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Abstract: The Enxoé reservoir in southern Portugal has been exhibiting the highest trophic state
in the country since its early years of operation. The problem has attracted water managers’
and researchers’ attention as the reservoir is the water supply for two municipalities. Extensive
research was thus conducted over the last few years, including field monitoring and modelling
at the plot, catchment, and reservoir scales. This study now frames all partial findings within the
Driver-Pressure-State-Impact-Response (DPSIR) framework to better understand the eutrophication
process in the Enxoé reservoir. Agriculture and grazing were found to have a reduced role in the
eutrophication of the reservoir, with annual sediment and nutrient loads being comparably smaller or
similar to those reported for other Mediterranean catchments. Flash floods were the main mechanism
for transporting particle elements to the reservoir, being in some cases able to carry up three times the
average annual load. However, the main eutrophication mechanisms in the reservoir were P release
from deposited sediment under anoxic conditions and the process of internal recycling of organic
matter and nutrients. Reducing the P load from the catchment and deposited sediment could lead to
a mesotrophic state level in the reservoir. However, this level would only be sustainable by limiting
the P internal load ability to reach the photic zone.

Keywords: catchment; eutrophication; modelling; nutrients; trophic level.

1. Introduction

Agriculture is commonly pointed out as the major contributor for surface water eutrophication,
with inefficient practices resulting in high nutrient surpluses (particularly phosphorus (P) and nitrogen
(N)) that are transferred to water bodies through diffuse processes (runoff and leaching), promoting
algae blooms, oxygen depletion and biodiversity loss. In this matter, P is usually considered the single
most limiting nutrient for phytoplankton growth, namely cyanobacteria. Although P losses from
agricultural land are normally low (0.1–6 kg ha−1) when compared to fertilization inputs [1], such
values may have a significant impact on aquatic ecosystems. However, the link between agriculture
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and water quality problems observed downstream cannot be automatically established as each system
is unique and the precise role of agriculture in eutrophication remains poorly understood. As result,
numerous research studies have been performed to define the best adaptative measures to counteract
an environmental problem that remains a major concern worldwide [2–13].

Lake reservoirs are particularly vulnerable to eutrophication, with increasing nutrient loading from
upstream catchments promoting the development of primary producers (phytoplankton, cyanobacteria,
aquatic plants), conditions of hypoxia and anoxia and biodiversity loss. Lake vulnerability to
eutrophication has been associated with its hydrological (catchment land use, inflows) and
morphometric (volume, depth) characteristics [14]. Also, the low water velocities registered in reservoirs,
their high residence time and the existence of thermal stratification help promoting the two main
processes that drive N and P biogeochemical cycles: the primary production and the settling of
particulate matter [14–16].

The Enxoé reservoir located in southern Portugal is a representative example of the need for
better understanding the relationship between agriculture and the quality of downstream water bodies.
The Enxoé reservoir has been displaying the highest eutrophic state in the country since its early years
of operation (2000). Frequent chlorophyll-a blooms have been registered since then, with cyanobacteria
being also reported during the spring and summer seasons [17–19]. Such conditions pose a serious
problem for water managers as the reservoir is the water supply for two municipalities (Serpa and
Mértola) and extensive water treatment is always required.

Understanding the eutrophic condition of the Enxoé reservoir has quickly drawn researchers’
attention as extensive agriculture practices and grazing carried out upstream could not alone explain
the frequent algae blooms observed. Coelho and Leitão [20] proposed a first explanation for such high
eutrophic state. These authors suggested a link between cyanobacterial blooms and nutrient input loads
from the catchment, particularly P, which would fuel a process of both a fast and a delayed response in
the reservoir. The consumption of input dissolved nutrients would trigger initial algae blooms, while
sediment sources would be responsible for later blooms. However, a more comprehensive analysis
was necessary to better understand the main physical and biochemical processes involved in the
eutrophication process of the reservoir since the catchment was ungauged and detailed monitoring
was needed.

Hence, Ramos et al. [21,22] conducted detailed hydro-biogeochemical monitoring of suspended
sediment (SSC) and nutrient concentrations, including P (in both particulate and soluble forms),
nitrate (NO3

−) and organic carbon (also in both particulate (POC) and soluble (DOC) forms)), in the
Enxoé River during three hydrological years (2010–2013), estimating loads to the reservoir and further
identifying the main source areas in the catchment. These studies showed the strong seasonal and
annual variability of sediment and nutrient dynamics in the catchment, highlighting the role of flash
floods in the transport of sediment and particulate nutrients. Brito et al. [23,24] modelled then sediment
and nutrient long-term dynamics in the catchment and the contribution of flood events to the reservoir
total loads. Also, Rodrigues et al. [25] mapped soil erosion risks in the catchment using the PESERA
model [26]. On the other hand, Morais et al. [19] monitored physical, chemical and phytoplankton
parameters in the Enxoé reservoir for three years (2010–2012) to evaluate the state of the reservoir.
Finally, Brito et al. [27] simulated the actual reservoir state and depicted the origin of the Enxoé’s
reservoir trophic status using the CE-QUAL-W2 model [28].

This study now aims to integrate all previous research within the Driver-Pressure-State-
Impact-Response (DPSIR) framework [29] as well as additional data obtained during several research
projects carried out in the Enxoé region over the last few years. The DPSIR framework establishes
a chain of causal links between the socioeconomic factors (drivers), forcing anthropogenic activities
(pressures), the resulting environmental conditions (state), the environmental consequences resulting
from these conditions (impacts) and finally, the measures that need to be taken to improve the
environmental state (response). It has been widely considered as a valuable tool for defining sustainable
and environmentally friendly measures to improve water management policies at the catchment
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scale [30–33]. Tscherning et al. [34] further considered it as a useful tool for providing policy makers
with meaningful explanations of cause and effect relationships, contributing for bridging the gap
between policy makers and stakeholders. In this study, the DPSIR framework is applied to (i) to
better understand the role of agriculture in the eutrophication of the Enxoé reservoir; (ii) to depict the
processes involved in the remobilization of P at different scales; (iii) to quantify their importance for
water quality in the reservoir; and (iv) to propose mitigation measures to improve the trophic state of
the reservoir, reducing the frequency and the intensity of algae blooms.

2. Materials and Methods

2.1. Study Area

The Enxoé catchment is in the Alentejo region, southern Portugal (Figure 1). The river is a tributary
of the Guadiana River, has a catchment area of 60.8 km2 and a bed length of 9 km. The altitude ranges
from 155 to 348 m. The main soil reference groups are Luvisols (in 47% of the area), Cambisols (31%)
and Calcisols (14%). Olive orchards (18.3 km2), agro-forestry of holm oaks (17.6 km2) and annual
winter crops (17.0 km2) are the main land uses. The annual mean surface air temperature reaches
16 ◦C, while the annual reference evapotranspiration (ET0) ranges from 1200 to 1300 mm. The mean
annual precipitation is 500 mm, presenting strong seasonal (80% is concentrated between October
and April) and intra-annual variability. As a result, the precipitation regime varies between relatively
abundant rainfall events that occur in only a few minutes or hours and frequent drought episodes
that can last from a few months to a couple of years. Hence, the river discharge also exhibits strong
inter and intra-annual variation. High flow discharges are observed after storm events from fall to
spring while there is no flow during the summer season. The Enxoé River then forms over the annual
cycle small lentic shallow systems where sediment and nutrients accumulate followed by lotic systems
where high flushing rates are often observed.

The catchment has a population of 1000 inhabitants, mostly located in Vale de Vargo. The Enxoé
reservoir, build in 2000, limits the study area downstream. The reservoir has a volume of 10.4 hm3,
a surface area close to 2 km2 and average and maximum depths of 5 and 17 m, respectively.
The reservoir supplies the villages of Serpa and Mértola (25,000 inhabitants) located outside the
catchment area. There are no point source emissions in Enxoé as waste waters from the treatment plant
of Vale de Vargo are pumped to a water stream located outside the catchment.
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Figure 1. Location, land use (top) and major soil units (bottom) in Enxoé.

2.2. Data Collection

2.2.1. Field Plots

Soil erosion was monitored in 3 field plots between October 2009 and April 2013:

• Plot 1, with 800 m2 (37◦57’42” N; 7◦25’11” W), was in an agro-forestry of holm oaks area, which
included oats for grazing. The soil was a Cambisol with loamy sand texture derived from granite;

• Plot 2, with 180 m2 (37◦56’32” N; 7◦26’36” W), was in an olive grove with no soil cover between
crop rows. The soil was a Cambisol with clay loam texture derived from calcareous rock;

• Plot 3, with 380 m2 (37◦57’25” N; 7◦23’59” W), was in an agro-forestry of holm oaks area under
fallow. The soil was a Luvisol with loamy texture derived from schist.

In each plot, runoff and associated sediment were collected using V shaped metal sheet barriers.
The vertices were connected to the storage containers, consisting of three tanks located at the base of
each plot. Total runoff and soil losses were measured after each erosion event (i.e., an event producing
measurable runoff) or, occasionally, after a series of events if they were separated by a short time
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interval. Runoff was determined from the volume of water collected in the storage containers. Runoff
water (water and sediment) was thoroughly mixed and samples were collected to determine SSC,
total phosphorus (TP), particulate phosphorus (PP) consisting of P adsorbed to particulate (>0.45 µm)
suspended material, soluble reactive phosphorus (SRP), NO3

−, POC, DOC, electrical conductivity
(EC), major cations (Ca2+, Mg2+, K+ and Na+), total iron (Fe) and pH. Laboratory methodologies used
for characterizing the water samples can be found in Ramos et al. [21,22].

2.2.2. Lagoon

The water quality of a small lagoon draining 0.045 km2 was also monitored between January
2010 and April 2013 (37◦57’51” N; 7◦25’19” W). Sampling was for the same elements monitored in
the erosion plots. Soil and land cover characteristics in the drainage area were the same as in erosion
Plot 1.

2.2.3. Enxoé River

The Enxoé River water was monitored at a sampling station located at the outlet of the catchment
before the reservoir (37◦58’47” N; 7◦24’60” W) from September 2010 to August 2013, covering a
drainage area close to 45 km2 (Figure 1). The water stream level and turbidity were measured using
an YSI 6920 measuring probe (YSI Incorporated, Yellow Springs, OH, USA) with a frequency of 3
to 15 min during flood events and daily during non-flood events. Flow was computed from the
shape of the river bed and the measured water level. Water quality was also monitored using an
automatic water sampler (EcoTech Umwelt-Meßsysteme GmbH, Bonn, Germany) with 8 bottles, 2 L
each. Sampling waters were for the same elements monitored in the erosion plots, with frequency
varying from 3 min (during flash floods) to 15 h (during larger flood events). Further details can be
found in Ramos et al. [21,22].

2.2.4. Enxoé Reservoir

The water quality in the reservoir was monitored at three locations (in the upper and middle
reservoir and next to the dam wall) and two depths (near the surface and at the bottom of the reservoir)
from September 2010 to March 2012. The reservoir was monitored for the vertical temperature profile,
pH, potential redox, dissolved O2, EC, turbidity, SSC, organic matter, TP, SRP and NO3

−. Composite
samples from euphotic zone were used to identify the phytoplankton and quantify chlorophyll-a and
specific biovolume (which is commonly calculated to assess the relative abundance, in terms of biomass
or carbon, of co-occurring algae of various shapes and sizes). Sediment samples were also collected at
the bottom of the reservoir for characterizing the vertical structure of sediment, the evolution of bottom
sediment and the relation between Fe and P [19]. The state of the Enxoé reservoir was further assessed
using measured data from Sistema Nacional de Informação de Recursos Hídricos (SNIRH) [35] for the
period 2001–2011.

2.3. Modelling Approach

Four different models were used to assess sediment and nutrient dynamics in the Enxoé catchment
and reservoir. The Soil Water Assessment Tool (SWAT) [36] is a semi-distributed, process-oriented
model for simulating those processes at the catchment scale. The model divides the watershed into
sub-basins and hydrological response units (HRU) that are homogeneous in terms of land use, soil,
and slope. Model hydrology is based on the computation of the daily water balance, which accounts
for crop evapotranspiration, infiltration, surface runoff, percolation, rainfall interception, groundwater
and lateral flow and channel routing. Erosion and sediment yields are estimated for each HRU with the
Modified Soil Loss Equation [37]. Nutrient dynamics includes inputs from agriculture, transport with
runoff and groundwater, plant consumption and soil mineralization processes [36]. Brito et al. [23]
applied this model to simulate sediment and nutrient long-term dynamics in the Enxoé catchment
and respective loads to the reservoir. The reservoir inflows were calibrated and validated through
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the computation of the reservoir water balance using rainfall and the reservoir volume, discharge,
and evaporation data from January 2006 to August 2009. Nutrient dynamics was calibrated and
validated using data collected at the sampling station located at the outlet of the catchment before
the reservoir between September 2010 and August 2013 (Section 2.2.3). Soil erosion predictions were
further qualitatively compared with erosion data measured in the field plots installed in two of the
main land uses (olive trees and agro-forestry of holm oaks) between October 2009 and April 2013
(Section 2.2.1). After model calibration, SWAT was used to compute the water, sediment, and nutrient
budgets for a 30-year period (1980–2010).

The MOHID-Land model [38] is an open-source, distributed, physically based model capable of
simulating sediment and nutrient dynamics at the catchment scale. The surface runoff is computed with
the full St. Venant equations and consider flooding, backwater movement and the drying process of
the riparian zones. The surface runoff depends on exfiltration and infiltration processes. The saturated
and vadose zones are computed simultaneously without an explicit interface. The porous media is
defined using a 3D grid. The Richards equation is then used for computing flow in the porous media,
while infiltration can be computed using Darcy’s equation and surface pressure due to surface runoff
water column or using empirical algorithms. A variable time-step is used to increase accuracy during
rainfall or irrigation events (i.e., when soil moisture or surface water volumes changing rate is high).
This feature makes the MOHID-Land model more suitable for the detailed analysis of flash floods
in small watersheds as Enxoé, where concentration times can last only a couple of hours, than the
SWAT model, which uses a daily time-step. Brito et al. [24] performed model calibration/validation
by comparing model predictions of monthly inflows to the reservoir against those from the reservoir
budget (2006–2009), as in SWAT. More detailed model evaluation was further carried out at the
sampling location at the outlet of the catchment by comparing MOHID-Land predictions of the river
water level with measured values collected between 2010 and 2011 (Section 2.2.3).

The CE-QUAL-W2 model [28] is a bidimensional, laterally averaged, dynamic model for
simulating water quality at the reservoir scale. The Navier–Stokes equations are used for calculating
the hydrodynamics component, namely the incompressible flow in the water body velocity field
and turbulent diffusion coefficients. The water quality component is based on property sources
and sinks, considering interactions between temperature, algae, nutrients, organic matter, dissolved
O2 and sediment [28]. Brito et al. [27] calibrated the model by adjusting input parameters until
deviations between measured data and respective simulations of daily reservoir water levels and
monthly concentrations of NO3

−, SSC, orthophosphate, chlorophyll-a and dissolved O2 were
minimized. The model boundary conditions included daily river inputs of NO3

−, NH4
+, organic

matter, orthophosphate, SSC and O2 computed with SWAT [23]. Measured values were obtained from
the monitoring activities carried out between September 2010 and March 2012 (Section 2.2.4) or from
SNIRH [35] for the period 2001–2011.

Finally, the PESERA model [26] is a physically based, frequency distributed, continuous prediction
model for quantifying monthly and annual soil erosion rates at the plot and catchment scales.
Rodrigues et al. [25] implemented this model for mapping soil erosion risks in the Enxoé catchment
using local weather, soil, topography, and land use information, being then validated by comparing
soil erosion risks with erosion rates measured in field erosion plots (Section 2.2.1).

3. Application of the DPSIR Framework to the Enxoé Catchment

The development of the DPSIR framework for the Enxoé catchment and reservoir summarized in
Figure 2.
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3.1. Driving Forces

Agriculture and extensive production of cattle were identified as the main driving forces in the
Enxoé catchment (Figure 2). Agriculture activities in the region were economically supported by
European Union subsidies, namely by the single payment scheme for farmers under the common
agricultural policy. Direct aids were also given for maintaining farming in severely disadvantage
European regions such as Enxoé, partially compensating farmers for the additional costs and income
losses of farming in unfavorable areas (e.g., mountainous areas, climate conditions, poor soils);
for environmental protection and maintenance of the agro-forestry of holm oaks system (locally
known as “montado”) and olive groves heritage; and for maintaining suckler cows, sheep and goats.
Complying with these policies conditioned agricultural practices and, thus pressures in the catchment.
Similar analyses have been conducted in other Mediterranean catchments, highlighting the role of
agriculture and European funding as the main driving forces for water quality problems in those
regions [31,39–41].

3.2. Pressures

Agricultural practices (tillage operations and fertilization inputs), cattle load and the precipitation
regime were identified as the main pressures in the region (Figure 2), in line with the existing
literature [2,31,39].

Olive orchards were divided between traditional (<100 trees ha−1) and more intensive
(300–500 trees ha−1) systems. Tillage operations were minimal and usually only carried out for
weed control in areas with traditional olive orchards, while irrigation was applied in more intensive
orchards during summer (200 mm·year−1). N inputs ranged between 24 and 60 kg ha−1, with the
lower values being applied in the traditional orchards. P inputs were small (15 kg ha−1), being applied
only in the intensive orchards. Fertilization was limited to the spring season. Sheep grazing reached
0.1 livestock units (LSU).

The “montado” system is an open savannah-like landscape predominant in the south of the
Iberian Peninsula. It results from an extensively managed agro-silvo-pastoral system [42], where holm
oak (Quercus ilex rotundifolia L.) and cork (Quercus suber L.) trees present high levels of spatial variability



Water 2018, 10, 1576 8 of 20

in terms of density combined with fallow land or pastures, that can be natural, improved, or cultivated.
The system is further considered of High Natural Value, providing various ecosystem services that are
perceived by farmers, technicians, stakeholders, and society in general as being important for human
welfare. As such, tillage operations were minimal and carried out for sowing annual winter crops
in areas with less than 30 trees ha−1 or for preventing forest fires. Fertilization was only applied in
areas with annual winter crops (usually oats). Grazing (cows, sheep, goats, and swine) was limited to
0.4 LSU, increasing to 0.6 LSU for 3 months during the holm oaks fructification period.

Annual winter (wheat, triticale, barley, and oats) and summer (sunflower) crops were mainly
sowed during autumn and spring, respectively, usually using heavy tillage techniques (moldboard
plowing and harrowing) for preparing the seedbed. Most crop rotations included fallow. N and P
inputs varied between 20–90 and 18–60 kg ha−1, respectively, applied during the autumn and spring
seasons. Grazing (cows and sheep) reached 0.6 LSU.

Fertilization inputs were estimated to globally average 25.40 kg N ha−1 year−1 and
11.68 kg P ha−1 year−1 in the catchment area. However, it is important to understand that these
estimates were obtained by inquiring farmers in the region and thus should be merely indicative.
Based on the LSU, animal excretions were also estimated to reach 25.69 kg N ha−1 year−1 and
3.04 kg P ha−1 year−1. Hence, nutrient inputs in the catchment were considered relatively low when
compared with other more intensive agricultural areas [43].

The precipitation region was also identified as one of the main pressures influencing the
Enxoé catchment, conditioning the hydrological regime and nutrient dynamics in the region.
Total precipitation summed 695, 270 and 570 mm during the 2010/2011, 2011/2012 and 2012/2013
hydrological years, respectively. Annual river discharge yielded 28.73, 1.27 and 10.14 hm3 for the same
period (Figure 3). The flow regime in the Enxoé River varied along the hydrological year and was
characterized: (i) by the existence of no flow or ephemeral conditions from June to September; (ii) the
generation of flow peaks from September to October (i.e., the beginning of an hydrological year), being
these quickly reduced as the soil was still dry and groundwater flow was diminished; (iii) soil profile
saturation as a result of heavy rain occurring from October to December, enhancing subsurface flow
and producing flood events with multiple discharge peaks; and (iv) longer groundwater flows as
the soil remained saturated from December to April, but which still tended to fall quickly especially
during months with less rain (January/February).
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Hence, while flow in the Enxoé River was mostly influenced by rainfall events, the effect of
groundwater table was not significant. Twenty-one flash foods occurred between September 2010 and
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August 2013, taking place during autumn (10), winter (8) and spring (3) (Figure 3). These flash flood
resulted mostly from high-intensity, convective or convective-enhanced storms, which were already
associated with high sediment and nutrient yields in different catchments in the world [44–48].

3.3. State

The state evolution of the Enxoé catchment was characterized based on sediment and nutrient
loads to the reservoir as well as in terms of key parameters contributing to water quality (Figure 2).

3.3.1. Field Scale

Soil erosion in plots 1, 2 and 3 averaged 126, 189 and 20 kg ha−1 year−1, respectively and ranged
from 1.3 to 405 kg ha−1 year−1 during the three monitored years (Table 1). The lowest values were
obtained during the dry 2011/2012 hydrological year. The highest value was observed in Plot 2 at
the beginning of the monitored period (2009/2010) when trees were only 8 years old. Soil erosion
then progressively decreased during the following years as tree canopy increased providing for
better protection of the soil surface against raindrop impact and particle detachment. Soil erosion
rates at all three monitored plots were relatively low and perfectly within the threshold limits
(1000–2000 kg ha−1 year−1) suggested by Huber et al. [49] as tolerable for southern Europe. Table 1
also presents annual TP, NO3

−, POC and DOC yields monitored in the three erosion plots. Despite
concentrations were relatively high (Figure 4), annual yields were only residual due to the small
number of events producing runoff.

Field plot measurements of soil erosion were limited to a very short period which implies that
they were not necessarily representative of long-term erosion rates [50]. However, one advantage of
the design used was that erosion plots were not closed and thus there was no exhaustion of available
material for soil detachment which can occur with the creation of an armor layer on the soil surface
and the lack of input of transported material from outside. The draining area of each plot continued
to be influenced by local agricultural practices and grazing, with only the collecting system being
protected with a barbed wire fence.

Erosion plots results corresponded to Rodrigues et al. [25] predictions that approximately 65%
of the catchment area presented a potential soil loss rate lower than 0.5 t ha−1 year−1 (Figure 5).
This low erosion risk corresponded mostly to areas with olive orchards and “montado”, which were
subjected to extensive farming and grazing, providing an important protection against soil erosion
since the soil was covered with vegetation for most part of the year. The areas with higher erosion risk
(over 50 t ha−1 year−1 of estimated soil loss) corresponded to approximately 19% of the total area and
were mainly located in the northwest and southeast of the basin, where a more intensive agriculture
prevailed (Figure 1).
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Table 1. Soil and nutrient yields in the Enxoé catchment.

Element
Erosion Plots

Enxoé River
(kg ha−1)Plot 1

(kg ha−1)
Plot 2

(kg ha−1)
Plot 3

(kg ha−1)

Sediment:
2009/2010 85.5 405.0 - -
2010/2011 96.3 255.4 - 480.2
2011/2012 79.7 58.3 1.3 12.5
2012/2013 242.1 36.4 38.8 369.4

Total 503.6 755.1 40.1 862.1
Annual yield 125.9 188.8 20.1 287.4

TP:
2009/2010 0.04 0.19 - -
2010/2011 0.07 0.16 - 0.96
2011/2012 0.08 0.02 0.00 0.04
2012/2013 0.06 0.03 0.11 0.84

Total 0.26 0.40 0.12 1.84
Annual yield 0.07 0.10 0.01 0.61

NO3
−:

2009/2010 0.13 0.26 - -
2010/2011 0.35 0.14 - 45.53
2011/2012 0.15 0.13 0.01 4.38
2012/2013 0.50 0.09 1.13 15.07

Total 1.14 0.61 1.14 64.98
Annual yield 0.29 0.15 0.57 21.66

POC:
2009/2010 1.98 5.86 - -
2010/2011 0.46 5.03 - 215.0
2011/2012 0.53 15.43 0.08 6.0
2012/2013 2.46 0.72 1.52 166.0

Total 5.42 24.04 1.60 387.0
Annual yield 1.36 6.76 0.80 129.0

DOC:
2009/2010 0.95 1.16 - -
2010/2011 0.96 0.65 - 147.0
2011/2012 0.07 0.20 0.06 3.0
2012/2013 0.91 0.19 1.56 68.0

Total 2.89 2.20 1.62 218.0
Annual yield 0.72 0.55 0.81 72.6

Annual precipitation in 2009/2010, 2010/2011, 2011/2012 and 2012/2013 amounted 494, 695, 270 and 570
mm, respectively.



Water 2018, 10, 1576 11 of 20
Water 2018, 10, x FOR PEER REVIEW  11 of 20 

 

 

Figure 4. Sediment and nutrient concentrations in the Enxoé River, erosion plots (P1, P2 and P3) and 

lagoon (TP, total phosphorus; PP, particulate phosphorus; SRP, soluble reactive phosphorus; POC, 

particulate organic carbon; DOC, dissolved organic carbon; EC, electrical conductivity). Vertical bars 

refer to maximum and minimum values monitored.  

0

1

2

3

River P1 P2 P3 Lagoon

0

1

2

3

River P1 P2 P3 Lagoon

0

20

40

60

80

River P1 P2 P3 Lagoon

0

1

2

3

4

5

6

River P1 P2 P3 Lagoon

0

20

40

60

80

River P1 P2 P3 Lagoon

0

30

60

90

120

150

River P1 P2 P3 Lagoon

0

100

200

300

400

River P1 P2 P3 Lagoon

0

20

40

60

80

River P1 P2 P3 Lagoon

0

2

4

6

8

10

12

River P1 P2 P3 Lagoon

0

2

4

6

8

River P1 P2 P3 Lagoon

0

2000

4000

6000

8000

River P1 P2 P3 Lagoon

0

20

40

60

80

River P1 P2 P3 Lagoon

0

30

60

90

120

150

River P1 P2 P3 Lagoon

0

2

4

6

River P1 P2 P3 Lagoon

Sediment

NO3
-

Ca2+

Fe total

TP

POC

Mg2+

pH

PP

DOC

Na+

SRP

EC

K+

m
g 

L−
1

m
g 

L−
1

m
g 

L−
1

m
g 

L−
1

m
g 

L−
1

m
g 

L−
1

m
g 

L−
1

m
g 

L−
1

m
g 

L−
1

m
g 

L−
1

m
g 

L−
1

d
S 

m
−

1

m
g 

L−
1

2010/2011
2011/2012
2012/2013

Figure 4. Sediment and nutrient concentrations in the Enxoé River, erosion plots (P1, P2 and P3) and
lagoon (TP, total phosphorus; PP, particulate phosphorus; SRP, soluble reactive phosphorus; POC,
particulate organic carbon; DOC, dissolved organic carbon; EC, electrical conductivity). Vertical bars
refer to maximum and minimum values monitored.
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3.3.2. Catchment Scale

Field plot soil erosion measurements cannot be linearly upscaled to the catchment due to the
specificity of the processes that take place at a specific scale but also at the connection between
scales [51]. As explained by Cammeraat [52], Mediterranean areas are characterized by a mosaic of
run-on and runoff patches which determine the hydrological and erosional response at the hillslope
level. The size and distance to the runoff generating area separated with areas with high water
adsorption capacity explains why it is impossible to extrapolate plot scale runoff to the catchment
scale and why the location of measurements strongly influences the results [51]. For that, the Enxoé
River was also monitored at the outlet of the catchment to have a better assessment of sediment and
nutrient loads to the reservoir.

Figure 4 presents the large variability observed in the concentrations of the different elements
monitored in the Enxoé River. Mean concentrations of the particulate elements (SSC, TP, PP and POC)
were generally lower in the river than in the erosion plots and lagoon. Boix-Fayos et al. [51] attributed
this to the effect of sediment sinks, which often becomes dominant over sediment sources, resulting in
a gradual decline in sediment yield. Osterkamp and Toy [53] defined this as a change in the system
from erosion-limited to transport-limited conditions. The larger the area, the greater the likelihood
of sediment deposition on the way. As such, sediment yields at the basin outlet may be lower than
erosion rates measured on field erosion plots. In Enxoé, maximum values were always observed
during flash flood, namely during autumn and spring, being responsible for 59–92% of the annual
transport. Minimum values were mostly observed during non-flood events.

A flushing behavior, i.e., the increase of solute concentration with the arrival of the discharge peaks,
was always monitored for the particulate elements (SSC, TP, PP and POC) (Table 2). The transport
of these elements was thus associated with surface runoff and soil erosion. Tillage operations and
grazing the river bed were the main activities associated with particle availability and soil erosion [21].
On one hand, tillage operations carried out in fields with annual winter crops at the same time heavy
rains were registered (autumn and early spring) ended up enhancing soil erosion by removing the soil
cover surface provided by crop residues or growing plants, reducing the capacity to absorb the energy
of raindrops and to reduce the erosive energy of runoff and promoting also aggregate destruction and
particle detachment. On the other hand, grazing the river bed during drier seasons also often led to
bank destruction and trampling, affecting bank stability, stabilization, and accretion and thus flow
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erosion. Bull [54] refers to the mechanisms on how vegetation contributes to prevent bank erosion,
namely, by retarding the near-bank flow and damping turbulence, by resisting tension and increasing
cohesion and by reducing the impact of moisture and loosening processes, which are a precursor to the
removal of materials. Therefore, grazing the river bed can enhance bank erosion, with the eroded bank
materials adding to the deposited sediment stock in the river bed, increasing the quantity of available
particles that can be easily transported by storm events [55]. Bull [54] estimated that the contribution of
bank eroded materials to river sediment systems may vary between less than 5 to over 80%. In Enxoé,
such estimate was not possible to reach. However, the source of the eroded materials was identified for
each storm event based on the interpretation of hysteresis in the concentration-discharge relationships
following Butturini et al. [56] (Table 2). The analysis of the shape, rotational patterns, and trends of
the hysteretic loops of each particle element during flash floods allowed to identify the dominance
of close-by sources (particularly river beds) during most of autumn events, but also during spring.
During winter and spring, agricultural fields were identified as the most likely sources of the eroded
particulate materials [21,22].

In contrast, mean concentrations of the soluble elements (SRP, DOC, EC, Ca2+, Mg2+, K+ and Na+)
were generally higher in the Enxoé River than in the erosion plots and lagoon (Figure 4), mostly
because the main transport mechanism for these elements was not related to soil erosion. The transport
of the soluble elements was mainly associated with subsurface flow and essentially resulted from
soil weathering processes, the mineralization of the soil humus fraction and the mineralization of
crop residues and other organic wastes. These elements typically showed a dilution behavior, i.e.,
the decrease of solute concentration with the arrival of the discharge peaks (Table 2). Only NO3

−

presented a distinct behavior when compared with other soluble elements due to fertilization. NO3
−

yields were regularly observed during autumn and spring (rain season), when crop fertilization was
expectably carried out. Thus, this element registered a flushing behavior during autumn as a result of
successive rainfall events observed during that period, saturated soils and soil physical characteristics
that favored leaching as shown by the dominant anticlockwise hysteresis loops monitored during
discharge peaks (Table 2) (i.e., concentration peaks arriving only at the monitoring station after
discharge peaks); an indicator of NO3

− transport from distant source areas [56]. During winter and
spring, the flushing mechanism switched to a dilution behavior (Table 2) with the arrival of water from
non-fertilized areas (permanent pastures, agro-forestry of holm oaks).

Ramos et al. [21,22] estimated the annual sediment and nutrient yields based on the monitored
data (Table 2). Average sediment and NO3

− yields amounted 287.4 and 21.66 kg ha−1 year−1,
respectively and were considered relatively small when compared with reports from other
Mediterranean catchments [46,57,58]. Annual TP, POC and DOC yields reached 0.61, 129.0 and
72.6 kg ha−1 year−1, being considered relatively high but also comparable to other Mediterranean
catchments [58–60].

SWAT long-term model predictions confirmed the previous yield estimates determined from field
data. The 30-year simulation period (1980–2010) revealed that approximately 80–85% of the annual
rainfall was evapotranspirated and that the remaining 15–20% was delivered to the river [23]. Average
annual sediment yield was also relatively low (450 kg ha−1 year−1) and comparable to the first and
third monitored years when no drought occurred (Table 1). However, SWAT simulations showed some
sub-basins producing values up to 1000–2000 kg ha−1 year−1, thus reaching the numbers of Walling
and Webb [57] for some catchments in the Iberian Peninsula. NO3

- loads were within the same order
of magnitude (12 kg ha−1 year−1) of field measurements, while TP yields were found to be smaller
(0.3 kg ha−1 year−1) than those measured in the Enxoé River (Table 1).

Brito et al. [24] produced similar estimates for NO3
− yields using the MOHID-Land model, but the

effective annual P transport to the reservoir was found to be up to three times the average annual P load
estimated by SWAT. This was explained by the capacity of the MOHID-Land model in using a variable
time-step (of the order of seconds or less) to describe flash flood formation and propagation, which
SWAT could not. As such, despite the both models considered the same P loads arriving to the river
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network, SWAT then deposited a significant part on the riverbed, while MOHID-Land showed that the
deposited material would later be resuspended during flash floods and transported to the reservoir.

Table 2. Sediment and nutrients sources and main transport mechanisms in the Enxoé catchment.

Element a Autumn Winter Spring

Source b Transfer c Pattern d Source b Transfer c Pattern d Source b Transfer c Pattern d

Particulate elements
—SSC, TP, PP and POC RB R F/AC AF R F/M RB/AF R F/M

Soluble elements
—SRP RB/AF R/LF D/M RB R F/AC RB R F/AC

—NO3
− AF LF F/AC AF LF D/M AF LF D/AC

—DOC AF LF D/AC AF LF D/AC AF LF D/AC
—EC – LF D – LF D – LF D

—Na+, Ca2+, Mg2+, K+ – LF D – LF D – LF D
—Total Fe – LF D – LF D – LF F

Notes: a SSC, suspended sediment concentration; TP, total phosphorus; PP, particulate phosphorus; SRP, soluble
reactive phosphorus; NO3

−, nitrate; POC, particulate organic carbon; DOC, dissolved organic carbon; EC, electrical
conductivity. b RB, river bank; AF, agricultural field. c R, runoff; LF, lateral flow. d F, flushing; D, dilution; M, mixed;
C, clockwise; AC, anticlockwise

3.3.3. Reservoir Scale

Reservoir monitoring was carried out in three sites (lotic zone at the beginning of the reservoir,
transition zone in the center, lacustrine area near the dam wall) between September 2010 and March
2012. Water temperature data from the reservoir dam measured profiles (17 m at deep full storage)
showed a clear thermal stratification during the summer months (June to August), with differences
between surface and bottom temperatures reaching 10 ◦C. The thermocline was also observed at
4–8 m depth. During winter months, stratification disappeared due to stronger winds and lower
surface air temperatures. Homogeneous and colder temperature profiles were then observed [27].
The dissolved O2 profiles taken near the Enxoé dam showed similar seasonal patterns as those for
temperature. Stratification was observed during summer months (June to August), with the maximum
difference between surface and bottom concentrations totalizing 5–10 mg L−1. O2 changes were very
pronounced in the thermocline at 4 m due to the existence of bottom sink processes (mineralization,
nitrification), which occurred as the capacity to oxygenate was reduced with depth promoting anoxic
conditions in the sediment and water column that originated the liberation of adsorbed P. In aerobic
conditions, Fe3+ bounds with P and forms an insoluble complex locking up P in a form that algae
cannot access. However, in anaerobic conditions, Fe3+ is chemically reduced to Fe2+, releasing P and
making it available to algae [61]. Hence, vertical density stratification of the water body (common in
summer) reduced vertical diffusion of O2 and promoted anoxic conditions at the bottom of the Enxoé
reservoir. In the winter months, stratification disappeared. Homogeneous profiles were then observed,
showing higher dissolved O2 concentrations [27].

Surface SSC showed base and peak values of 10 and 60–70 mg L−1, respectively, between 2001 and
2011 [35]. Surface NO3

− concentrations measured also during the same period were very low, ranging
from 1 to 0.5 mg L−1 at the surface [35], while data from water profiles showed relatively higher
concentrations (up to 8 mg L−1) [19]. Surface SRP concentrations ranged from 0.02 to 0.1 mg L−1 at
the surface (2001–2011), while TP averaged 0.1 mg L−1 at the surface and higher than 0.035 mg L−1

along the water profile.
Measured surface chlorophyll-a concentrations presented a geometric average of 33 µg L−1 for

the period 2001–2011, varying between minimum values on the order of units of ug L−1 and maximum
values above 200 ug L−1 [35]. This geometric average corresponded to eutrophic, being higher than
the 10 µg L−1 defined as the national threshold limit for eutrophication. Morais et al. [19] confirmed
the high productivity of the phytoplankton community (in 87.5% of the measurements above the
limit for the good ecological potential status). In terms of taxonomic composition, cyanobacteria
were dominant in the summer season, in some situations with 100% of relative abundance and with
densities showing the existence of blooms formed by potentially toxic taxa. This gradient evidenced
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the entry of allochthonous materials to the system (mainly evidenced by greater turbidity), reinforcing
the need to apply measures and to define effective policies for management.

3.4. Impacts

The sediment and nutrient loads to the reservoir described impacts of the catchment to the
eutrophication of the Enxoé reservoir (Figure 2). After the calibration of the CE-QUAL-W2 model,
the measured field data (surface and profiles) was simulated with success. Brito et al. [27] computed
the N and P budgets of the reservoir to understand the main processes responsible for sustaining
the high trophic level observed. The estimated average N and P annual fluxes in each component
(river inflow, reservoir outflow, algal assimilation/respiration, denitrification, mineralization, sediment
release under anoxic conditions, organic matter decay and zooplankton respiration) were accounted
for the period 2001–2011.

For N, 17 ton year−1 (60% of the input) were removed from the reservoir with outflow; a high
level of N recycling existed due to algal N assimilation/death and consequent organic matter decay,
including denitrification under anoxic conditions (most part of the summer). For P, 0.83 ton year−1

(140% of the input) were removed with outflow, while 0.6 ton year−1 (100% of the input) were generated
from sediment bottom release; the internal P recycling processes (algal assimilation, mineralization,
or organic matter decay) removed 55% of the P input (0.33 ton year−1).

The Enxoé reservoir behaved as a nutrient recycler between algal cycles, with reduced dependency
on watershed inputs because of cyanobacteria dominance, which were able to assimilate atmospheric
N2 and were sustained by internal sediment P (of the same order as the catchment input). Similarly,
Søndergaard et al. [62] demonstrated the importance of internal P loading to the high trophic level
registered in Lake Arresø (Denmark). Their study area presented a relatively high sediment P release
rate during resuspension because of the type of sediment and low Fe-P ratio. Those authors inferred
that the internal P release contributing to a reservoir’s high trophic level could last for several decades,
even when external loading was reduced. Likewise, Lee and Oh [9] referred that the sediment release
fluxes were considerable compared to loads from the catchment, highlighting the need for reducing
the internal pollutant loads in four reservoirs in South Korea.

3.5. Response

The response of the Enxoé reservoir to different management scenarios has been assessed through
modelling over the years. For example, ARH Alentejo [18] considered different river load reduction
scenarios using the CE-QUAL-W2 model. Chlorophyll-a concentration responded to scenarios of 40 to
90% load decrease, with values ranging from 26.9 to 42.6 µg L−1 depending on the scenario. These
still corresponded to eutrophic levels though. As such, those authors recognized the importance of
flash floods for sediment and nutrient dynamics, but also the role of P remobilization in fueling algae
blooms under anoxic conditions. They then advanced with some mitigation measures, which included
the removal of the deposited sediment at the bottom of the reservoir and the construction of ditches to
trap sediment upstream.

On the other hand, Ramos et al. [21] suggested management practices for reducing soil erosion
risks in arable lands of the catchment. These included the promotion of reduced tillage techniques to
effectively reduce sediment losses, maintaining crop residue at the soil surface and minimizing soil
particle detachment and movement during storms. They further recommended the protection of river
banks and riparian vegetation, contributing to bank stability and cohesion.

Finally, Brito et al. [27] considered five management scenarios, which included the reduction of
P load in the Enxoé River by 50%, the removal of sediment P load and the increase of the dam wall up to
2 m (average depth of the reservoir would then be 7 m instead of the current 5 m). The scenario testing
the dependence on internal load (no river load) showed reductions of 13% for mean and maximum
chlorophyll-a concentrations during the entire simulation period (2001–2010) when compared to
current conditions, these being hardly noticeable over the years since internal P loads would still be



Water 2018, 10, 1576 16 of 20

able to fuel algal blooms for months. The scenario with 50% P load reduction (from river input and
bottom sediment) led to a reduction of chlorophyll-a mean and maximum concentrations between
47 and 52% when compared to current conditions. Only the scenario with a 50% P reduction from
river input and complete removal of the internal P load resulted in a 75–78% reduction in the mean
and maximum chlorophyll-a concentrations when compared to current conditions. In this case, mean
chlorophyll-a concentration values yielded 12–14 µg L−1 (geometric averages of 7–8 µg L−1), being
difficult to sustain it as safe though. Thus, Brito et al. [27] concluded that decreasing loads to these
levels would require: (i) reducing the suspended material inflow to the reservoir especially during
flash flood, which would mean placing retention barriers upstream to retain sediment, preserving
riparian vegetation and promoting conservation tillage practices in the catchment, in line with ARH
Alentejo [18] and Ramos et al. [21]; and (ii) removing anoxia from the reservoir bottom through O2

aeration at the reservoir bottom. This later solution was also proposed by Lee and Oh [9] for South
Korean reservoirs, with these requiring aeration in the bottom when anoxic conditions were present.
These authors further suggested that for reservoirs subjected to livestock pollution sources, priority
should be given to sediment management, namely by seasonally supplying O2 to the bottom of the
reservoirs to control the release rate of contaminants from sediment.

Finally, following INAG [17], who reported that most of the reservoirs in Portugal with mean
depths of less than 10 m presented eutrophic conditions even with low urban or diffuse loads, Brito et
al. [27] demonstrated that with a 2-m wall increase (no load reductions), chlorophyll-a concentrations
in the Enxoé reservoir would reduce 82–91% (mean values of 5–10 µg L−1 and geometric mean of
3–6 µg L−1) when compared to current conditions. Therefore, while reducing the P load by 75%
(externally from catchment sources and internally from the bottom sediment source) could reduce
the reservoir trophic level to values close to the eutrophication limit, only by limiting the P internal
load ability to reach the photic zone in parts of the reservoir would lead to a sustainable mesotrophic
state level. Nonetheless, Jarvie et al. [63] adverted for the fact that P-based mitigation measures may
not be the most effective strategies for combating freshwater eutrophication. These would require the
control of additional nutrients. Those authors justified that since ecosystem recovery does not always
follow the trajectories of stressor-response models because of the long-term lags associated with the
legacy of P from past land use management. Also, P reductions fail to reach the challenging limitation
thresholds for algal growth. Finally, the decoupling of algal biomass response to P concentrations
result from multiple physical-chemical and biological factors, not only P.

4. Conclusions

This study presented an integrated analysis of the eutrophication process in the Enxoé River and
reservoir (southern Portugal), with the DPSIR framework providing a common context for research
carried out in the region over the last few years. The drivers provided the identification of the major
causes affecting water quality in the Enxoé reservoir. The pressures highlighted the way these drivers
were expressed. The state provided the current environmental status of the Enxoé catchment and
reservoir. The impacts identified the causative effects leading to the eutrophication of the reservoir.
The response emphasized the results by considering different pressure change scenarios.

Although agriculture and grazing were the main driving forces in the catchment, annual sediment
and nutrient loads were found to be relatively small to medium and comparable to those reported for
similar Mediterranean catchments. These values were already expected for an extensive agricultural
area with gentle slopes (low erosion) and reduced human presence. However, the precipitation regime
and the formation of flash floods proved to be fundamental for sediment and nutrient dynamics, with
these events being in some cases able to transport up to three times the average annual load.

While a relation was found between flash floods and chlorophyll-a blooms in the Enxoé reservoir,
the main eutrophication process was verified to be the release of P from bottom sediment under anoxic
conditions and the process of internal recycling that would be able to sustain high algal concentrations
for months (algal and organic matter decay and nutrient assimilation and decay). This was confirmed
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by the management scenarios tested using the CE-QUAL-W2 model, showing the importance of
reducing the P load by 75% (from the catchment and internal sources) for reaching a mesotrophic state
level in the reservoir. However, this trophic level would only be sustainable by limiting the P internal
load ability to reach the photic zone.
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