0.4 ).
USLE P.mgt change only in HRU where
USLE P.mgt = 1, other USLE P.mgt are
used to represent the minimum tillage in
the area
FILTERW.mgt = +20 and around reservoirs: FILTERW.mgt = +50

CORN

4MU

Mulching

Mulching

5BPP

Biodiverse
permanent
pastures
Grassed
waterways

Biodiverse permanent pastures

USLE P.mgt = 0.2 for all WPAS.
In mgt.file add Plant/beginning growing
season for "Red Clover"(HU = 0.15) and
Kill/end of growing season (HU = 1.2)
Residue management operation, with SO
RES.ops (residue kg/ha) = 2500 kg/ha.
For WWHT: apply in Jan; OLIG: Jan;
CORN: April and CN2.mgt = −6
ALAI MIN.crop = +0.23 (FRST);
+0.5(MONT) and +0.20 (WPAS)

7RA

Creation
of
retention
ponds

Retention ponds

CORN,
WPAS,
WWHT,
OLIG
All subbasins
upstream of
the two reservoirs

8PI

Precision
(drip)
irrigation

Precision (drip) irrigation

Added on beginning of period grassed waterway operation and use mostly default
settings, only changed GWATW.ops = 6
and GWATD.ops = 0.3
Add ponds in .pnd file: PND FR = 0.2;
PND PSA = 2.76708; PND PVOL =
5.7107; PND ESA = 3.0035; PND EVOL
= 6.0608; PND VOL = 5.7107; PND
SED = 25; PND NSED = 25; PND K =
0.2. All other parameters have defeault
values
IRR EFM set to 0.9

6GW

Grassed waterways

CORN,
OLIG,
WWHT
WPAS,
FRST,
MONT

CORN, OLIG
in
downstream area
of reservoirs
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3 | Results and Discussion
3.1

Model performance evaluation

The results of the performance evaluation of the SWAT
model can be seen in table 3.1. In figure 3.1 a comparison between the observed and simulated sediment
flow and TP load is shown. The same type of comparisons for streamflow, reservoir volume, and reservoir
mineral P mass can be found in Appendix (Table A.3
and A.4). Most results are "satisfactory" or better according to the criteria in Moriasi et al. [2015]. Especially, the streamflow and reservoir volumes show mostly
"good" or "very good" results. Also, in the sediment flow
most results are at least "satisfactory", only at Vila Formosa the sediment flow is overestimated resulting in a
too high PBIAS during calibration and validation. Uncertainty in the used discharge-sediment relationship is
one of the likely reasons behind it. Due to the use of
those relationships, peaks in the observed data can be
underestimated [Nunes, 2007]. This is the case at Vila
Formosa since some peaks in TSS are observed while
the streamflow and overall TSS is still low, causing that
those observed peaks in TSS are not covered in the relationship. Further improvements of sediment flow at
Vila Formosa were not possible (since parameters FILTERW and USLE K (USLE equation soil erodibility factor) would get values which differentiate too much from
the observed approximations), so the focus was set on
TP load in the stream because, in the end that is the
objective of this study. The TP load shows quite good
results, especially in the validation period. In the calibration, the results are highly influenced by one specific
peak (on Jan, Feb and Mar 2001). In order to visualise
this, the peak was removed from the analysis. Now,
the results are not only sufficient (besides bR2 ), also
the PBIAS changed from 1.4 to −30. When the analysis is done over the whole period (2000-2010), the TP
results for Vila Formoasa are also sufficient (Appendix
Table A.3). So besides this peak, the model is able to
simulate the TP load at Vila Formosa in a sufficient way.
The same type of result can be found in the stream
at Praia Coruche. The simulation of TP resulted in a
too low PBIAS when compared with the observed during
the validation period (Table 3.1). Again, this is mainly
caused by one peak (in Dec 2010), since removing this
peak results in a large improvement. However, PBIAS is
in this case still too low (PBIAS = −35.9). When the
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performance of the model is analysed over the whole period, all the indicators are "satisfactory" or better (Appendix Table A.3).
In Table 3.1 can be seen that 2006 is excluded in
the validation period for sediment flow and TP load at
Moinho Novo. This was was necessary to get a better
impression of the model performance in the other years,
because in 2006 the sediment flow and TP load are both
highly overestimated due to the process of (over)grazing.
This year was dry and in reality, during such dry years,
cattle will not graze but will be kept inside and get imported food, because there are no pastures available to
eat. However, SWAT is not able to simulate this kind
of process, which can be seen as a shortcoming of the
model. With the exclusion of 2006, the model performance is "satisfactory" or better for both, sediment flow
and TP load in the stream. Therefore, this part of the
catchment where Moinho Novo is located (upstream of
reservoir Montargil) can still be used for further analysis
although the shortcoming related to overgrazing has to
be taken into account when deriving conclusions.
The calibration of min P mass in Maranhão and
the validation in Montargil are "not satisfactory". Visa
versa, the validation of Maranhão and the calibration of
Montargil are "satisfactory". Despite this "satisfactory"
results, min P mass will not be used in further analysis,
since too many evaluation parameters are "unsatisfactory" to justify that the model is able to simulated min
P mass in both reservoirs. Therefore, the TP load in
streams which flow into the reservoirs will be used to indicate possible changes in P concentration in the reservoirs. Together with the analysis of reservoir volumes, it
will be sufficient information to draw conclusions in the
end.

3.1.1

Runoff and soil loss ratio calibration of
each SLM practice

Someone can of course question if the SLM practices
are implemented in such way that they represent reality,
since it is something which should be question always
regarding models. To enhance the reliability of the results in section 3.3, model results after implementing a
measures are compared to literature runoff (RR) and soil
loss (SLR) ratios of those measures on field scale (Figure 3.2. The strategy 1BA is compared to strip cropping

12
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Table 3.1: Evaluation of SWAT model performance at multiple stations. Bolt and underlined = "Very good", bolt
= "Good", normal = "Satisfactory" and italic = "Not satisfactory", based on Moriasi et al. [2015] and Kouchi et al.
[2017]. * indicates that the validation period used for sediment flow and TP load for Moinho Novo is different than
for the other stations.
Variable

Station

Type

Streamflow

Monforte

Streamflow

Couto de Andreiro

Streamflow

Vila Formosa

Streamflow

Moinho Novo

Sediment flow

Vila Formosa

Sediment flow

Moinho Novo

Sediment flow

Praia Coruche

TP load streams

Vila Formosa

TP load streams

Moinho Novo

TP load streams

Praia Coruche

Reservoir Volume

Maranhão

Reservoir Volume

Montargil

Reservoir min P

Maranhão

Reservoir min P

Montargil

Calibration
Validation
Calibration
Validation
Calibration
Validation
Calibration
Validation
Calibration
Validation
Calibration
Validation
Calibration
Validation
Calibration
Validation
Calibration
Validation
Calibration
Validation
Calibration
Validation
Calibration
Validation
Calibration
Validation
Calibration
Validation

Period

R2

PBIAS

NSE

bR2

1980 − 1985
1986 − 1990
1980 − 1985
1986 − 1990
1980 − 1985
1986 − 1990
1980 − 1985
1986 − 1990
2000 − 2005
2006 − 2010
2000 − 2005
2007 − 2010*
2000 − 2005
2006 − 2010
2000 − 2005
2006 − 2010
2000 − 2005
2007 − 2010*
2000 − 2005
2006 − 2010
2001 − 2004
2005 − 2008
2001 − 2004
2005 − 2008
2001 − 2004
2005 − 2008
2001 − 2004
2005 − 2008

0.76
0.79
0.72
0.85
0.77
0.90
0.91
0.90
0.98
0.99
0.74
0.47
0.98
0.98
0.41
0.52
0.48
0.68
0.87
0.58
0.70
0.91
0.78
0.83
0.40
0.43
0.43
0.19

27.3
11.0
20.1
45.0
-7.1
15.0
5.3
1.0
74.4
106.0
-0.8
-8.1
15.2
14.1
1.4
-17.0
4.8
-21.2
15.5
-48.1
5.8
-3.3
3.2
-1.0
-36.3
3.0
7.7
45.3

0.74
0.76
0.67
0.79
0.76
0.89
0.88
0.90
-0.36
-1.14
0.67
0.25
0.89
0.94
0.07
-0.13
0.19
0.60
0.72
0.42
0.57
0.52
0.70
0.52
0.20
0.43
0.04
-0.83

−
−
−
−
−
−
−
−
0.49
0.44
0.73
0.40
0.79
0.84
0.36
0.51
0.43
0.56
0.71
0.20
0.60
0.91
0.75
0.82
0.17
0.30
0.42
0.19

Calibration

(SC) and contour bounds (CB) and fits in the 25th and
75th percentile range of SC with RR and of CB with
SLR. This is considered as a good result since barriers
strategy consist out of multiple measures and both, RR
and SLR, are explained by at least one of the measures
included in the barriers strategy of this study. 2NF is
compared with buffer strip values from literature. In
Figure 3.2 can been seen that the simulated RR is equal
to 1, because SWAT does not incorporate runoff reduction with the implementation of riparian vegetation. The
simulated SLR is comparable with literature values. The
same holds for 3GM since the simulated value is within
the range of the 25th and 75th percentile of cover crops
(CC) and soil amendment (SA). At last, it can be seen
in figure 3.2 that the simulated RR due to mulching
is comparable with literature values for 4MU, while the
reduction in soil loss is slightly underestimated by the

model. Therefore, results on the effectiveness of 4MU
on reducing TP loads in streams can be underestimated
too, since P is partly transported from field to channel
through soil losses. Additionally, 6GW simulated results
on SLR is compared with field experiment values from
Fiener and Auerswald [2003] indicating SLR values between 0.77 - 0.97. Simulated averaged SLR is 0.70, indicating a small overestimation in effectiveness of grassed
waterways by the model, but it have to be taken in consideration that the literature values are based on a different area and just one study (since more studies could
not be found). So, the implemented SLM practices are,
in general, simulating the on field scale processes well
comparing it with experimental data.

3.2. CLIMATE CHANGE EFFECTS ON TP LOAD, VOLUME AND IRRIGATION USE
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Figure 3.1: Sediment flow (SF) and TP load in streams. PF = Ponte Vila Formosa; MN = Moinho Novo; PC =
Praia Coruche.

3.2

Climate change effects on TP load,
volume and irrigation use

The simulations with different climate scenarios (period
and RCP) as input, resulted in similar trends regarding TP load in streams, volume and irrigation use (Figure 3.3). The figure shows that the TP load in the
streams will increase in all future periods and scenarios during the winter (Dec, Jan, Feb), while during the
summer (Jun until Sep), there is no expected change
in TP load. In the other months, the projections can
be slightly differentiating among scenarios and location.
However, especially in March an decrease in TP load is
expected for all scenarios due to an earlier start of the
growing season which is reflected in the earlier increase
of Leaf area index (LAI) in a year. Since plants with
their roots start growing earlier, more roots are present

to stabilize the soil in March and thus the soil loss decreases causing that less P is transported from the field
to the channels. After the summer, at some locations a
decrease in TP is expected too. The predicted increase
during the winter months is caused due to more rainfall
and runoff in the wet season (Fig 3.3), resulting in more
soil losses. This result concurs with similar predictions
made by Čerkasova et al. [2018]; Rocha et al. [2020].
Over a year this will result in a general increase in TP
load for almost all simulations, except at location FG (13.75%) in 2085 with RCP 4.5 (Table A.6). This overall
decrease in TP load due to climate change is in line with
the study of El-Khoury et al. [2015].
In both reservoirs, the water volume will decrease
throughout almost the whole year as predicted by all simulations (Figure 3.3), resulting in a yearly decrease (Table A.7). Especially in May, June and July, the largest
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Figure 3.2: Comparison between simulated and from
Maetens et al. [2012] obtained annual runoff (RR) and
soil loss ratios (SLR).
decrease is expected. This decrease in volume can largely
be explained by the fact that it is expected that the irrigation use will increase in the months May and June
(Figure 3.3). In Figure 3.3 can also be seen that the irrigation use will decrease in the months July and August,
which is probably the reason behind the less negative
anomaly in volume in August in comparison with three
months before. The shift of the peak in irrigation use to
earlier months is in line with earlier start of the growing
season and mature which is shown inter-annual shift of
LAI, especially for the plants in the downstream irrigated
area.
Although, the volume will decrease, the water exploitation index will not even reach the moderate critical
level (20%) in the future (Figure 3.4). So it is predicted
that there will be low water stress in every future scenario caused by almost unchanging reservoir inflows and
irrigation demands (Table A.7). The first one, unchanging inflows, is not in line with the results of Almeida
et al. [2021], [2019], [2018]). In those studies, which all
have the same study area as this study, a decrease in inflow is predicted for future scenarios. This contradiction
may be explained by the fact that different climate models are used as input which result in more severe rainfall
reductions in Almeida et al. [2021], [2019], [2018]. Furthermore, an unchanged irrigation demand is not often
predicted in other studies focusing on the Mediterranean
region (Rocha et al. [2020]; Almeida et al. [2018]; Nunes

et al. [2017]; Fader et al. [2016]). However, for this study
it makes sense that the irrigation does not change, since
the irrigation demand is mainly dominated by annual
crops, which only start growing and thus also harvesting earlier and thereby limiting their irrigation needs. At
the same time permanent crops will use water to stay
alive throughout the year. Rocha et al. [2020] already
explains this and describes it as option to decrease water
consumption by agriculture.
When the volume of both reservoirs results are combined with results of TP load in streams upstream of the
reservoirs (stations PF, MN and FG), it can be predicted
that the TP concentration in both reservoirs will increase
in the future. As already mentioned in the study area
description, P is the limiting factor for eutrophication
for both reservoirs and the TP concentration already exceed the critical level for good water quality sometimes.
So, the predicted increase in TP load in the reservoirs
can even enhance the times that the TP concentration
exceeds the critical level, which would possibly lead to a
higher trophic state in general and more algal growth.
Other studies done on the Iberian Peninsula, show
the same trend of reducing volume amounts in reservoirs under climate change scenarios (Molina-Navarro
et al. [2014]; Carvalho-Santos et al. [2017]; Lobanova
et al. [2017]; López-Moreno et al. [2014]; Nunes et al.
[2017]). The findings in Rocha et al. [2020] support the
prediction of an increased P concentration in the reservoirs since it describes that P concentrations in reservoirs
will be higher either due to an increase in P loads and/or
a decrease in inflows depending on moderate or extreme
climate scenario. According to Nunes et al. [2017] P
inflow into reservoirs will not change much, but due to
decreasing volumes it is still predicted that P concentrations in reservoirs will increase. Both studies were
done in nearby catchments. In the Sorraia catchment
itself was already predicted that P concentrations in the
Sorraia will increase [Almeida et al., 2018].

3.3

3.3.1

Climate change adaptability of SLM
practices
Water availability

As already described in the previous section, water availability is not a problem for the Sorraia catchment and
also will not become a problem in the future either, at
least for the downstream irrigated area. Therefore, the
effects of the SLM practices on the water availability are

3.3. CLIMATE CHANGE ADAPTABILITY OF SLM PRACTICES

|

15

Figure 3.3: Average TP load anomaly in streams at different locations: PF = Ponte Vila Formosa and FG = Figueira
e Barros (upstream of Maranhão); MN = Moinho Novo (upstream of Montargil); BE = Benavente (downstream
reservoirs). Average irrigation use over subbasins which are connected to reservoirs. Reservoir volumes anomalies.
only accessed with the reservoir volume and irrigation
use variables and not with the WEI, since this index is
already indicating low water stress.
In Figure 3.5 it is shown how each SLM practice
influence the volume of both reservoirs. Most measures
do not show any or a very small change, only precision irrigation (8PI), green manure (3GM) and biodiverse permanent pastures (5BPP) do. Precision irrigation, applied in the downstream irrigated area, increases the volume in both reservoirs (+7.39 − 9.97%, Table A.8) as
expected, since it simply spills less water during the process of irrigation so less water is needed to satisfy the
plants needs. An opposite trend is caused by the implementation of biodiverse permanent pastures but the
effect is less pronounced (−0.69 − 1.48%), indicating
that due to the permanent cover more water is used by
pastures throughout the year resulting in less inflow into

the reservoirs (−1.94 − 2.59%, Table A.9). The results
of green manure are less straightforward due to a contradicting effect on volume in both reservoirs. It would
be logical, if it could be explained by different volumes
used for irrigation from the two reservoirs but this is not
the case (Figure 3.6). Figure 3.6 shows even that implementing green manure has more impact on the irrigation
use at the irrigation area connected to Maranhão than
on those connect to Montargil. Other causes could not
be found and thus nothing will be concluded regarding
green manure and its effects on reservoir volume.
However, green manure clearly shows an increase
in irrigation use in the downstream irrigated area (Figure 3.7. The amount of irrigation will increase with
12.40 up to 54.05% (Table A.11) in the most extreme
scenario. Also in this case, the increased period of plant
cover, due to growth of clever before corn, explains the
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Figure 3.4: Water exploitation index (WEI) for both reservoirs.
larger demand for water. Noticeable is that barriers
(1BA), mulching (4MU) and grassed waterways (6GW)
not have any or only a very small effect on the irrigation
use (maximum change: −0.58%). While for all three
measures, increased infiltration is part of their purpose
(Table 2.3). For mulching and grassed waterways, it
can be explained by the way how those measures are
implemented in SWAT. The process for reducing water
losses by adding mulch is the reduction of soil evaporation [van Delden et al., 2022]. Only is this process not
incorporated in the SWAT model, since the residue management operation does not take into account any part
of the water cycle and CN2 only affects runoff [Arnold
et al., 2012]. The grassed waterway operation in SWAT
does not incorporate increased infiltration of water, it
only reduces flow velocities [Arnold et al., 2012]. Also,
barriers limited effect on reducing irrigation use can be
explained since barriers are only effective when implemented on slopes which are not present in the downstream irrigated area.

3.3.2

TP in reservoirs and streams

Figure 3.8 shows that multiple SLM practices have a decreasing effect on the TP load in the streams. Firstly,
the large decrease in TP by the implementation of barriers (1BA) and natural filters (2NF) is standing out, with
a relative change between respectively −45.16 − 59.65%
and −46.14 − 94.37% (Table A.10). The natural filters
are overall most effective, especially if there is a more
agricultural lands present in the upstream area (stations
BE and FG). This is in line with studies that investigate

the effectiveness of filter strips in mostly agricultural
areas (Liu et al. [2019]; Qiu et al. [2019]; Jang et al.
[2017]; Guo et al. [2014]; Risal and Parajuli [2022]; Jeon
et al. [2018]). Barriers become more effective if the upstream area has more and steeper slopes, which can be
seen at stations PF and MN since both have a more hilly
upstream area than the other two stations (Figure 2.1b).
Qiu et al. [2019] also address that strip cropping and
contour farming (both included in the barrier strategy
of this study) are most helpful in minimizing soil erosion when they are implemented on (steep) slopes. Despite the hilly landscape, the predicted decrease in TP
load due to implementation of barriers is high compared
to other studies (Jeon et al. [2018]; Qiu et al. [2019];
López-Ballesteros et al. [2019]). Different environmental conditions and other climates may explain this, since
the other studies were done in different areas in another
climates and with different land uses. Moreover, those
studies (except Jeon et al. [2018]) were done in the current climate while this study is done in future periods
affected by climate change, so maybe this indicates only
that SLM practices will have a more pronounced effect
in future.
Secondly, green manure (3GM), mulching (4MU)
and grassed waterways (6GW) will decrease TP (−0 −
8.10% , −2.00 − 25.71% and −5.29 − 41.21% respectively), but are implemented at more specific land uses
(Table 2.3), and thus the effect is not shown at all locations in the catchment. Especially in the upstream areas
of PF and MN where non or less agriculture (WWHT,
OLIG, CORN) is present, while mulching and green ma-
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Figure 3.5: Difference in volume, of both reservoirs, between implemented measure an baseline averaged over each
climate scenario period. Error bar indicates minimum and maximum difference simulated by one of the three RCMs.

Figure 3.6: Difference in irrigation use between area
which uses water from Maranhão and Montargil, in baseline simulation and after implementing green manure

Figure 3.7: Difference in irrigation use amount, in downstream irrigated area, between implemented measure an
baseline averaged over each climate scenario period. Error bar indicates minimum and maximum difference simulated by one of the three RCMs.

nure are only applied in those land uses. Grassed waterways are also applied at WPAS which explains that
there is a change at station PF. The results of green
manure are hard to compare with other (model) studies,
since most studies only research the impacts on soil loss
and/or P loss on field scale and often combined with reduced tillage. For example, Eekhout and de Vente [2019]
found that reduced tillage and green manure have the
potential to decrease sediment yield and surface runoff
under future climate conditions. With those results one

can reason that also the TP loss from fields will decrease
which is in line with the results of this study. However,
the results can not be compared with quantified values for the amount of decrease in TP load in streams.
When results of mulching are compared to other studies,
which use rice straw mulch, the percentages are within
the range from those studies (Jiang et al. [2014]; Jang
et al. [2017]). Besides, the results of grassed waterways
are comparable with changes found in literature (Qiu
et al. [2019]; Kalcic et al. [2015]; Liu et al. [2019]), al-
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though their is a large differentiation in values found in
literature, partly caused by different shapes and sizes of
grassed waterways [Guillou, 2008].
Remarkable is that biodiverse permanent pastures
(5BPP) and retention ponds (7RA) only slightly decrease the TP load (−0.16 − 3.77% and −1.16 − 2.26%
respectively), while from those SLM practices was expected that both would cause a larger decrease (Table A.4). For biodiverse permanent pastures the change
is not substantial since permanent pasture was already
present in the area. The implementation of 5BPP only
slightly increase the LAI of WPAS and MONT over a
year. So, it can be concluded that this increase of LAI
in pastures throughout the year does not have a large impact on soil erosion and thus TP loads in the streams.
Also from ponds it is expected that it decreases TP loads
in downstream channels since sediments and attached P,
do sink in ponds due to lower flow velocities [Kaini et al.,
2012]. However, this not predicted by the simulations
and also Risal and Parajuli [2022] predict only a small decrease in TP in the outlet stream. According to Qiu et al.
[2019], retention ponds have a more pronounced effect
on TP load. Those different results can be caused by the
erodibility factor (CH EROD), the Manning’s roughness
(CH N2), which are not adjusted for this study but is
in the study of Qiu et al. [2019]. Additionally, the low
impact of the retention ponds on TP load can be caused
by the way ponds are implemented in SWAT since only
a part of the water from the subbasins is going through
ponds (precisely 20%, because PND FR is 0.2). Another way to implement retention areas is to first find
subbasins with the main TP sources and then implement a pond between those subbasins and the reservoir
of interest (by remaking the SWAT catchment and implementing a "reservoir" with specifications of the pond
in the new catchment). This approach would improve
the setup to test the effectiveness of a real retention
pond at catchment scale.
The SLM practices which are able to decrease TP
load, at stations PF, MN and FG (1BA, 2NF, 4MU,
6GW), can potentially decrease the P concentration
in the reservoirs of the Sorraia catchment since those
streams flow into those reservoirs. Therefore, the measures decrease the sources of P in the reservoirs, although it is important to notice that it is uncertain if
the decreasing input of TP would be enough to keep/get
P concentrations under critical levels for eutrophication.
However, the potential to keep the P concentration below the critical level of eutrophication will increase if the

measure which decrease TP loads upstream are combined with measures which increase the volume (such as
8PI). Also, other combinations of SLM practices have
the potential to be more effective than only single measures, especially when they have impact on a different processes and/or in different areas. According to
Keesstra et al. [2018], the holistic approach, in which
multiple measures are applied, can increase the resilience
towards climate change impacts. Moreover, in multiple modelling studies best management practices are
combined and show that combinations can have larger
impact on studied variables, such as TP load (Uniyal
et al. [2020]; López-Ballesteros et al. [2019]; Jiang et al.
[2014]). Results regarding station BE (and in a lesser
extent FG), show the potential of each SLM practices to
decrease TP loads in more agricultural landscapes with
not so many and steep slopes. For reservoirs with mainly
agricultural land use upstream, those could be useful to
decrease the input of TP in the reservoirs.

3.4

Overall discussion about
implementation and results of SLM
practices

The calibration section on RR and SLR for each SLM
practice showed that the on field scale processes are simulated well compared to experimental data. In combination with that the results regarding impacts of the SLM
practices on TP load in streams and reservoir volume on
catchment scale are difficult to compare with literature,
make those calibration results even more important for
the reliability of the SLM practices impact results. The
comparison with literature is hard because of the limited
amount of studies done on this topic and otherwise, the
study area is often different in multiple ways (climate,
topography, etc). Although some SLM practices results
on TP load are compared with literature, it is still important to take in account this difference in study areas.
Moreover, most of the studies are modelling studies and
used SWAT, while it would be interesting if the effectiveness of the measures on catchment scale could be
compared with studies which included field experiments
on catchment scale and/or model studies which uses
different models than SWAT. With the use of different
models, other processes will be taken in account which
may lead to different results.
For water availability assessment, the focus is
mostly on the irrigated downstream area since the WEI,
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Figure 3.8: Difference in TP load in four different streams between implemented measure and baseline averaged over
each climate scenario period. Error bar indicates minimum and maximum difference simulated by one of the three
RCMs.
volume and irrigation use from the reservoirs are assessed
in this study. All those variables are used to indicate
if there will be enough water to irrigate in the downstream area or to determine the P concentration in the
reservoirs. However, the surrounding "natural" environment, which is not irrigated, may experience drought
now and/or in the future. It is likely that drought in
those parts of the catchment will occur, since more extreme droughts are expected to occur in Portugal [IPCC,
2021]. For future research, it would be interesting to
also assess the water content in soils in the non-irrigated
areas, as well as the water stress experienced by the vegetation in those areas. Additionally, it would be interesting to also investigate the impacts of the SLM practices
on the streamflow under climate change conditions. It is,
namely, predicted that more intensive precipitation will
occur during winter which may cause floodings in the
area [IPCC, 2021]. When those variables are also taken
into account, even more comprehensive knowledge will
be obtained on the climate change adaptability of SLM
practices.
The effects of climate change are shown as average monthly values, while the effectiveness of the SLM
practices are shown as average yearly values. However,
it would be interesting to analyse the effects of SLM
practices also as average monthly values since then the

seasonal changes can investigated too. This can be interesting because some changes are more relevant in particular parts of the year. For example, an increased volume, due to the implementation of a measure, is more
effective during the summer since water levels are in general already lower then and climate change also enhance
this. Those low water levels increase the possibility of
too high P concentration level. Also Liu et al. [2019]
address the importance of analysing the seasonality in
the effectiveness of SLM practices. Important to notice
is that those variables, such as water content in soils and
water stress experienced by plants in the non-irrigated
areas and streamflow (from the previous paragraph), or
different time scales can all be explored with the modelling results of this study, but it is chosen to not do this
because of limited time.
The effectiveness of SLM practices can be studied from multiple perspectives, since not only the water
resources aspect is important for good implementation
of those SLM practices but, for example, also the more
social-economic aspects. The adaptation framework presented by Vizinho et al. [2021] gives a good indication
of in which contexts adaption measures have to be studied to support decision making by the implementation of
measures. Another point of view which could be studied within this research, is the change in crop yield due
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to the implementation of each measure. In Figure A.5a
and A.5b can be seen that most measures do not effect
the crop yield, only 3GM on corn does (up to -55.95%,
see Table A.12). In all scenarios 3GM causes a decrease
in corn yield, due to a shorter growing time for corn
to become at full potential since red clover has to grow
first. In the most extreme scenario, the decrease is lowest
since then the increase in temperature is most extreme
causing an earlier start of the growing season, for both
red clover and corn, resulting in a higher corn yield. In
general, the results on crop yield indicate that the implementation of SLM practices from this point of view
have no negative effects (neglecting 3GM in corn), which
makes them more promising. Of course, other aspects
also have to be taken into account which can be studied
in future research.

3.5

General discussion

3.5.1

Implications of using the SWAT model

As discussed in the model evaluation section, this model
could not be calibrated for the phosphorous load in the
reservoirs due to "unsatisfactory" results. Those results
can be explained by the fact that it is hard to calibrate
this part of the model, since the related processes are
substantially simplified [Neitsch et al., 2011]. For example, the seasonality in the settling velocities of nutrients
(and thus P) is represented in the model with two different setling velocities for two periods in the year. While
settling velocity depends on temperature and other seasonal factors [Neitsch et al., 2011]. This fixed period
and values for settling velocity make it not only hard
to calibrate the P load in reservoirs, it make it also difficult to analyse P concentrations in the future under
climate change conditions. As with climate change, it
is expected that temperatures, in general, will increase,
and the inter-annual variation will change, causing also
changes in settling velocity within a year. As indicated
earlier, it would still be interesting to investigate the P
concentrations in the reservoirs and how those are impacted by climate change and SLM practices. To do so,
it is advised to use a more specific water quality model
linked to SWAT (Neitsch et al. [2011]; Almeida et al.
[2021]). Additionally, the simulation of P and N concentration in the reservoirs would be even better, since
then the N:P ratio can be calculated. This ratio helps
indicating the state of eutrophication more precisely.
The results indicate that the measures have the

potential to partly adapt the effects of climate change
on catchment scale. However, Bekin et al. [2021] indicate that land management practices and highly erodible land features can blur the efficiency of management
conservation practices in cultivated catchments in reality. Mainly those highly erodible land features, such as
unpaved roads, but also some land management practices are not modeled with SWAT. Therefore, part of
the sediment sources, which exist in reality are missed in
the model. This can diminish the predicted effect of the
SLM practices on catchment scale. On the other hand,
the importance of those sediment sources decreases with
increasing catchment size since those features are covered in a larger area which abate the effects on sediment
yield from the fields. In combination with a catchment
size in this study which is much bigger than in Bekin
et al. [2021], it is unsure if highly erodible land features
will diminish the effects of SLM practices in the Sorraia
catchment. To become more sure about the diminishing
effects of highly erodible land features for larger catchments, it would be interesting to test the measures in
reality. Another possibility is to use a different model,
which would take those processes into account. However, it is questionable if this is even possible to include
in a model that calculates variables on catchment scale
because of the complexity which is needed to include
those processes.

3.5.2

Uncertainty in future scenarios

All results in this study are shown as the average of
three outputs from the SWAT model, using three regional climate models (RCMs) as different input, but
with the same period and RCP. Those climate models
as changing input cause different outputs, which can
be seen by comparing it with the simulation with observed data as input (Figures A.6a, A.6b and 3.4). In
Figures 3.5, 3.7 and 3.8 the variation in output resulting from the different inputs is shown by the error
bar. Those error bars indicate that, especially, the impact of 3GM on reservoir volumes and the irrigation use
is highly uncertain, and some cases the impact of 2NF
on TP load too. The uncertainty in those results are
mainly caused by the used RCMs which are already different from each other (Soares et al. [2017]; Cardoso
et al. [2019]). This because of the uncertainties which
are related to climate modelling. Part of the uncertainties is incorporated in the used global circulation model
(GCM) and in the downscaling method applied [Prud-
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homme and Davies, 2008]. To deal with this uncertainty,
it is recommended to use multiple climate models (Foley [2010]; Prudhomme and Davies [2008]). Therefore,
the three best preforming RCMs were used in this study.
However, it would be better to use even more RCMs
since then a more comprehensive uncertainty analysis for
the hydrological outputs can be done, which will lead to
more meaningful results in the end.
The uncertainty in the hydrological response to
climate change is not only caused by the uncertainty
of RCMs, but also in the hydrological modelling itself
[Lespinas et al., 2014]. A good example, of this is already explained in the previous subsection regarding the
settling velocities. Processes which are depend on temperature or other climate factors in reality, but which
are parameterized in a model, cause uncertainty in modelling of future predictions. Since those parameters are
calibrated for a present or historical climate and do not
change when the model is applied to simulate future
scenarios under climate change conditions. Nunes et al.
[2017], describes the same limitation within SWAT with
a different example.

3.5.3

Overall comparison with literature

Other studies (Dias et al. [2020]; García-Ruiz et al.
[2011]; [Fader et al., 2016]; Almeida et al. [2021]; Nunes
et al. [2017]; Molina-Navarro et al. [2014]), done in the
Mediterranean region, indicate that problems will occur
regarding water availability and quality in the future due
to climate change, while in this study it is predicted that
only water quality in the reservoirs will become a problem. For the water availability, it is predicted that it will
not become a problem which is contradicting with most
other studies. Where those studies only indicate that
alternative measures could possibly adapt those changes
induced by climate change, this study also investigate
the climate adaptability of measures. The results on
this are compared with literature in two ways, with field
experiment data (RR and SLR in section 3.3.1 based on
Maetens et al. [2012] and Fiener and Auerswald [2003])
and other SWAT modeling studies (TP load in section
3.3.2: Liu et al. [2019]; Qiu et al. [2019]; Jang et al.
[2017]; Guo et al. [2014]; Risal and Parajuli [2022]; Jeon
et al. [2018]; López-Ballesteros et al. [2019]; Eekhout
and de Vente [2019]; Jiang et al. [2014]; Kalcic et al.
[2015] and Guillou [2008]). However, the results on climate change adaptability of the SLM practices regarding
water availability and quality could not be compared di-
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rectly, because both comparisons are based on studies
which were done for the present climate and/or other
variables. Therefore, this study does not only confirm
the water quality problem in reservoirs and shows an opposite result regarding water availability for the Mediterranean region. It also adds new (quantified) knowledge
on how SLM practices can adapt changes, regarding water availability and quality, induced by climate change
and on catchment scale.

|

4 | Conclusion
Under climate change conditions, the probability that
eutrophication will occur in both reservoirs will increase.
Due to increased TP loads in streams which flow into the
reservoirs and decreased water volumes in especially the
months with already lower water levels in both reservoirs.
Remarkable is that the WEI indicates that low water
stress are expected during all future climate scenarios, so
the critical level for even ’moderate’ water stress will not
be exceeded. From this can be concluded that the water availability will not become a problem in the Sorraia
catchment and that the irrigation demand from annual
crops, such as corn (in this case), will not increase under
climate change conditions. The most suitable practices
for improving water quality and availability in the study
area are: barriers (1BA), natural filters (2NF), green
manure (3GM), mulching (4MU), biodiverse permanent
pastures (5BPP), grassed waterways (6GW), retention
areas (7RA) and precision irrigation (8PI). Those are
tested on effectiveness to improving water quality and
increasing volume in the Maranhão and Montargil reservoirs, and decreasing the irrigation use from the reservoirs for four different climate scenarios.
Some of the selected SLM practices (1BA, 2NF,
3GM, 4MU, 6GW) have a decreasing effect on TP load
in streams flowing into the two reservoirs. Therefore,
it is expected that those measures will decrease the P
concentration in the reservoirs. In their turn it will likely
enhance the water quality, since P is the limiting factor for eutrophication, as earlier mentioned. It is found
that 2NF is most effective in decreasing the TP load
in streams. Other measures, such as 1BA, 3GM, 4MU
and 6GW, are less effective since they are more location
specific (only applied in pastures and agricultural land).
The effect of SLM practices on water availability is less
clear, because it is predicted that water availability will
not become a problem in the future. However, 3GM is
the onlly measure that will increase the irrigation use
in the downstream area, which would probably decrease
water availability in the future. In combination with only
a small decrease in TP load in streams due to implementation of 3GM, it can be concluded that the 3GM is not
able to improve water quality and availability in the Sorraia catchment. Additionally, it is predicted that 8PI will
increase the volume in the reservoirs, which will help by
decreasing the P concentration and thus improving both
the water availability and the water quality.
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The findings of this study can be used as a first
indication on the climate change adaptability of SLM
practices on catchment scale in the Mediterranean region. Besides, suitable SLM practices are listed for the
Sorraia catchment, that can help decision-makers and
land-users from this region by implementing measures
to solve their problems regarding water availability and
water quality of the reservoir. Future research on the
same topic is needed to compare results and to make the
conclusions more reliable. modelling studies to compare
results for future scenarios under climate change conditions, and field experiments on catchment scale to assess the model performance in simulating SLM practices.
Ideally those studies are executed in nearby catchments
within the Mediterranean region, because environmental factors, such as climate, are then comparable. Important is that also combinations of SLM practices will
be tested on climate change adaptability, since it is expected to have an even more promising effect than single
measures.
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A | Appendix
A.1
A.1.1

Methods
Determination limiting factor in both reservoirs

Figure A.1: Monthly observed TP concentration data of both reservoirs. All values above the black horizontal line,
exceed the critical level of good water quality according to to the Water Framework Directive (WFD; INAG, 2009).
The ideal ratio between nitrogen and phosphorus load in water for plankton growth is 7N:P, based on the Redfield
ratio: N:P = 16:1 in moles [Redfield, 1934). Figure A.2a and A.2b do show that P is the limiting factor since all
points are located above the 7N:P line, indicating that there is more than 7 times the amount nitrogen present as
phosphorus. So, there is more P need to bring the N:P ratio to ideal level for plankton growth.

(a) Montargil

(b) Maranhão

Figure A.2: N:P ratio in reservoirs and 7N:P ratio line.
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Calibration and validation
Table A.1: Observation data used for the calibration and validation

A.1.3

Data

Source

Time resolution

Hydrometric data
TSS concentration in streams
TP concentration in streams
Reservoir volume and min P concentration

SNIRH (APA 2019)
SNIRH (APA 2019)
SNIRH(APA 2019)
SNIRH (APA 2019)

Daily
Monthly
Monthly
Monthly

SWAT parameter definitions

Table A.2: A summary of all parameters mentioned in text, with their name and definition. Source Arnold et al.
[2012).
Parameter
Management file
USLE P
FILTERW
CN2
IRR EFM
Pond file
PND FR
PND PSA
PND PVOL
PND ESA
PND EVOL
PND VOL
PND SED
PND NSED
PND K
Operiation files
SO RES
GWATW
GWATD
Other files and databases
ALAI Min
USLE K
HU

definition
USLE equation support practice factor; is defined as the ratio of soil loss with a
specific support practice to the corresponding loss with up-and-down slope culture.
Width of edge-of-field filter strip [m]. Sediment, nutrient, pesticide and baccteria
loads in surface runoff are reduced as the surface runoff passes through the filter
strip
Initial SCS runoff curve number for moisture condition II. The SCS curve number is
a function of the soil’s permeability, land use and antecedent soil water conditions.
Irrigation efficiency (0-1)
Fraction of subbasin area that drains into ponds (0-1)
Surface area of ponds when filled to principal spillway [ha]
Volume of water stored in ponds when filled to the principal spillway [104 m3 H2 O]
Surface area of ponds when filled to emergency spillway [ha]
Volume of water stored in ponds when filled to the emergency spillway [104 m3
H2 O]
Initial volume of water in ponds [104 m3 H2 O]
Initial sediment concentration in pond water [mg/L]
Equilibrium sediment concentration in pond water [mg/L]
hydraulic conductivity through bottom of ponds [mm/hr]
Amount of residue [kg/ha]
Average width of grassed waterway [m]
Depth of grassed waterway channel from top of bank to bottom [m]
Minimum leaf area index for plant during dormant period [m2 /m2 ]
USLE equation soil erodibility (K) factor [0.013(metrictonm2 hr)/(m3 metrictoncm)]
the number of heat units accumulated on a given day
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Results and Discussion
Model performance evaluation

Figure A.3: Monthly streamflow and precipitation. In black is the observed streamflow and in red the simulated.
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Figure A.4: Reservoir Volume and mineral P mass in Maranhão and Montargil reservoir. In black is the observed
streamflow and in red the simulated.
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Table A.3: Evaluation of SWAT model performance at multiple stations over the whole period. Bolt and underlined
= "Very good", bolt = "Good", normal = "Satisfactory" and italic = "Not satisfactory", based on Moriasi et al.
[2015) and Kouchi et al. [2017).
Variable
Streamflow
Streamflow
Streamflow
Streamflow
Sediment flow
Sediment flow
Sediment flow
TP load streams
TP load streams
TP load streams
Reservoir Volume
Reservoir Volume
Reservoir min P
Reservoir min P

Station

Period

Monforte
Couto de Andreiro
Vila Formosa
Moinho Novo
Vila Formosa
Moinho Novo
Praia Coruche
Vila Formosa
Moinho Novo
Praia Coruche
Maranhão
Montargil
Maranhão
Montargil

1980 − 1990
1980 − 1990
1980 − 1990
1980 − 1990
2000 − 2010
2000 − 2010
2000 − 2010
2000 − 2010
2000 − 2010
2000 − 2010
2001 − 2008
2001 − 2008
2001 − 2008
2001 − 2008

R2

PBIAS

NSE

bR2

0.75
0.78
0.83
0.90
0.99
0.72
0.98
0.48
0.50
0.51
0.77
0.82
0.34
0.30

18.7
32.3
3.4
1.4
94.5
-2.8
14.6
-9.5
-3.4
-26.4
1.2
1.2
-18.5
23.5

0.75
0.72
0.82
0.89
-0.91
0.63
0.92
-0.02
0.25
0.50
0.55
0.75
0.31
-0.30

−
−
−
−
0.45
0.69
0.82
0.46
0.45
0.27
0.76
0.81
0.19
0.30
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Table A.4: List of parameters and values used for streamflow model calibration, UP PF = upstream subbasins of
station Ponte Vila Formossa; UP MN = upstream subbasins of station Moinho Novo and DO = downstream area of
100 and 108.
Parameter
GW DELAY
ALPHA BF

Process
streamflow
streamflow

Description
Groundwater delay time [days]
Baseflow alpha factor [1/days]

GWQMN

streamflow

Threshold depth of water in the
shallow aquifer for return flow to
occur [mm H2 O]

DEEPST

streamflow

CN2

streamflow

Initial depth of water in the deep
aquifer [mm H2 O]
Initial SCS runoff curve number for
moisture conditions II

Surlag
USLE K1

streamflow
sediment flow

Surface runoff lag coefficient
USLE equation soil erodibility factor [(metric ton m2 hr)/(m3 metric ton cm)]

USLE P2

sediment flow

USLE equation support practice
factor

USLE C

sediment flow

FILTERW

sediment flow

RCN

N

RAMMO SUB

N

RCN SUB

N

RYDEP NH4

N

Auto-fertilizer3

P+N

Minimum value of USLE C factor
for water erosion applicable to the
land cover/plant
Width of edge-of-field filter strip
[m]
Concentration of nitrogen in rainfall [mg/L]
Atmospheric deposition of ammonium [mg/l]
Atmospheric deposition of nitrate
[mg/L]
Atmospheric dry deposition of ammonium [kg/ha/yr]
−

Calibrated value
1
Orthic Luvisols = 0.25
Other soils = 0.048
Orthic Podzols = 250
Orhtic Luvisols = 800
Dystric Cambisols = 3250
Ferric Luvisols = 3250
Eutric Regosols = 3250
Others = 3000
2000
−10 all crops plus:
FRST: −10
WWHT: −9
MONT: −4
Orthic Podzols: 0.5
UP PF and UP MN: Dystric Cambisols, Gleyic Luvisols, Orthic Luvisols, Ferric Luvisols = 0.05 and
for Orthic Podzols: 0.0759; DO:
default values
CORN, WWHT = 0.2; SHRB =
0.9; WPAS UP PF and UP MN
= 0.2, DO = 1; All others: default
WPAS = 0.003; CORN = 0.09;
PINE = 0.03; SHRB = 0.001;
MONT = 0.001
UP100: −10; UP108: +3
15
1.25
2.5
2
Added to WPAS and OLIG, all calibrated to decrease N stress days.
Implementation can be found in
Appendix Table A.5
Continued on next page

A.2. RESULTS AND DISCUSSION
Parameter
Single fertilizer3

Process
N+P

Description
−

Pasture4

P

RES K

Reservoir volume
Reservoir volume
Reservoir volume

BIO EAT: Dry weight of biomass
consumed daily [(kg/ha)/day];
BIO
TRMP:
Dry
weight
of biomass trampled daily
[(kg/ha)/day] and MANURE KG:
Dry weight of manure deposited
daily [(kg/ha)/day]
Hydraulic conductivity of the
reservoir bottom [mm/hr]
Irrigation efficiency

IRR EFM
WURESN8 and
WURESN9
(Maranhão)
IRES1
IRES2
PSETLR1

PSETLR2

Mineral P in
reservoir
Mineral P in
reservoir
Mineral P in
reservoir
Mineral P in
reservoir

Average amount of water withdrawn from reservoir each day in
the month for consumptive use
[104 m3 ]
Beginning month of mid-year nutrient settling period
Ending month of mid-year nutrient
settling period
Phosphorus settling rate in reservoir for months IRES1 through
IRES2 [m/year]
Phosphorus settling rate in reservoir for months other than IRES1IRES2 [m/year]
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Calibrated value
Mostly to the decrease N stress
days and to calibrate TP in
streams and P from field. Implementation can be found in Appendix Table A.5
BIO EAT, BIO TRMP = 2.5
(DO), 11 (UP MN), 50 (UP PF);
MANURE KG = 1 (DO), 15 (UP
PF), 25 (UP MN)

Maranhão = 0.35;
Montargil = 0.05
Downstream of reservoirs = 0.6;
all other default value (= 1)
+5

Maranhão = 4
Montargil = 4
Maranhão = 8
Montargil = 7
Maranhão = 55
Montargil = 80
Maranhão = 2
Montargil = 30

Notes:
1. USLE K values are based on map (incorporating stoniness) from [ESDAC, 2022).
2. In the upstream area of the reservoirs ULSE P is 0.2 to simulate minimum tillage which is mostly present in this
area according to the Agricultural Census 2009 of Portugal [Instituto Nacional de Estatística, 2011). For corn (in
downstream area), the farmer association told that minimum tillage was also already applied. For WPAS this is not
know for downstream areas, so for this reason USLE P has a value of 1 (default).
3. Auto-fertilizer operation is added based on already existing and calibrated models of Xarrama [Nunes et al., 2017)
and Almonda [Aparício et al., 2022). The single fertilizer application only on the model of Almonda.
4. The values applied for the upstream area of 100 are based on INIA-LQARS: Instituto Nacional de Investigação
Agrária - Laboratório Químico Agrícola Rebelo da Silva (2000). Manual de fertilização das culturas. Ministério da
Agricultura, do Desenvolvimento Rural e das Pescas, Lisboa [de Investigação Agrária Laboratório Químico Agrícola
Rebelo da Silva, 2000).
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Table A.5: Implemented management operation for each landuse
Landuse

Including crop

Mangement operation

Heat Units

WWHT

Winter wheat

WPAS

Winter pasture

CORN

Corn

OLIG

Olive grove

FRST

Forest-Decidouos

PINE
EUCL
MONT

Pine forest
Eucalyptus forest
Montado-oak savannah

URMD

Shrubland

Generic Conservation operation
Fertilizer application (NH3 , N and P)
Plant/begin. growing season
Auto fertilization
Fertilizaer application (NH3 and N)
Harvest and kill
Generic Conservation operation
Plant/begin. growing season
Fertilizer application (NH3 , N and P)
Auto fertilization
Fertilizaer application (NH3 and N)
Grazing operation
Generic Conservation operation
Plant/begin. growing season
Fertilizer application (NH3 , N and P)
Auto fertilization
Auto irrigation
Harvest and kill
Plant/begin. growing season
Fertilizer application (NH3 , N and P)
Auto fertilization
Auto irrigation
Harvest only
Plant/begin. growing season
Grazing operation
Plant/begin. grwoing season
Plant/begin. grwoing season
Plant/begin. grwoing season
Grazing operation
Plant/begin. grwoing season

0.05
0.05
0.15
0.16
0.5
1.2
0.05
0.07
0.16
0.1
0.5
0.4
0.05
0.15
0.16
0.16
0.16
1.2
0.15
0.15
0.16
0.16
1.2
0.15
0.4
0.15
0.15
0.15
0.4
0.15
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Climate change effects on TP load, volume and irrigation use

Relative changes
Table A.6: Relative change (%) in TP load in streams and streamflow between future scenarios and historical period
at different subbasins in catchment. PF = Ponte Vila Formosa; FG = Figueira e Barros; MN = Moinho Novo; BE
= Benavente
Scenario
2055
2055
2085
2085

RCP
RCP
RCP
RCP

4.5
8.5
4.5
8.5

PF TP

MN TP

FG TP

BE TP

PF Flow

MN Flow

FG Flow

BE Flow

22.79
17.43
21.47
27.58

11.90
6.05
-13.75
15.27

24.94
18.63
23.10
10.52

28.57
18.64
33.56
26.22

-5.46
-3.43
6.22
-13.81

1.32
-2.34
7.82
-8.58

-7.93
-1.91
-10.65
-19.55

1.30
1.04
21.90
-13.26

Table A.7: Relative change (%) in reservoir volume, inflow and irrigation use between future scenarios and historical
period at different subbasins in catchment
Scenario
2055
2055
2085
2085

A.2.3

RCP
RCP
RCP
RCP

4.5
8.5
4.5
8.5

Volume Maranhão

Volume Montargil

Inflow Maranhão

Inflow Montargil

Irrigation use

-4.36
-1.63
0.73
-7.03

-0.88
-1.25
-1.30
-2.71

-4.81
-0.83
10.09
-14.08

5.15
0.14
12.05
-1.54

-0.47
-2.30
-4.22
-5.26

Climate change adaptability of SLM practices

Relative changes
Table A.8: Relative change (%) in reservoir volume between implementation of each SLM practice and baseline
during each climate scenario
Period RCP
Measures

2055 4.5
Maranhão

2055 8.5

2085 4.5

2085 8.5

2055 4.5
Montargil

2055 8.5

2085 4.5

2085 8.5

1BA
2NF
3GM
4MU
5BPP
6GW
7RA
8PI

0.04
0.00
11.78
0.14
-1.26
0.00
0.02
9.24

0.00
0.00
11.81
0.18
-1.48
0.00
-0.03
9.64

0.01
0.00
0.88
0.18
-1.03
0.00
-0.03
8.49

-0.06
0.00
1.07
0.14
-1.47
0.00
-0.04
9.97

-0.64
0.00
-24.85
-0.11
-0.99
0.00
-0.12
8.78

-0.36
0.00
-23.67
-0.02
-0.92
0.00
-0.12
8.95

-0.42
0.00
-12.44
-0.07
-0.69
0.00
-0.10
7.39

-0.50
0.00
-18.45
-0.07
-0.82
0.00
-0.12
7.76
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Table A.9: Relative change (%) in reservoir inflow between implementation of each SLM practice and baseline during
each climate scenario
Period RCP
Measures

2055 4.5
Maranhão

2055 8.5

2085 4.5

2085 8.5

2055 4.5
Montargil

2055 8.5

2085 4.5

2085 8.5

1BA
2NF
3GM
4MU
5BPP
6GW
7RA
8PI

0.37
0.00
-0.20
0.34
-2.40
0.00
0.02
0.00

0.33
0.00
-0.14
0.32
-2.25
0.00
0.02
0.00

0.21
0.00
-0.13
0.23
-1.94
0.00
0.02
0.00

0.27
0.00
8.97
0.28
-2.38
0.00
0.02
0.00

-1.99
0.00
-0.02
0.00
-2.59
0.00
-0.18
0.00

-1.80
0.00
-0.01
-0.01
-2.35
0.00
-0.16
0.00

-1.82
0.00
-0.01
-0.02
-2.21
0.00
-0.15
0.00

-1.89
0.00
5.15
0.01
-2.12
0.00
-0.17
0.00

Table A.10: Relative change (%) in TP loads in stream between implementation of each SLM practice and baseline
during each climate scenario
Measures
1BA
2NF
3GM
4MU
5BPP
6GW
7RA
8PI
1BA
2NF
3GM
4MU
5BPP
6GW
7RA
8PI
1BA
2NF
3GM
4MU
5BPP
6GW
7RA
8PI
1BA
2NF
3GM
4MU
5BPP
6GW
7RA
8PI

2055 RCP 4.5
Ponte Vila Formossa
-50.71
-46.23
0.00
-5.40
-0.21
-20.07
-1.21
0.00
Moinho Novo
-48.40
-54.05
0.00
-2.17
-0.66
-5.61
-1.41
0.00
Figueira e Barros
-46.39
-77.56
-2.04
-23.66
-0.68
-53.38
-2.26
0.00
Benavente
-59.65
-93.71
-5.48
-19.81
-3.77
-39.90
-0.69
2.55

2055 RCP 8.5

2085 RCP 4.5

2085 RCP 8.5

-50.89
-46.14
0.00
-5.52
-0.24
-20.52
-1.18
0.00

-50.31
-46.61
0.00
-5.68
-0.20
-21.39
-1.16
0.00

-52.24
-46.25
0.00
-4.93
-0.16
-18.49
-1.17
0.00

-48.79
-54.69
0.00
-2.09
-2.11
-5.29
-1.23
0.00

-45.44
-54.28
0.00
-2.26
-1.65
-5.80
-1.16
0.00

-47.62
-55.32
0.00
-2.00
-1.77
-5.38
-1.22
0.00

-45.47
-77.35
-2.75
-24.54
-0.67
-54.77
-2.11
0.00

-48.03
-78.02
-3.48
-22.95
-0.62
-51.39
-1.94
0.00

-45.16
-77.19
1.26
-25.71
-0.73
-57.12
-2.06
0.00

-58.11
-93.28
-6.40
-20.44
-3.48
-40.74
-0.70
2.10

-57.25
-93.91
-7.89
-19.76
-2.63
-39.28
-0.63
1.51

-56.92
-94.37
-8.10
-20.83
-2.12
-41.21
-0.66
2.44
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Table A.11: Relative change (%) in irrigation use between implementation of each SLM practice and baseline during
each climate scenario
Measures

2055 RCP 4.5

2055 RCP 8.5

2085 RCP 4.5

2085 RCP 8.5

1BA
2NF
3GM
4MU
5BPP
6GW
7RA
8PI

-0.27
0.00
12.40
-0.50
-0.07
0.00
0.00
0.44

-0.37
0.00
17.51
-0.56
-0.16
0.00
-0.01
0.78

-0.28
0.00
27.56
-0.54
-0.05
0.00
0.00
0.36

-0.31
0.00
54.05
-0.58
-0.08
0.00
0.00
0.11
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A.2.4

Overall discussion about implementation and results of SLM practices

Crop yield changes
Table A.12: Relative change (%) in crop yield between implementation of each SLM practice and baseline during
each climate scenario
Period RCP
Measures

2055 4.5
Corn

2055 8.5

2085 4.5

2085 8.5

2055 4.5
Olive

2055 8.5

2085 4.5

2085 8.5

1BA
2NF
3GM
4MU
5BPP
6GW
7RA
8PI

0.11
0.00
-55.95
0.20
-0.03
0.00
0.00
0.28

0.08
0.00
-51.88
0.15
-0.11
0.00
0.00
0.51

0.12
0.00
-43.46
0.18
-0.05
0.00
0.00
0.23

0.09
0.00
-33.28
0.13
-0.03
0.00
0.00
0.03

-0.03
0.00
-0.02
-0.11
0.00
0.00
0.00
0.00

-0.04
0.00
-0.02
-0.06
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

-0.05
0.00
0.00
-0.04
0.00
0.00
0.00
0.00

(a) Corn

(b) Olive

Figure A.5: Difference in crop yield between implemented SLM practice and baseline, averaged over each climate
scenario period

A.2.5

General discussion

(a) TP load in stream at subbasin 100 (upstream Maranhão
reservoir).

(b) Volume in Maranhão reservoir

Figure A.6: Average monthly values of TP load and Volume for the three different RCMs compared to observation
data (Obs His) as input. As example, to show resulting different outputs for each RCM as input.

