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In temporary (or intermittent) rivers the first storm event after a dry period is responsible for transferring large
amounts of sediment and nutrients into water reservoirs, thereby justifying close monitoring. The objective of
this study was to analyse the contribution of storm events to sediment and nutrient transport in the Enxoé tem-
porary river (southern Portugal) using detailedmonitoring collectedduring three hydrological years (September,
2010 to August, 2013), and identify possible sediment and nutrient source areas based on the interpretation of
hysteresis in the concentration–discharge relationship. The Enxoé River was monitored for suspended sediment
concentration (SSC), total phosphorus (TP), particulate phosphorus (PP), soluble reactive phosphorus (SRP), and
nitrate (NO3

−). An empiricalmodelwas used to describe changes in solute concentrations, and themagnitude and
rotational patterns of the hysteretic loops. Twenty-one storm events were registered. SSC, TP, PP, SRP, and NO3

−

concentrations varied between 1.6 and 3790.1, 0.05–11.4, 0–7.6, 0–0.67, and 0–27.84 mg l−1, respectively. The
highest SSC, TP, and PP concentrations were registered during the first storm event after an extended drought
period. Annual sediment yields (13–480 kg ha−1 y−1) and nitrate (4.4–45.5 kg ha−1 y−1) were relatively low,
while phosphorus losses (0.04–0.96 kg ha−1 y−1) reached relatively high values during humid years. Sediment
and phosphorus transport was influenced by the stream transport capacity and particle availability, whereas ni-
trate loads were influenced by rainfall, soil hydraulic characteristics, and landmanagement. Thiswork highlights
the main processes involved in sediment and nutrients loads in a temporary river during storm events, with a
quantification of the relevant elements.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Suspended sediment transport from agricultural catchments to
stream networks is responsible for aquatic habitat degradation, reser-
voir sedimentation and the transport of sediment-bound pollutants
(pesticides, particulate, nutrients, heavy metals and other toxic sub-
stances). Storm events are a natural phenomenon responsible for in-
creasing the transport of sediments and nutrients into streams and
lakes. Such events can result in pollution peaks that can last from a
few minutes to a few days, leading to the eutrophication of water bod-
ies, and to the contamination of drinking water and ecosystems
(Langlois et al., 2005; Yevenes and Mannaerts, 2011). In the particular
case of southern European regions, storm events appear to contribute
stigação Agrária e Veterinária,
gal.
lves).
substantially to phosphorus and nitrogen removal due to the character-
istics of theMediterranean climate and soils, aswell as land use (Torrent
et al., 2007). Phosphorus, which is usually considered the limiting nutri-
ent to primary production, is mainly transferred from agricultural soils
through runoff and soil erosion, as inorganic P forms bound preferen-
tially to soil sediments through interactions with iron or aluminium
oxy-hydroxides (Skoulikidis and Amaxidis, 2009; Oeurng et al., 2010a;
Zhu et al., 2012). Nitrogen, which may also play an important role in
autotrophic production, namely in the nitrate form, is more often
transported through subsurface flow (Sánchez-Pérez et al., 2003; Buda
and DeWalle, 2009; Oeurng et al., 2010b; Cerro et al., 2013).

However,finding a direct relationship betweenwater quality deteri-
oration and storm events characteristics is not straightforward as it de-
pends on the catchment topography, hydro-morphology, land use and
management, and the remobilisation of sediments and pollutants
(Klein and Koelmans, 2011; Zhu et al., 2012). These complex relation-
ships are even more undetermined in catchments with intermittent
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Fig. 1. Location of the Enxoé catchment in Portugal. Land use (top) and major soil units (bottom) in the Enxoé catchment.
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(herein termed temporary) rivers located in semi-arid regions where
those phenomena remain largely unassessed (Alexandrov et al., 2003;
Rovira and Batalla, 2006; Torrent et al., 2007; Butturini et al., 2008). In
these water scarce regions studies with a high sampling density as the
one presented here, focusing on the hydrological and biogeochemical re-
gimes of temporary rivers are very rare, but are crucial for implementing
effective conservation measures and other good agricultural practices.

These temporary streams, over an annual cycle, form small lentic
shallow systems where sediments and nutrients accumulate, and lotic
systems where high flushing rates are often registered. During dry pe-
riods with flow cessation followed by pool formation, the shallowness
of the water column associated with the low discharge and high tem-
peratures may enhance important biochemical processes at the sedi-
ment/water column interface leading to the accumulation of nutrients.
During stormevents, surface or subsurfaceflowbecomesmore enriched
with sediment and dissolved nutrients accumulated in those pools with
severe implications for the physical and chemical environment of the
water bodies (Lillebø et al., 2007). However, sediment and nutrient
dynamics in temporary rivers may also be related to rainfall–runoff
processes and to the type of storm. High-intensity, convective or
convective-enhanced storms during autumn and spring have already
been associated with higher sediment yields, while lower-intense,
long-duration, frontal storms occurring duringwinter have been related
to lower sediment yields (Alexandrov et al., 2007). Hence, sediment and
nutrient dynamics in these temporary streams is mainly determined by
seasonality and sequences of dry periods and the following storm
events (Lillebø et al., 2007; Alexandrov et al., 2007), providing a difficult
challenge in developing sustainable water management plans (Tzoraki
and Nikolaidis, 2007).

Monitoring programmes are thus essential for understanding the
hydrological regime of a temporary river, sediment and nutrient
dynamics across the catchment, and the effect of storm events on
basic functions of ecosystems, namely, on soil retention, and water
and nutrient regulation. Long-term nutrient concentrations datasets
are important to understand nutrient trends, loads, nutrient behaviour,
the effectiveness of past nutrient migration, and supporting data for
future management decisions regarding issues of eutrophication and
nutrient control (Burt, 2003; Oeurng et al., 2010b). Nevertheless,
while monitoring of nutrient concentration is important in determining
the nutrient status of a water body, it does not necessarily provide infor-
mation on the source of those sediments and nutrients. That information
may be obtained by analysing the hysteresis in the concentration–dis-
charge relationship (House and Warwick, 1998; Bowes et al., 2005;
Eder et al., 2010; Oeurng et al., 2010a). Hysteresis, at a given discharge,
is characterised by differences in the concentration of an element on the
rising and falling limb of a hydrograph. When plotted, that relationship
may show clockwise or anticlockwise loop trajectories that give an in-
sight on the source of the eroded materials. Other methods, likely
more precise, include the development of modelling tools for mapping
soil erosion (Oeurng et al., 2011; Borrelli et al., 2014), the use of rare
earth elements as tracers (Stevens and Quinton, 2008), and fingerprint-
ing (Martínez-Carreras et al., 2010; Siebert et al., 2014). This latter
approach relies on the identification of physical, geochemical, mineral-
ogical, and mineral magnetic properties, which clearly differentiate po-
tential source materials. These properties are then compared with
measurements of the same property obtained from suspended sedi-
ment in order to identify the likely source of that material (Walling,
2005). Additionally, isotopic signatures and the activity of fallout radio-
nuclides may also be applied to complement fingerprinting, allowing to
distinguish between surface and subsurface materials, cultivated and
uncultivated soils, and even soil types (Motha et al., 2003; Wallbrink
et al., 2003; Walling, 2005).



Table 1
Summary description of the main agricultural practices carried out in the Enxoé catchment area.

Land use Tillage operations Fertilisation inputsa Livestock

Olive groves Traditional olive groves (b100 trees ha−1): Traditional olive groves
(b100 trees ha−1):

Sheep
(0.1 LSUb)

Harrowing (October) 24 kg ha−1 of N (April and May)
Intensive olive groves (300–500 trees ha−1): Intensive olive groves

(300–500 trees ha−1):
No tillage; average irrigation depths

200 mm/year (MADRP, 2010)
60 kg ha−1 of N (April to July)
15 kg ha−1 of P (April to July)
30 kg ha−1 of K (April to July)

Agro-forestry of holm-oaks Areas with N30 trees ha−1: Annual winter crops: Cows, sheep, goats, and pigs
Harrowing (May) Triticale and Oats (0.4 LSU, which increase to 0.6 LSU

for 3 months during holm-oaks
fructification period)

Areas with b30 trees ha−1: 40–80 kg ha−1 of N
(October to November)

Include also annual winter crops 60 kg ha−1 of P
(October to November)Harrowing (October)

Annual winter crops: Sunflower: Sunflower: Cows and sheep
(0.6 LSU)Rotation 1 (sunflower + wheat or

triticale + barley or oats)
Moldboard ploughing (April) 22 kg ha−1 of P (April)
Harrowing (April) 42 kg ha−1 of K (April)
Heavy rolling (April) Wheat, Triticale and Barley:
Sowing (April) 20 kg ha−1 of N (November)
Harvest (September) 18 kg ha−1 of P (November)

Rotation 2 (wheat or triticale +
oats + fallow)

Wheat, Triticale and Barley: 50–90 kg ha−1 of N
(January to February)

Rotation 3 (oats + fallow) Harrowing (November) Oats:
Sowing (November) 40 kg ha−1 of N (March)
Harvest (June)

Oats:
Harrowing (November)
Sowing (October)
Harvest (June)

Permanent pastures No tillage operations 18 kg ha−1 of P (October) Cows and sheep
(0.6 LSU)

a Values obtained by questioning the farmers in the region.
b LSU— livestock units.
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This study analyses the temporal variability of suspended sediment
concentration (SSC), phosphorus (in both soluble and particulate
forms), and nitrate (NO3

−) in the Enxoé temporary river, southern
Portugal, during three years of intense hydro-biogeochemicalmonitoring.
This river was selected as the Enxoé reservoir exhibits the highest eutro-
phic state in Portugal, and is located in a region where many others are
also classified as eutrophic (CCDR Alentejo, 2005; Instituto da Água,
2008). The study focuses on solids and solutes transport in this temporary
Mediterranean river, with special emphasis on their pattern during storm
episodes (i.e., concentration–discharge relationships). The analysis of
concentration–discharge responses in Mediterranean streams is still in a
preliminary phase, and even rarer are those studies that explored these
responses in Mediterranean human-altered systems, like Enxoé.

This study focuses on the contribution of storm events to sediment
and nutrient transport in the Enxoé temporary river using detailed
monitoring carried out during three hydrological years (September,
2010 to August, 2013). It also highlights the importance of monitoring
the first storm events after a dry period. Finally, the possible sediment
and nutrient source areas and associated processes are also identified
based on the interpretation of hysteresis in the concentration–discharge
relationship. The data presented here are relatively rare in the case of
temporary rivers, and may help decision-makers to improve the man-
agement of drinking water catchment areas by minimising pollution
risks during storm events and reducing the trophic state of freshwater
reservoirs.
2. Material and methods

2.1. Catchment description

The Enxoé catchment is located in the Alentejo region, southern
Portugal (Fig. 1). The river is a tributary of the Guadiana river, has a
bed length of 9 km, a catchment area of 6080 ha, and an altitude ranging
from 155 to 348 m.

The dominant soils are Luvisols (covering 47% of the area),
Cambisols (31%), and Calcisols (14%). Themainmagmatic and sedimen-
tary rocks include granites, schists, greywackes, limestone, diorites, and
quartzodiorites. The main land uses are olive groves (1830 ha), agro-
forestry of holm-oaks (1760 ha), and annual winter crops (1700 ha).
The main agricultural practices are summarised in Table 1. Average
fertilisation inputs are estimated to amount 25 kg N ha−1 y−1 and
12 kg P ha−1 y−1, while animal excretions are estimated to reach
26 kg N ha−1 y−1 and 3 kg P ha−1 y−1 (Table 1; Agroscope, 2009).
Hence, nutrient inputs in the Enxoé catchment can be considered
low when compared with more intensive agricultural catchments
(e.g., Yevenes and Mannaerts, 2011).

The climate is dry sub-humid to semi-arid. The precipitation regime
is characterised by a highly irregular behaviour, varying between rela-
tively abundant rainfall episodes, concentrated in only a few minutes
or hours, and frequent drought episodes that can last froma fewmonths
to a couple of years. The annual average precipitation is 500 mm, irreg-
ularly distributed throughout the year (80% of the annual precipitation
is concentrated between October and April). Thus, the hydrological re-
gime causes a strong inter and intra-annual variation of the discharges.
From fall to spring, the river frequently presents high flow discharges
after storm events. During summer, the river normally exhibits no
flow. As a result, the hydrological year is defined between September
and August of the following calendar year. The annual average temper-
ature is 16 °C, and the annual reference evapotranspiration varies
between 1200 and 1300 mm. Weather data used in this study was col-
lected from a weather station located in Herdade da Valada, Serpa
(Fig. 1).

The catchment has a population of 1000 inhabitants, mainly concen-
trated in Vale de Vargo (Fig. 1), and is limited downstream by a dam
(10.4 million m3) built in 2000, which supplies the villages of Mértola
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and Serpa (25,000 inhabitants). There are no point source emissions in
Enxoé. The waste waters of the treatment plant of Vale de Vargo are
pumped to a water stream located outside the Enxoé catchment area.

2.2. River Enxoé water quality monitoring

The river Enxoé water was monitored at the sampling station locat-
ed upstream the reservoir (Fig. 1) during three hydrological years (Sep-
tember, 2010 to August, 2013). The upstream drainage area covers
approximately 2/3 of the watershed (45 km2). Sampling waters was
undertaken for suspended sediment concentration (SSC), total phos-
phorus (TP), particulate phosphorus (PP) consisting of phosphorus
adsorbed to particulate suspendedmaterial (N0.45 μm), soluble reactive
phosphorus (SRP), and nitrate (NO3

−). An YSI 6920 measuring probe
(YSI Incorporated, Ohio, USA) was used to monitor the water stream
level and turbidity (by nephelometry) continuously. Readings were
taken every 15 min during storm events and daily during non-storm
events. Flow was then obtained from the measured water level with
the well-established Gauckler–Manning formula. Manning's roughness
coefficient was set to 0.06. Variations in vegetative roughness were not
accounted for, thus leading to some uncertainty when estimating
flow throughout different seasons. An automatic water sampler
(EcoTech Umwelt-Meβsysteme GmbH. Bonn, Germany) with 8 bot-
tles, 2 l each, was used for monitoring water quality during storms.
The monitoring station was positioned near the bank of the river,
where the movement of water was considered representative of
river flow. The pump inlet of the automatic water sampler was
placed next to the measuring probe pipe. The probe was pro-
grammed to activate the automatic water sampler when the water
level varied more than 10 cm on both rising and falling stages of
storm events. As a result, automatic sampling varied from 3 min
(during flash events) to 15 h during storm events. Manual sampling
was also carried out at weekly intervals using 2 l bottles collected
near the probe location. The total number of water samples taken
from both automatic and manual sampling was 176.

Water samples (250–1000 ml) were filtered in the laboratory to de-
termine SSC using pre-weighed glass microfiber paper (GFF 0.75 μm).
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when the equipment malfunctioned. A, W, Sp, and S correspond to autumn, winter, spring, an
The sediments retained on the filter paper were oven dried at 50 °C
over 24 h. The filters were again weighed and SSC was calculated.

Aliquots of each sample were filtered using a cellulose acetate
membrane (0.45 μm), and analysed for total dissolved phosphorus
(TDP), SRP, and NO3

−. TP was determined in the unfiltered samples. TP
and TDP were quantified, after sulphuric acid and nitric acid digestion,
colourimetrically by reacting with ammonium molybdate. SRP was
also quantified colourimetrically, using the same reaction (APHA,
1995). PPwas determined from the difference between TP and TDP con-
centrations. NO3

− concentration was measured directly in the filtered
solution with an automated segmented flow analyser, using the cadmi-
um reduction method (Hendrilsen and Selmer-Olsen, 1970).

2.3. Water, sediment, and nutrient loads

Water yield was determined by integrating river discharge over a
time period (3 to 15 min during storm events and daily during non-
storm events), as follows:

W ¼
X
i

Q ið Þ þ Q i−1ð Þ
� �

2
� t ið Þ−t i−1ð Þ
� �

ð1Þ

whereW is the accumulatedwater yield (l3), andQi is the instantaneous
river discharge (l3 T−1) at time i (T).

Sediments and nutrient loads were obtained by averaging concen-
trations between two adjacent samples and integrating this with
discharge. Continuous sediment and nutrient series were thus devel-
oped to reduce uncertainty thatwould result from interpolation and ex-
trapolation of low-frequencymeasurements. The continuous data series
for the particulate elements were based on the SSC-turbidity, TP-
turbidity, and PP-turbidity relations found in Enxoé, andwere only pos-
sible due to the quasi-continuous turbidity recording provided by the
automatic probe (15 min during storm events and daily during non-
storm events) which complemented the information collected with
the automatic water sampler (3 min to 15 h during storm events).
The relationships between turbidity readings and SSC, TP, and PP
16/06/12 03/10/12 20/01/13 09/05/13 26/08/13

0

400

800

1200

1600

16/06/12 03/10/12 20/01/13 09/05/13 26/08/13
)

12

13

21

14

20

17

19
18

16
15

ASp S W Sp S

Discharge SSC Turbidity

SS
C

 (m
g 

L-
1 )

Tu
rb

id
ity

 (N
TU

)

n September, 2010 and August, 2013. The line in light grey represents the period of 22 days
d summer, respectively.



Table 2
General characteristics of the storm events observed in the Enxoé catchment between September, 2010 and August, 2013.a

Storm events Rainfall Discharge

No. Date FD W Pe Pd P1 P5 P10 Qmean Peak Qmax Tpeak

(h) (×106 m3) (mm) (h) (mm) (mm) (mm) (m3 s−1) N° (m3 s−1) (h)

Year 1 (Sept. 2010 to Aug. 2011)
1 08/10–11/10 52 0.05 37 4 31 32 41 1.3 1st 3.6 1.0
2 29/10–02/11 48 0.51 60 3 17 17 17 5.2 1st 5.2 0.5

2nd 10.5 34.4
3rd 8.2 38.6

3 18/12–23/12 127 0.62 84 4 11 39 40 5.4 1st 28.0 9.0
2nd 8.7 66.4
3rd 8.9 98.7

4 30/12–02/01 92 0.50 22 3 19 19 56 1.5 1st 4.2 25.2
5 07/01–09/01 70 0.27 13 2 6 13 35 1.0 1st 3.5 4.0
6 28/01–31/01 63 0.33 7 4 6 14 26 1.5 1st 5.5 4.0
7 15/02–17/02 69 1.31 33 7 19 24 24 4.8 1st 7.2 3.5

2nd 9.5 9.2
3rd 13.8 33.7

8 14/03–15/03 43 0.94 28 3 28 53 94 5.9 1st 10.6 6.8
2nd 19.7 18.9

9 19/04–21/04 40 0.16 77 7 46 46 46 0.9 1st 6.2 8.5

Year 2 (Sept. 2011 to Aug. 2012)
10 26/10–28/10 29 0.07 68 4 37 67 67 0.6 1st 2.4 2.0
11 09/11–10/11 36 0.15 37 4 14 37 76 0.1 1st 2.4 4.0

Year 3 (Sept. 2012 to Aug. 2013)
12 24/10–24/10 2 0.01 27 1 27 28 46 1.4 1st 3.0 0.5
13 03/11–05/11 4 0.05 20 5 8 33 43 3.0 1st 4.3 2.0
14 08/11–10/11 41 0.43 34 3 24 43 77 2.7 1st 12.8 4.5

2nd 4.9 36.8
15 16/11–17/11 33 0.14 49 2 40 49 91 1.2 1st 3.1 2.3

2nd 2.7 21.0
16 15/12–17/12 57 0.26 15 5 15 17 29 1.2 1st 4.2 10.3

2nd 2.5 54.8
17 19/01–20/01 21 0.11 21 1 16 17 21 1.5 1st 3.7 2.8
18 04/03–14/03 234 1.42 85 2 7 20 21 2.6 1st 6.4 9.0

2nd 5.9 59.4
3rd 17.6 88.0
4th 5.3 177.7

19 19/03–21/03 29 0.35 21 3 21 24 53 3.3 1st 8.3 5.8
20 23/03–25/03 43 0.43 13 2 10 43 46 2.7 1st 4.3 2.5
21 31/03–05/04 100 1.18 46 5 32 37 66 3.6 1st 16.4 11.3

2nd 4.6 71.3

a FD, flowduration;W,water yield; Pe, total amount of rainfall registered between the rising and recession limbs of the same stormevent; Pd, rainfall duration during a storm event; P1,
P5, and P10, cumulative precipitation one, five and ten days before the first discharge peak, respectively; Qmean, mean discharge; Qmax, discharge peak; Tpeak, time of rise.
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concentrations were obtained by linear regression. This approach is
commonly found in the literature (e.g., Langlois et al., 2005; Lefrançois
et al., 2007; López-Tarazón et al., 2009; Eder et al., 2010; Oeurng et al.,
2010a; Cerro et al., 2013). The solute elements (SRP and NO3

−) were
estimated from the high frequency of data collection provided by the
automatic sampler (3min to 15 h during storm events and weekly dur-
ing non-storm events). Sediments and nutrient loads were thus linear
interpolated between two adjacent samples, as follows:

Md ¼
X
i

Cd ið Þ þ Cd i−1ð Þ
� �

2
�Wi ð2Þ

where Md is the solute mass lost in the catchment from diffuse
(d) sources (M), and Ci and Wi are the instantaneous solute concentra-
tion (M −3) and water yield (l3), respectively, at time i (T).

2.4. Solute-discharge hysteresis analysis

For each storm event, the analysis of the concentrations (C) of SSC,
TP, PP, SRP, and NO3

− versus discharge (Q) relationships, was performed
with the approach proposed by Butturini et al. (2006). The shape, rota-
tional patterns and trends of hysteretic loops of each determinand are
described here with two parameters: the changes in solute concentra-
tions (ΔC), and the overall dynamics of each hysteretic loop (ΔR).

ΔC (%) describes the relative changes in solute concentration and
hysteresis trend, as follows:

ΔC ¼ Cs−Cbð Þ=Cmax100 ð3Þ

where Cb and Cs are the solute concentrations at base flow and at peak
discharge, respectively, and Cmax is the highest concentration observed
in the streamduring a storm.ΔC ranges from−100 to 100%,where pos-
itive values indicate solute flushing, and negative values solute dilution.
For solute flushing, maximum ΔC (100%) is obtained when Cs = Cmax

and Cb = 0. For solute dilution, minimum ΔC (−100%) is obtained
when Cs = 0 and Cb = Cmax. All other situations where the concentra-
tion peak (Cmax) arrives before or after the peak discharge (Cs) fall with-
in that interval.

The ΔR (%) descriptor integrates information about the magnitude
(area) and direction (rotational pattern) of the C–Q hysteresis, as
follows:

ΔR ¼ R Ah 100 ð4Þ

where Ah is the area of the C–Q hysteresis loop, estimated after
standardising discharges and concentrations to a unity scale, which
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means that Ah will be lower than unity. If Ah is closer to zero, the rela-
tionship pattern is more linear shaped, i.e., the concentration in the ris-
ing limb is similar to the concentration in the recession limb for the
same discharge. If Ah is closer to unity, the area of the hysteresis loop
is larger, and the concentration of the rising limb is different from the
concentration in the recession limb for the same discharge. R summa-
rises the rotational pattern of the C–Q hysteresis. If the C–Q hysteresis
is clockwise, then R = 1; if anticlockwise, then R = −1; for unclear
(for example, figure-of-eight-shaped hysteresis loops) or non-existent
hysteresis, R = 0. ΔR thus ranges also from −100 to 100%.

The variability of the C–Q hysteresis descriptors for the different
determinands is described in a plot of ΔC vs ΔR, where four regions
can be identified according to flushing/dilution of the constituent and
the hysteresis loop sense (clockwise or anticlockwise). All this informa-
tion allows clarification of the source of particulate matter and soluble
elements, and separation of different types of storms. Further details
can be found in Butturini et al. (2006, 2008).
3. Results

3.1. General description of monitored storm events

Twenty-one storm events occurred between September, 2010 and
August, 2013 (Fig. 2). These events took place during autumn (10),win-
ter (8), and spring (3). During summer there was no flow in the river.

Total precipitation amounted to 695, 270, and 570 mm during the
first (2010/2011), second (2011/2012), and third (2012/2013) hydro-
logical years, respectively. The first year can thus be classified as
humid, the second as very dry, and the third as within the average
(≈500 mm). River discharge reflected those rainfall amounts, with
annual water yielding 28.7 × 106, 1.3 × 106, and 10.1 × 106 m3 in
2010/2011, 2011/2012, and 2012/2013, respectively. Major rainfall
events generally occurred in autumn (October/December) and spring
(March/April). Storm events lasted between 1.8 and 233.5 h (mean =
58.7 h; standard deviation, σ = 50.1 h). Seven events lasted longer
than the average duration. Maximum discharge varied between 2.4
and 28.0m3 s−1 (mean=7.6m3 s−1;σ=5.7m3 s−1). Nine events pro-
duced multiple discharge peaks. The mean rising time to reach the first
discharge peak was 5.7 h (σ=5.5 h). The shortest time was only 0.5 h.
Water yield ranged from 0.01 × 106 to 1.42 × 106 m3 (mean =
0.44 × 106 m3; σ = 0.43 × 106 m3). Seven events produced higher
water yields than average. Table 2 summarises the main characteristics
of all registered storm events.
Table 3
Pearson correlation matrix between sediment and nutrient yields and the hydro-climatologica

S FD W Pe Pd P1 P5

S 1.00
FD −0.23 1.00
W −0.41 0.73 1.00
Pe 0.09 0.50 0.28 1.00
Pd −0.18 −0.01 0.22 0.17 1.00
P1 −0.05 −0.32 −0.18 0.35 0.25 1.00
P5 0.06 −0.25 −0.12 0.38 0.16 0.64 1.00
P10 0.09 −0.28 −0.10 0.02 −0.06 0.55 0.74
Qmean −0.10 0.22 0.63 0.18 0.14 −0.17 0.02
Pkn 0.10 0.70 0.76 0.57 0.09 −0.18 −0.12
Qpeak 1 0.12 0.32 0.29 0.38 0.07 −0.16 0.14
Qmax 0.04 0.53 0.61 0.47 0.07 −0.21 0.07
Tpeak −0.32 0.46 0.33 0.05 0.18 −0.03 −0.17
SS −0.02 0.66 0.75 0.51 0.04 −0.16 0.02
TP −0.04 0.46 0.66 0.43 0.10 −0.08 0.11
NO3 −0.06 0.26 0.29 0.53 0.32 −0.08 −0.14

a S, season; FD,flowduration;W,water yield; Pe, total amount of rainfall registered between
event; P1, P5, and P10, cumulative precipitation one, five and ten days before the first discharg
imum discharge peak; Tpeak, time of rise; SS, suspended sediment yields; TP, total phosphorus

b Correlation is significant at P b 0.001 level for underlined bold italic numbers, at P b 0.01 f
Flow duration (FD) was positively correlated at P b 0.001 level to
water yield (W), and to the number of peak discharges registered dur-
ing a storm event (Pkn); and at P b 0.01 level to maximum discharge
(Qmax) (Table 3). W was positively correlated at P b 0.001 level to Pkn;
and at P b 0.01 level to Qmax and mean discharge (Qmean). Qmax was
also correlated at P b 0.001 level to Pkn, Qmean, and to the first peak
discharge (Qpeak 1). Finally, Qmean was further correlated at P b 0.01
level to Pkn and Qpeak 1.

3.2. Temporal variation of suspended sediments, phosphorus forms and
nitrate concentrations

The relations found between turbidity readings takenwith the auto-
matic probe and SSC, TP, and PP concentrations measured in the river
(Fig. 2 and 3) were the following:

SSC mg l−1
� �

¼ 2:493 turbidity NTUð Þ R2 ¼ 0:86; n ¼ 99
� �

ð5Þ

TP mg l−1
� �

¼ 0:010 turbidity NTUð Þ R2 ¼ 0:80; n ¼ 70
� �

ð6Þ

PP mg l−1
� �

¼ 0:008 turbidity NTUð Þ R2 ¼ 0:80; n ¼ 92
� �

: ð7Þ

These linear regressions were used to derive SSC, TP, and PP from
turbidity, thus complementing direct measurements of these elements
taken with the automatic sampler. They confirmed the close relation-
ship between turbidity, SSC, TP, and PP, and that the quasi-continuous
turbidity measurements could be used to more accurately estimate
the loads of the particulate elements and analyse their hysteresis pat-
terns. The following relationships between SSC, TP, and PP were also
found:

TP mg l−1
� �

¼ 0:003 SSC mg l−1
� �

R2 ¼ 0:85; n ¼ 80
� �

ð8Þ

PP mg l−1
� �

¼ 0:002 SSC mg l−1
� �

R2 ¼ 0:82; n ¼ 124
� �

ð9Þ

which may show to be useful in future studies carried out in the Enxoé
catchment.

SSC was at a minimum (2.0–215.0 mg l−1) during non-storm events
and at a maximum (1.6–3790.1 mg l−1) during storm events (Fig. 2).
The maximum measured value (1447.9 mg l−1) was reached in April,
2011 (event 9). However, the maximum turbidity value (1520.3 NTU =
3790.1 mg l−1) was observed in October, 2012, during the first flood
l variablesa,b (n = 21 storm events).

P10 Qmean Pkn Qpeak 1 Qmax Tpeak SS TP NO3

1.00
−0.05 1.00
−0.22 0.61 1.00

0.02 0.61 0.45 1.00
−0.05 0.77 0.73 0.87 1.00

0.09 0.09 0.08 0.16 0.14 1.00
−0.07 0.62 0.85 0.60 0.82 0.13 1.00

0.04 0.71 0.76 0.72 0.84 0.10 0.95 1.00
−0.41 0.45 0.51 0.47 0.50 0.10 0.38 0.40 1.00

the rising and recession limbs of the same storm event; Pd, rainfall duration during a storm
e peak, respectively; Qmean, mean discharge; Pkn, number of peak discharges; Qmax, max-
yields; NO3, nitrate yields.
or bold italic numbers, and at P b 0.05 for italic numbers.
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event of 2012/2013 (event 12). Higher suspended sediment concentra-
tion generally coincided with higher rainfall intensities.

P concentrations varied between storm events and seasons (Fig. 3).
Maximum values were again observed during storm events. TP values
ranged from 0.05 to 11.4mg l−1. PP varied from 0 to 7.6mg l−1. TDP var-
ied between 0.01 and 1.34 mg l−1. SRP ranged from 0 to 0.67 mg l−1.
Maximum measured values were obtained in October, 2010 (event 2),
when SSC also reached a high value. Maximum P values estimated from
turbidity readings were obtained in October, 2012 (event 12). PP and
TDP fractions averaged 56.3 and 44.5% of TP during most events, respec-
tively. SRP contribution to TDP varied between 49% and 97%. SRP
Table 4
Water yield and sediment and nutrient loads at the outlet between September, 2010 and Augu

Storm event Water yield Sediment

(×106 m3) (%) (×103 kg)

Year 1 (Sept. 2010 to Aug. 2011)
1 0.05 0.2 25
2 0.51 1.8 205
3 0.62 2.2 367
4 0.50 1.7 29
5 0.27 0.9 10
6 0.33 1.2 13
7 1.3 4.6 318
8 0.94 3.3 256
9 0.16 0.6 72
Total (storm events) 4.68 16.3 1296
Total (year) 28.74 – 2161

Year 2 (Sept. 2011 to Aug. 2012)
10 0.07 5.4 1
11 0.15 12.0 2
Total (storm events) 0.22 17.5 3
Total (year) 1.27 – 56

Year 3 (Sept. 2012 to Aug. 2013)
12 0.01 0.1 6
13 0.05 0.5 34
14 0.43 4.3 459
15 0.14 1.4 28
16 0.26 2.6 35
17 0.11 1.1 41
18 1.42 14.0 543
19 0.35 3.4 62
20 0.43 4.2 39
21 1.18 11.6 179
Total (storm events) 4.38 43.2 1425
Total (year) 10.14 – 1662

Percentage values were obtained by dividing individual yields by the corresponding annual yie
constituted only a small fraction of TP, but reached values of N35% in 6
events. Nitrate (NO3

−) varied between 0 and 27.8 mg l−1. The maximum
value observed was reached also during event 2.

3.3. Suspended sediments, total phosphorus and nitrate loads assessment

During storm events, sediment transport ranged from 1 × 103 to
543 × 103 kg (Table 4), and was higher during autumn and early spring
(end of February and March; defined based on Tables 5 and 6) (Fig. 4).
Maximum load was obtained in March, 2013 (event 18), which also
corresponded to the event with maximum water yield (1.42 × 106 m3).
st, 2013.

TP NO3
−

(%) (kg) (%) (×103 kg) (%)

1.2 76 1.8 0.3 0.1
9.5 616 14.3 10.2 5.0
17.0 1094 25.4 9.9 4.8
1.4 91 2.1 2.8 1.4
0.5 24 0.6 1.1 0.5
0.6 38 0.9 0.3 0.1
14.7 812 18.9 7.4 3.6
11.8 758 17.6 0.6 0.3
3.3 216 5.0 7.5 3.7
60.0 3726 86.5 40.1 19.6
– 4308 – 204.8 –

2.7 4 2.5 0.0 0.2
3.2 5 2.7 3.3 16.7
5.9 9 5.2 3.3 16.9
– 168 – 19.7 –

0.3 17 0.4 0.3 0.5
2.0 102 2.7 0.0 0.1
27.6 1356 35.8 0.7 1.0
1.7 83 2.2 0.5 0.7
2.1 106 2.8 1.5 2.2
2.5 123 3.3 3.0 4.4
32.7 860 22.7 2.6 3.9
3.7 185 4.9 0.6 0.8
2.4 118 3.1 2.0 2.9
10.8 512 13.5 1.5 2.2
85.7 3462 91.5 12.7 18.7
– 3784 – 67.8 –

lds.



Table 5
ANOVA synthesis (F value) forwater, sediment and nutrient yields andmaximumconcen-
trations during the studied hydrological years.

Df Water Sediment TP NO3
−

Yield Yield Conc. Yield Conc. Yield conc.

Year 2 0.33 ns 0.48 ns 1.77 * 0.81 ns 1.20 * 3.72 ** 1.27 *
Season 3 4.93 ** 2.26 * 0.81 *s 1.50 * 1.22 * 0.85 ns 0.57 ns

Df, degrees of freedom; ns, non significant; *, **, ***, significant at P≤ 0.05, P≤ 0.01, and P≤
0.001, respectively.
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Minimum load was observed in October, 2011 (event 10), which oc-
curred during a drought period. Storm events were responsible for
transferring 60, 6, and 86% of the annual sediment transport in 2010/
2011, 2011/2012, and 2012/2013, respectively, despite water yield dur-
ing these events only amounting to 16, 17, and 43% of each year's annual
flow. Sediment transport was shown to be positively correlated at
P b 0.001 level to FD, W, Pkn, and Qmax; and at P b 0.01 level to Qmean

and Qpeak 1 (Table 3).
The temporal dynamics in phosphorus transport was similar to

suspended sediment. Phosphorus transport during storm events ranged
from 4 to 1356 kg. Storm events were responsible for 87, 5, and 92% of
the annual phosphorus transport in 2010/2011, 2011/2012, and 2012/
2013, respectively. Phosphorus transport also showed dependence on
the intensity and amplitude of the storm events as higher loads
corresponded generally to larger water yields (Table 3).

Nitrate load also demonstrated large seasonal and annual variability.
Nitrate yieldwas highermainly during autumns, but also during springs
(Fig. 4). However, the differences between seasons are not statistically
significant (Tables 5 and 6). The nitrate transported during stormevents
varied from 0.0 × 103 to 10.2 × 103 kg. The highest nitrate load
(10.2 × 103 kg) was registered in October, 2010 (event 2). Storm events
were directly responsible for only 20, 17, and 19% of each year's annual
load, i.e., the largest portion reached the river during non-storm events.
Nitrate was positively correlated at P b 0.01 level to the total amount of
rainfall registered between the rising and recession limbs of the same
storm event (Pe) (Table 3).

From December 19, 2010 to January 9, 2011 it was not possible to
measure turbidity directly with the automatic probe due to equipment
malfunctioning. Therefore, yield estimates during that time period
were obtained from the statistical relationship observed between SSC
(or TP) and discharge during the remaining monitored period (Fig. 5).
This relationship was represented by a power function as in Langlois
et al. (2005) and Lefrançois et al. (2007). The power function suggests
that only high discharges lead to large sediment and phosphorus trans-
port. However, it does not include high sediment and phosphorus loads
measured in low discharges, i.e., it cannot represent hysteresis events.
Therefore, the relationships described in Fig. 5 can eventually lead to
some uncertainty when estimating sediment and nutrient yields for
the time period (22 days) when the equipment malfunctioned.
Table 6
Mean water, sediment and nutrient yields and maximum concentrations during the studied h

Water Sediment

(×106 m3) (×103 kg) (mg l−1)

Year:
2010/2011 0.52 a 144.0 a 716.2 b
2011/2012 0.11 a 1.7 b 214.1 c
2012/2013 0.44 a 142.5 a 1364.2 a

Season:
Autumn 0.23 b 116.2 ab 1315.6 a
Early winter 0.30 b 23.5 b 447.4 b
Early spring 1.01 a 294.6 a 804.1 a
Spring 0.57 ab 96.8 ab 785.1 ab

In each year and season, values in the same column followed by the same letter are not signifi
3.4. Hysteresis patterns

The relationships between discharge and SSC, TP, PP, SRP, and NO3
−

were analysed for most events observed in the Enxoé catchment. The
discharge peaks that were not monitored with sufficient detail, as a re-
sult of equipment malfunctioning or insufficient coverage during the
rising or recession limbs (soluble elements during the larger storm
events) were not analysed for their hysteresis patterns.

Fig. 6 shows a plot of ΔC vs ΔR (Butturini et al., 2006), and summa-
rises C–Qhysteresis loop types of the particulate determinands (SSC, TP,
and PP) during themonitored storm event. The components of the par-
ticulatematterwere located in regionsA andD, indicating a flushing be-
haviour (positive ΔC). Most storm events registered during autumn
were located in region A, presenting a clockwise hysteresis loop trajec-
tory (positive ΔR). Events 15 and 16 were the exception, registering
anticlockwise loop trajectories in all discharge peaks (region D).Winter
and early spring storm events registeredmixed (figure-of-eight-shaped
hysteresis loops; ΔR = 0) or anticlockwise loop trajectories (negative
ΔR). Spring storm events showed contrasting behaviours, with the
event observed during thefirst hydrological year revealing an anticlock-
wise loop trajectory and the events observed during the third hydrolog-
ical year presenting clockwise loop trajectories.

Generally, the first peaks of autumn storm events showed larger dis-
persion of the C–Q hysteresis loopswhen comparedwith the remaining
events. Those peaks presented a large area (ΔR N 20%) while all other
events had a smaller magnitude (−20% b ΔR b 20%). Also, many events
(especially those that occurred during early spring) presented aΔC near
100% indicating that the hysteresis patterns showed a coincidence be-
tween the maximum concentration values and maximum discharge,
i.e., the delay between concentration and discharge peaks was small.

Fig. 7 shows a plot of ΔC vs ΔR for the soluble elements (SRP, and
NO3

−). SRP was located in all regions of the plot leading to some uncer-
tainty when analysing its hysteresis patterns. Nevertheless, SRP seems
to generally have registered a dilution behaviour (negative ΔC) during
autumn and a flushing behaviour (positive ΔC) during winter and
spring. Most autumn storm events also showed contrasting hysteresis
patterns, but during winter, early spring, and spring most hysteresis
loops were clockwise (ΔR N 0).

NO3
−was located in regions B, C, and D in a plot ofΔC vsΔR. The first

storm events registered during autumnpresented, in general, a flushing
behaviour (positive ΔC) and anticlockwise loop trajectories (negative
ΔR). Those C–Q hysteresis loops also revealed a large magnitude
(ΔR b −20%). The remaining storm events showed, in general, a dilu-
tion behaviour (negative ΔC) and anticlockwise loop trajectories.

4. Discussion

4.1. Hydrological behaviour

The Enxoé River, as temporary, normally exhibited no flow or
ephemeral conditions from June to October (Fig. 2). In the beginning
ydrological years.

TP NO3
−

(kg) (mg l−1) (×103 kg) (mg l−1)

414.0 a 2.4 ab 4.4 a 12.9 a
4.4 a 1.4 b 1.7 ab 10.3 ab

346.2 a 4.1 a 1.3 b 9.5 b

345.8 a 4.3 a 2.7 a 12.5 a
69.1 b 1.3 b 1.8 a 9.1 a

654.0 a 2.4 ab 2.8 a 9.7 a
282.2 a 2.3 ab 3.7 a 10.6 a

cantly different (P ≤ 0.05).
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of each hydrological year (September/October), the first rain events
(events 1, 10, and 12) generated flow peaks followed by a quick re-
cession as the soil was not fully saturated and groundwater flow
was greatly diminished. The resulting water yields were quite
small, varying between 0.01 × 106 and 0.07 × 106 m3 (Table 2).
From October to December, the soil became increasingly saturated
with successive heavy rains. Subsurface flow was enhanced during
this period, resulting most times in storm events with multiple
discharge peaks (e.g., events 2, 3, and 14). Flow also lasted longer
during these events (33 to 127 h). From December to April, the re-
sponse to rain events still existed as the soil continued to be saturat-
ed. Flow duration was dependent on rainfall, lasting from 21 to
234 h. Groundwater flows were also maintained for longer periods,
but still tended to fall quickly, especially during months with less
rain (January/February). Hence, flow in the Enxoé River was mostly
influenced by rainfall events (Table 3), whereas the effect of the
groundwater table was minor.

Tables 5 and 6 confirm the strong seasonality of water yield in the
Enxoé river. Water yield for storm events occurring during early
spring (events 7, 8, 18, and 19) were found to be statistically differ-
ent when compared to the events registered during winter and au-
tumn. This may be explained by the higher amount of rainfall
occurring during that period (Pe varied between 21 and 85 mm)
compared with winter events, but also due to the antecedent soil
moisture of those events in relation to autumn events; a season
which registered a similar rainfall amount (Pe varied from 20 to
84 mm).
0

1

2

3

4

0

200

400

600

800

1000

1200

0 5 10 15 20 25

SSC

TP

Q (m3 s-1)

SS
C

 (m
g 

L-1
)

TP
 (m

g 
L-1

)

SSC = 15.602 Q1.3628

R2 = 0.638
n = 2109

TP = 0.050 Q1.3312

R2 = 0.643
n = 2104

Fig. 5. Relationships of suspended sediment (SSC) and total phosphorus (TP) concentra-
tions versus discharge (Q) in the Enxoé catchment.
4.2. Sediment and nutrient dynamics

4.2.1. Suspended sediments
The strong seasonal and annual variability observed in sediment

transportwasmostly explained by variations in stream transport capac-
ity and particle availability. Sediment transport was higher during
autumn and early spring when the largest storm events took place
(Table 5). Sediment was stored at low flow and transported under
high discharge conditions, as shown by the high correlation found be-
tween sediment transport and W, Qmax, Qmean, and Qpeak 1 (Table 3).
Tillage operations carried out in agricultural fields were an important
mechanism associatedwith particle availability and sediment transport.
During autumn and early spring, tillage operations carried out in Enxoé
(Table 1), when heavy rains were also registered (Table 2), ended up
enhancing soil erosion by promoting the removal of the soil cover sur-
face provided by crop residues or growing plants, which absorb the
energy of raindrops and reduce the erosive energy of runoff during
rain events (Kosmas et al., 1997; Nunes et al., 2011).

Another important mechanism associated with sediment trans-
port during autumn was related to bank destruction or trampling
caused by cattle pasturing near the river during drier seasons. Bull
(1997) estimated that the contribution of bank eroded materials to
river sediment systems may vary between less than 5 to over 80%.
Pasturing near streams, or even in the river bed, leads to vegetation
reduction, affecting flow erosion, bank stability, bank accretion, and
bank stabilisation. Bull (1997) also 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 re-
moval of materials. Therefore, pasturing the river bed promotes
bank erosion, with the ruined bankmaterials adding to the deposited
sediment stock to increase the quantity of available particles that can
be easily transported (Lefrançois et al., 2007). In the Enxoé, particle
availability was at maximum in the river bed at the beginning of au-
tumn because of pasturing. SSC monitored during the first storm
events reached 412 to 3790 mg l−1. Event 12, which took place
after the drought of 2011/2012, registered the maximum value
observed during the study period. The first storm events were thus
responsible for carrying the suspended sediment available in the
temporary pools formed along the river or deposited in the river
bed to the reservoir (Table 4). These conditions explain the domi-
nant clockwise loop trajectories and the flushing effect registered
during the first peak discharge of autumn storms (Table 7; Fig. 6). The fol-
lowing discharge peaks (when multiple flow peaks occurred) were then
responsible for carrying sediment from multiple locations (arable lands
located upstream), from new deposits originating from a high rate of
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bank collapse just after the passage of the first storm peaks (Asselman,
1999), or simply from temporary deposition in the river.

During winter, sediment loads remained generally low (Table 6).
Asselman (1999) observed that in a situation where storm events
occur in rapid succession (e.g., October/November, 2012), sediment
transport becomes progressively reduced because of insufficient time
for exhausted sediments to accumulate between events. Sediment
transport was predominantly originating from more distant locations,
namely soil erosion in agricultural fields, as confirmed by the anticlock-
wise or mixed patterns registered in the C–Q relation.

During March (early spring), sediment loads increased again
(Table 6), as a result of high rainfall rates registered and consequent
soil erosion. During these periods, tillage operations were again carried
out for sowing spring crops like sunflower, weed control, and fire pre-
vention in the agro-forestry of holm-oaks. These practices again pro-
moted particle availability to runoff (flushing). There was also a return
of the cattle to pasturing near the streamwith consequent bank erosion.
During spring events, sediment transport was again progressively
reduced (Table 6). Clockwise and anticlockwise trajectory loops were
observed whenever sediments were predominantly transported from
the river deposits or frommore distant locations upstream, respectively.

Similar sediment transport patterns to those described above for
Enxoé have been observed in different regions of the Mediterranean
(Rovira and Batalla, 2006; Alexandrov et al., 2007; Nadal-Romero
et al., 2008; López-Tarazón et al., 2009; Oeurng et al., 2010a). In
Enxoé, 46% of the sediment transport during storm events registered
clockwise hysteretic loops, indicating that those sediments had origins
predominantly in river bed deposits and nearby source areas, while
43% of the sediment transport registered anticlockwise loop trajectories,
revealing a predominance of more distant source areas. The remaining
materials arrived at the outlet in a mixed trajectory, thus the source of
these sediments was unclear.

Annual sediment yield varied between 13 and 480 kg ha−1 y−1

(Table 8). The lower value was recorded during a very dry year. Since
no major storm events were registered, soil erosion was minimal. The
value determined in 2010/2011 (480 kg ha−1 y−1) may be viewed as
relatively low considering that it was recorded in a humid year. This
value is within the same order of magnitude of the values registered
for other catchments in the Iberian Peninsula. Rovira and Batalla
(2006) estimated a sediment loss of 500 kg ha−1 in a catchment located
in Cataluña, Spain. In this catchment, more than 90% of the annual sed-
iment load was transported during storm events. Casalí et al. (2010)
also reported sediment losses of 550–700 kg ha−1 yr−1 in two catch-
ments located inNavarre, Spain. Oeurng et al. (2010a) likewise reported
sediment losses of 150–700 kg ha−1 for a catchment located in the
south of France, in which 85–95% of the annual sediment load was
transported during storm events. Nonetheless, Walling and Webb
(1996) described sediment losses much higher (between 1000 and
2000 kg ha−1 yr−1) for other Mediterranean basins of the Iberian Pen-
insula. The values determined in Enxoé were also within the lowest
values of the range reported by de Vente et al. (2006) for Italian basins
with similar sizes (4200 to 9100 ha) as the Enxoé catchment.

The Enxoé catchment presents a large area with agro-forestry of
holm-oaks and olive groves that play an important role in protecting
the soil surface from soil erosion due to the reduced number of tillage
operations carried out there. Even the areas with annual crops register
agriculture practices that are not very intensive as shown in Table 1
(with fallow being adopted in crop rotations 2 and 3). This explains
mostly the relatively low sediment yield losses registered in Enxoé.
Rovira and Batalla (2006), Casalí et al. (2010), and Oeurng et al.
(2010a) also reported on the contribution of forests and pastures to
soil protection.While sediment losses in Enxoé werewithin the thresh-
old limits (1000–2000 kg ha−1 yr−1) suggested by Huber et al. (2008)
to be considered as tolerable for the south of Europe, results represent
an average value for the entire catchment. Sediment yield was likely
higher in areas with arable land than in areas with agro-forestry sys-
tems or even olive groves. It is therefore important to adopt prevention
measures for reducing soil erosion in those arable areas. Reduced tillage
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(or no-till) can be effective in reducing sediment losses by maintaining
crop residue on the soil surface and minimising soil particle movement
during storms. These techniques are also known to improve water infil-
tration by promoting soil aggregation which would obviously contribute
to reducing runoff. On the other hand, hysteresis patterns showed that
there is a large contribution from nearby sources (banks degradation,
temporary deposits, etc.) to sediment loads during storm events. There-
fore, protecting the river banks from pasturing may also help improving
bank stability and cohesion, thus minimising sediment transport.

4.2.2. Phosphorus forms
Total and particulate phosphorus dynamics revealed the same hys-

teresis patterns as observed for sediment transport since they were ob-
tained from turbidity measurements (Eq. (6) and (7)). Thus, the same
clockwise and anticlockwise flushing effects referred to earlier for SSC
were also observed here (Table 7). SRP hysteresis patterns during au-
tumn varied considerably between events. Although most autumn
events produced clockwise trajectories during the first peak discharge,
there is no clear identification of SRP origins during that period. During
spring, P may also have been supplied to annual summer crops
(Table 1), but the clockwise trajectories observed during early spring
and spring storms seem to bemostly explained by the return of the cat-
tle pasturing near the stream and eventual increase of SRP concentra-
tion in the river (Table 7).

Annual phosphorus losses varied between 0.04 and 0.96 kg ha−1 y−1

during the monitored period (0.3–6.5% of P inputs; Table 8). The
lower value occurred when no major storm events were registered
(2011/2012). P loads observed in 2010/2011 and 2012/2013 can be
considered relatively high when compared with reported P losses.
Casalí et al. (2010)presentedsimilarhighvalues (0.76kgPha−1yr−1)
) in one of the catchments studied in Navarra (Spain), but found
lower P exports (0.35 kg P ha−1 yr−1) in the other catchment
studied in the same region. Tzoraki and Nikolaidis (2007) only
found loads of 0.10 kg P ha−1 (1.2% of input) in a mountain forested
catchment in Greece. Probst (1985) reported equally low exportation
rates (1%) for his case study. Klein and Koelmans (2011) reported data
on P exports (0.08–0.88 kg P ha−1 yr−1) for 13 central European basins,
in which the Enxoé values (mean= 0.61 kg ha−1 y−1) would be slightly
higher than the average. Nonetheless, all these values are much
lower than the 1.2–1.7 kg P ha−1 yr−1 loads reported in the UK by
Brazier et al. (2005).

Phosphorus loads to the Enxoé reservoir were thus relatively high
during the wet year, which may partially explain the frequent toxic
algae bloom observed in the reservoir since its construction. However,
the largest part arrived at the reservoir in the particulate form and
was therefore deposited at the bottom, being only available to algae
after mineralisation of phosphorus organic forms. Furthermore, despite
in most events SRP constituted only a small fraction of TP, the 6 events
where the fraction of SRP/TPwas higher than 35%may have had amore
negative contribution to the eutrophication of the Enxoé reservoir than
all the remaining events since SRP is directly absorbed by algae. The
same practices (reduced tillage and river bank protection) recommend-
ed earlier for controlling soil erosion should also be adopted for reduc-
ing P loads to the reservoir.

4.2.3. Nitrate
Rainfall (as explained by the significant correlation found in Table 3

between nitrate transport and Pe) and soil hydraulic characteristics
were the main characteristics influencing nitrate transport in Enxoé.
Land management, namely crop fertilisation periods, influenced nitrate
availability.

Nitrate lossesweremostly observed during autumn and early spring
(Table 2). However, differences between seasons were not significantly
different (Table 6). Nonetheless, those two seasons registered the most
important rainfall events and corresponded to crop fertilisation periods.
During autumn, fertilisation was applied to annual winter crops during



Table 7
Conceptual model of the source and transport of sediments and nutrients in the river Enxoé catchment area.

Autumn Winter Early spring/spring Summer

Source Transfer Pattern Source Transfer Pattern Source Transfer Pattern Source Transfer Pattern

Particulate elements
– SSC, TP,
and PP

River banks Runoff Flushing Agricultural
fields

Runoff Flushing River banks Runoff Flushing No
flow

– –

Clockwise Mixed Agricultural
fields

Mixed

Soluble elements
– SRP River banks

Agricultural
fields

Runoff lateral
flow

Dilution
Mixed

River banks Runoff Flushing
Clockwise

River banks Runoff Flushing
Clockwise

No
flow

– –

– NO3
− Agricultural

fields
Lateral flow Flushing Agricultural

fields
Lateral
flow

Dilution Agricultural
fields

Lateral
flow

Dilution No
flow

– –

Anticlockwise Mixed Anticlockwise

SSC, suspended sediment concentration, TP, total phosphorus, PP, particulate phosphorus, SRP, soluble reactive phosphorus, NO3
−, nitrate.
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sowing, which normally involved burying fertilisers, thus preventing N
losses by runoff. During late-winter/spring, fertilisation was applied to
summer crops also during sowing. Additionally, annual winter crops
were fertilised to promote tilling (February/March) and increased
crop yield. However, fertilisers here were usually applied to the soil
surface, increasing the odds of N losses by runoff (e.g., event 7) as well
as leaching with rainfall.

Hysteresis patterns observed during the monitored events showed
predominantly anticlockwise trajectories. NO3

− infiltrated first in the
soil only reaching later the water stream through subsurface flow. Ni-
trate transport was thus dependent on the soil physical and hydraulic
characteristics, i.e., soil texture, soil porosity, soil water retention, and
soil hydraulic conductivity, which influenced subsurface flow and the
delay in the concentration–discharge peak. Buda and DeWalle (2009),
Oeurng et al. (2010b), Zhu et al. (2012) noted similar preferential
flowpaths with nitrate losses being associated with either subsurface
flow or baseflow.

Hence, peak discharges were not directly associated with nitrate
transport, with only 17–20% of the annual yield beingmonitored during
storm events (Table 4). The flushing effect and the anticlockwise loops
observed during autumn (Fig. 7) showed that large amounts of nitrate
were transported predominantly from distant areas of the catchment
in the days after those storm events, namely from the agricultural fields
where fertilisation occurred. This flushingmechanismwas explained by
the successive rainfall events registered during that period, soil mois-
ture close to saturation, and the medium to coarse textures of the rela-
tively shallow soils in the catchment, namely Luvisols and Cambisols
which represent 78% of the area (Ocampo et al., 2006). The available
soil information in this region shows saturated hydraulic conductivity
(Ks) values varying between 129 and 549 cm d−1, and total porosity
(φ) values ranging from 0.40 to 0.51 (Ramos et al., 2013). These charac-
teristics favoured subsurface water flow in most part of the area,
leaching large amounts of nitrate applied to annual winter crops during
sowing.

During winter and early spring/spring the flushing mechanism
switched to a dilution behaviour (Table 7). Nitrate concentrations in
the river always decreased with the arrival of the discharge peak,
i.e., the arrival of “clean” water from non-fertilised areas, such as agro-
Table 8
Annual water, sediment, and nutrient yields in the Enxoé catchment between September,
2010 and August, 2013.

Year Water yield Sediment P N

(mm) (%) (kg ha−1) (%) (kg ha−1) (%) (kg ha−1) (%)

2010/2011 523 69.3 480 – 0.96 6.5 10.3 20.1
2011/2012 28 8.5 13 – 0.04 0.3 1.0 1.9
2012/2013 225 35.7 369 – 0.84 5.7 3.4 6.7

Percentage values were obtained by dividing annual yields by catchment inputs.
forestry of holm-oaks and permanent pastures, which partially diluted
river flow. Hence, there was no nitrate being transported across the
catchmentwith the exception of that due to the soil leaching originating
in the annual winter crop areas.

Nitrogen applied either from fertilisation or livestock under different
N forms amounted to 51 kg N ha−1 y−1 (Table 1). Besides nutrient
uptake, various N transformation processes then occurred in soils
mostly due to microbial activity, which was controlled by soil environ-
mental conditions, such as soil water and temperature (Lillebø et al.,
2007). From the initial inputs, between 1.0 and 10.3 kg N ha−1 y−1 ar-
rived at the reservoir in the nitrate form, i.e., between 4.4 and
45.5 kg NO3

− ha−1 y−1. Nitrate exports in Enxoé can thus be considered
low, which is justified by the fact that agriculture and pasturing in the
region are extensive. Nitrate yields fall within the same order of magni-
tude as those found by Oeurng et al. (2010b) and Probst (1985) for
catchments in the south of France. There, nitrate loads varied from 10
to 50 kg NO3

− ha−1. Casalí et al. (2010) also reported values ranging
from 22 to 54 kg NO3

− ha−1 in the two catchments studied in Navarre
(Spain). In terms of N units, Tzoraki and Nikolaidis (2007) reported
losses of 2.73 kg N ha−1 (11% of input) in their case study (forested
areas were here the dominant land use with 75.4% of the area). But,
comparedwith the values of Klein and Koelmans (2011) for catchments
in Central Europe (0.8–42.6 kg N ha−1 yr−1), N exports in the Enxoé
catchment are within the lowest values.

The identification of nitrate sources in the Enxoé catchment using
hysteresis patterns was relatively clear due to the small size of the
catchment and predominant land uses and land management. Nitrate
losses were associated with non-point sources but the periods when
higher exports were observed always corresponded to fertilisation pe-
riods of annual winter and summer crops. Nitrate losses were relatively
low though but could be further minimised by reducing applications at
the tilling crop stages during rainy years or by preserving riparian veg-
etation which would partially use some of the nitrate exported to the
river before it reached the reservoir.

5. Conclusions

This study summarises findings after three years of intense hydro-
biogeochemical monitoring in the Enxoé temporary river, located in a
Mediterranean region, and draining an agricultural catchment. Sedi-
ment and phosphorous dynamics in the Enxoé catchment are associated
with the stream transport capacity and particle availability. Sediment
and phosphorus dynamics showed a strong seasonal and annual vari-
ability during themonitored period. Differenceswere found to be statis-
tically significant between years and seasons, with high sediment and
phosphorus concentration values and large yields occurring during
autumn and early spring events. These were related with tillage opera-
tions and cattle pasturing, which promoted the increase of solid trans-
port during autumnal and early spring episodes.
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The first storm events after summer registered the highest monitored
concentrations, as the particulate matter deposited in the river bed was
transported to the reservoir with early rains. However, water yield in
those events was relatively small (0.01 × 106 and 0.07 × 106 m3) since
soils were still dry, and thus sediment and phosphorus yields were also
low. Nevertheless, storm events were responsible for transferring the
major amount (60–92%) of sediment and phosphorus to the reservoir.

The behaviour of the soluble elements was in general different from
the particulate ones. SRP patterns were relatively confusing. Thus, a
larger number of events need to be monitored in order to identify the
“most probable SRP-Q response” for Enxoé. Autumn and early spring
events registered also the highest nitrate exports. However, the contri-
bution of storm events to NO3

− loads was minor (17–20% of the annual
losses). The largest portionwas transported from agriculturalfields dur-
ing non-storm events, through subsurface flow.
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