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Modification of the hydrological regime by human actions can reduce the capacity of wetlands to improve
water quality. For the first time, a study was conducted of the inherent pollution attenuation capacity of
wetlands associated with the highly regulated Spanish Tagus River. We determined the natural purifi-
cation capacity of a floodplain where irrigated agriculture predominates and hydraulic connection with
the river is virtually nonexistent. To this end, continuous hydrophysical measurements and sediment
and water samples were taken during the period extending from April 2013 to March 2014. A multi-

gee};lvi‘girgz;tion parametric dataset including hydraulic, physico-chemical, bacterial and macroinvertebrate indicators
Flood pulses was collected from ten piezometers located within a meander, together with two additional sampling
Hydromorphology points in the river. Sampling was performed monthly to measure hydraulic and physico-chemical param-
Agricultural floodplain eters and quarterly for bacteria and macroinvertebrates. The data enabled us to implement different but
Irrigation complementary methodological approaches to characterize denitrification. Specifically, we performed:

(i) end-member mixing analysis (EMMA); (ii) macroinvertebrate characterization; (iii) denitrification
potential analysis; (iv) bacterial assemblage structure analysis; and (v) hydrological modeling of the cur-
rent and different future management scenarios. All the approaches except EMMA indicated the same
conclusion: denitrification is almost nonexistent due to the fact that the study site does not present the
hydric soil and oxygen-limited conditions required to enable denitrification. The EMMA analysis showed
that theoretical nitrate concentrations were lower than expected in some areas during the summer
months (e.g. ANO3 =—41 in August 2013), which may have been because irrigation intensity was spatio-
temporal variable at the study site. Our results show that floodplain denitrification has been drastically
reduced due to the suppression of flood pulses. In this context, restoration of the hydrological regime in
riverine wetlands would lead to the decay of nitrates whose dynamic evolution increases with flooding,
as scenarios tested by the MOHID hydro-biogeochemical model have demonstrated.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

It is well-known that when wetlands are in a good state
of conservation and the associated river is hydromorphologi-
cally functional, they are biogeochemically active as regards their
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capacity to mitigate pollution (Pinay et al., 2002; Sanchez-Pérez
and Trémoliéres, 2003; Iribar et al., 2008). An example of the
above is denitrification. This natural attenuation process requires
oxygen-limited conditions and organic matter that are often asso-
ciated with the hydric soil characteristics of most natural wetlands
(Sanchez-Pérez et al., 2003a; Hernandez and Mitsch, 2007; Song
etal, 2014).

The concept of hydromorphology was introduced by the EU
Water Framework Directive (WFD; European Commission, 2000).
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It takes into account modifications that occur in flow regimes and,
as a result, in the efficiency with which fluvial processes are able
to have an impact on the geomorphology of rivers. In this regard,
the pollution control explained in the previous paragraphis a direct
consequence of the hydrological regime of rivers (Middleton, 2002),
since it requires the existence of alternate floods and flows below
bankfull discharge. The transport of particulate and dissolved com-
pounds and carbon supply is facilitated during floods and this will
provide energy to the bacteria directly responsible for the biogeo-
chemical reactions to transform nitrate to nitrogen gas through
denitrification (Hernandez and Mitsch, 2006). The environmental
factor that facilitates this combination of environmental conditions
and bacteria activity is the adequate hydric status of soil (Rabot
et al, 2014).

Suitable soil wetness is achieved by both good hydraulic connec-
tivity between the river and the alluvial aquifer and a seasonal high
water table. In addition, vegetation existing in wetlands provides
easily degradable organic compounds that macro and microinver-
tebrates can take advantage of and supply high energy carbon for
bacterial activity (Mermillod-Blondin et al., 2003).

The modification of the hydrological regime, due to the exist-
ence of reservoirs and inter-basin water transfer systems, may
cause the absence of hydraulic connectivity between the river and
the alluvial aquifer (Kingsford, 2000). As a consequence, ground-
water flows through the floodplain are altered and this reduces
the capacity of wetlands to improve water quality (Hunt et al.,
2014). The above may occur if the frequency of ordinary floods
is increased, which will affect the trophic web through leaf pro-
duction by tree-breakdown, fragmentation and decomposition by
macro and microinvertebrates and nutrient assimilation (and pol-
lutant degradation) by bacteria (Kjellin et al., 2007). In addition,
pollution control is affected if the intensity and duration of floods
are not sufficient to maintain and develop “hot spots” and “hot
moments” in the floodplain (Groffman et al., 2009).

This paper aims to assess the natural purification capacity of a
wetland linked to a highly human-modified river, in which ordi-
nary floods do not occur and where the alluvial aquifer is mainly
recharged by irrigation. In this context, it is also intended to test

management scenarios, through the use of the MOHID hydro-
biogeochemical model, that help to enhance pollution control in
wetlands that have been highly altered by very significant modifi-
cations in their hydrological regime.

2. Material and methods
2.1. Study site description

The study site is situated in a meander of the Tagus River,
roughly in the middle of the Iberian Peninsula (Fig. 1). The climate is
continental Mediterranean, with a mean annual rainfall and tem-
perature of 375 mm and 15°C, respectively. The drainage area of
the Tagus watershed at the study site covers about 27,600 km?. A
reservoir located 9 km upstream feeds water into an 18 km long
irrigation channel (see Fig. 1). Over the past 13 years, the estimated
annual average flow has been 5.47 m3 s—1. On average, September is
the month with the lowest flow (i.e. 4.33 m3 s—1), while the highest
flows have been measured in October (i.e. 9.40 m3 s~ on average).
The daily flow within the period for which records are available
ranged from 1.06 m3s~! to 101.10m?3s~! (http://sig.magrama.es/
aforos/).

The land use is predominantly agricultural, except for a narrow
strip along the inside edge of the meander, which is occupied by
a pasture and where the presence of riparian forest is marginal.
The remaining surface is dedicated to alternative crops of irrigated
cereal (i.e. corn, barley, wheat) and vegetables (i.e. tomatoes). The
whole area s fertilized using pig manure and chemical fertilizers. In
addition, different kinds of herbicides (i.e. terbutylazine and meto-
lachlor) are used to kill unwanted plants.

Hydraulic conductivity is 10~ m/s and the alluvial aquifer is not
hydraulically controlled by river levels. In its stead, water table is
mostly influenced by water coming from the Castrején irrigation
channel, which is located about 2 km north of the study site. The
irrigation period usually begins in May and ends in late September.
As mainirrigation systems, is worth to note: flooding; sprinkler and
drip. The water table ranges from 1 m (near river banks), and 5m
inside the meander.

Fig. 1. Location of the study site. The notation “TOP” indicates how piezometers are spatially distributed in the meander studied.
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2.2. Methodological approach implemented

Different methodologies have been put into practice and, while
there is no hierarchical dependency between them, they do com-
plement each other. This approach helps to better characterize the
self-purification capability of a highly modified wetland. Specif-
ically, the following methodological stages were addressed: (i)
hydrological and hydrochemical characterization of the wetland
system; (ii) end-member mixing analysis (EMMA); (iii) char-
acterization of the macroinvertebrates present in groundwater;
(iv) analysis of the denitrification enzymatic activity; (v) analy-
sis of the denitrifier communities and their abundance using a
molecular approach; and (vi) implementation of the MOHID hydro-
biogeochemical model.

2.2.1. Hydrological and hydrochemical characterization

Ten piezometers were installed at locations that would help
characterize both general and local flow patterns, (i.e. areas of
hydraulic connectivity between the river and the alluvial aquifer).
A differential GPS with centimetric accuracy was used to mea-
sure the hydraulic heads with respect to the national datum level.
CDT DIVER data loggers (Schlumberger Water Services) were used
to carry out continuous hydrophysical measurements during the
period extending from April 2013 to March 2014. Specifically, CTD
DIVERS were installed in 3 piezometers in locations that enabled
the piezometric dynamic to be properly controlled. A fourth was
situated in the river in order to monitor variations of water depths
and, consequently, the existence of hydraulic connectivity between
the river and the alluvial aquifer. A baro-diver was also installed to
correct hydraulic heads, in case of sudden changes in atmospheric
pressure. The parameters recorded were: (i) water depth; (ii) water
temperature and (iii) the electrical conductivity of water at 10-min
intervals.

Physical-chemical measurements and samples were collected
every month and after pumping long enough in order to guaran-
tee that the water sampled had characteristics corresponding to the
alluvial aquifer. Dissolved oxygen, temperature, pH, redox potential
and electrical conductivity were measured in the field with a multi-
probe YSI sonde (YSI Incorporated, Yellow Springs, Ohio) attached
to a handheld data logger (YSI Sonde Model 6820 WITH 650 MDS),
while a sonde was used to measure water depth. With regard
to dissolved organic carbon (DOC), water samples collected were
filtered using precombusted GFF filters and analyzed using a plat-
inum catalyzer at 680°C (Shimadzu TOC-VCSH analyzer). Lastly,
nitrates were determined with the spectrophotometer Lovibond
SpectroDirect.

2.2.2. End-member mixing analysis and variations rates of
nitrates

An end-member mixing analysis, EMMA (Christophersen et al.,
1990) using conservative components was conducted to calculate
the proportion of water from two sources. In the case we stud-
ied, the selected poles or end members comprised surface water
fromirrigation, which is characterized by alower nitrate concentra-
tion and electrical conductivity (1-44 mg/L; 955-2700 pScm™1),
and groundwater highly affected by agricultural management prac-
tices, which presents a higher nitrate concentration and electrical
conductivity (11-120 mg/L; 2193-3405 pnScm—1).

Taking the results obtained from the EMMA into account, the
theoretical concentration of NO3 and DOC for each control point
was calculated using the following equation:

[CT}i = (%CH « [C]CH) + (%P « [C]P) (1)

where [CT]i is the theoretical concentration of NO3 or DOC, % is
the percentage of water from each end member, and the subscripts
CH (water coming from irrigation) and P (groundwater affected by

agricultural practices) are the control points considered and each
of the end-members, respectively.

Once the theoretical concentrations of NO3 or DOC were calcu-
lated, they were compared with the real concentrations, thereby
obtaining the rates of variation (depletion or enrichment) of
nitrates.

[CR]i - [CT]i
AC = i (2)

In the places where AC was negative there was consump-
tion/depletion of these compounds, meaning that attenuation
processes might be taking place at these points. In contrast, in the
places where AC was positive there was an enrichment/increase,
so a point-source input might be contributing to higher con-
centrations of NOs3. Geochemical maps of the distribution of
the differences between expected and measured concentrations
were made for each month of the sampling period. For this
purpose, spline analysis of interpolation was performed using
ArcGIS 10.1.

2.2.3. Taxonomic and functional composition of groundwater
macroinvertebrates

A groundwater invertebrate sample was collected at each
piezometer every 3 months for 1 year: (April 2013, July 2013,
October 2013 and February 2014). Invertebrate communities were
sampled by pumping water using the Bou-Rouch method (Boulton
et al., 2008) with a hand pump. For the river sampling sites, a Bou-
Rouch pipe, a metal pipe with nine rows of 5-mm-diameter holes
at 4 cm from the distal end of the pipe, was inserted around 20 cm
into the sediment. At each sampling point (piezometers and river)
90-100L of groundwater was pumped into a bucket through two
successive plankton nets with mesh sizes of 250 pm and 50 pm for
macrofauna and meiofauna collection, respectively. Samples were
preserved in situ in 70% ethanol at 5 °C.

Invertebrate samples were sorted and identified in the labora-
tory to at least order level using a binocular microscope (at x10-40
magnification). Feeding habits, biogeochemical filtration capacity,
and the particulate organic matter (POM) breakdown capacity were
used to characterize the functional composition of the macroin-
vertebrate assemblage. Affinity (0-5) scores were used for each of
the following feeding behaviors: scraper; deposit feeder; shred-
der; scraper; filter-feeder; piercer; predator and parasite (following
Tachet et al., 2010). A score of zero indicates no affinity, while a
score of 5 indicates the highest affinity of the taxon to a partic-
ular feeding habit. For taxa identified at higher taxonomic levels
than genera, the most frequent score across all taxa belonging
to a particular taxonomic group was selected. The SITES x TAXA
abundance matrix was multiplied by the TAXA x FEEDING HABITS
matrix to calculate three functional diversity metrics: abundance
of individuals showing affinity for each feeding habitat (i.e. func-
tional abundance), total richness of feeding habits (i.e. functional
richness), and the Shannon-Wiener diversity of feeding habits (i.e.
functional Shannon'’s diversity index). To assess the biogeochemi-
cal filtration and POM breakdown capacities of the assemblage, we
used the functional scores defined by Boulton et al. (2008). Thus
for each taxa, a biogeochemical filtration and POM breakdown effi-
ciency score was assigned: 0, no or unknown direct role; 1, minor
role; 2, moderate role; and 3, major role. We expressed the biogeo-
chemical filtration capacity of the groundwater assemblage as the
product of the absolute abundance of each taxa and its efficiency
score.

2.2.4. Denitrification potential

The potential rate of the denitrification phase was quantified
using the denitrification enzyme activity (DEA) assay with the
acetylene block technique (Smith and Tiedje, 1979). In the first
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stage, moist soil samples from the field corresponding to each
piezometer were homogenized after collection and kept refrig-
erated at 4°C until DEA assay. Next, three replicate assays were
performed per sample in 150 mL Erlenmeyer flasks. In order to
guarantee that the incubation environment was always the same,
Milli-Q water, with added KNO3 and C; H3NaO,, was used until final
concentrations of 100mgN/L and 50 mgC/L, respectively, were
reached. The anaerobic state of incubation flasks was achieved
by bubbling with N, gas for 11 min (including 1 min headspace
flush) and subsequently verifying complete deoxygenation with
an oxygen-sensing probe. Next, 15mL of acetylene (C;H,) was
added and in order to ensure equal distribution of acetylene and
N,O, the flasks were shaken on a rotary shaker. 5mL of gas was
sampled at 5min, 2h, 4h and 6h after injection of CoH;. The
resulting gas samples were stored in 10-mL evacuated collection
tubes (Venoject; Terumo Europe N.V., Leuven, Belgium) and were
subsequently analyzed for N,O concentrations using an ECD var-
ian CP 3800 gas chromatography fitted with an electron capture
detector.

2.2.5. Bacterial assemblage structure

During the sampling period (i.e. April 2013 to March 2014), sed-
iment was collected quarterly by pumping from the piezometers
and kept at —80°C until DNA extraction. Before DNA extraction the
water phase was removed by centrifugation at 3000 rpm for 5 min.
Metagenomic DNA from sediments was extracted with the power
Soil DNA kit (MoBio Laboratories Ozyme, St Quentin en Yvelines,
France) following the manufacturer’s recommendations. DNA was
eluted in 50 pL water and stored at —20 °C until use.

The bacterial 16S rRNA genes were amplified using the uni-
versal primers 357F (5'-CCTACGGGAGGCAGCAG-3') (Teske et al.,
1996) and 926R (5'-CCGTCAATTCMTTTRAGT-3’) (Lane, 1991). For-
ward primer was 5’ labeled with carboxyfluorescein (FAM). The PCR
conditions were initial denaturation (98 °C for 30 s) followed by 30
cycles of denaturation (98 °C for 10s), annealing (58 °C for 30s),
and extension (72 °C for 30s) and a terminal extension at 72 °C for
10 min. The reaction mixture contained 200 mM of dNTP, 0.5 uM of
each primer, 0.25 pL of the Q5 High-Fidelity Taq polymerase (New
England Biolabs Evry, France), 2.5 pL of 10x buffer and 1 wL of DNA
template. Sterile distilled water was added to obtain a final volume
of 25 L. PCR products were checked by agarose gel electrophoresis
and purified with the PCR purification kit (GE Healthcare Velizy-
Villacoublay, France). The purified 16S rRNA amplified fragments
(100 ng per sample) were digested by 3 U of Alul restriction enzyme
(New England Biolabs Evry, France) at 37°C in a final volume
of 10 uL for 3h. The digested products (1 wL) were mixed with
8.75 L of deionized formamide and 0.25 pL of the Genescan ROX
500 size standard (Applied Biosystems). Fluorescently labeled frag-
ments were separated and detected with ABI PRISM 3130xI1 Genetic
Analyzer (Applied Biosystems). Data were processed using GEN-
EMAPPER software (version 1.4, Applied Biosystems) to produce
raw T-RFLP profiles. These profiles were normalized and analyzed
using the online software T-REX (Culman et al., 2009) to produce
the final T-RF data matrix. Only terminal fragments whose size
ranged from 35 bp to 500 bp and whose height was greater than 30
fluorescence units were considered for analysis (Volantetal.,2014).
Shannon and Evenness indexes were calculated from T-RFLP pat-
terns using the MVSP software (Multi-Variate Statistical Package
3.12d, Kovach Computing Services, 1985-2001, UK).

2.2.6. Hydrological modeling

The numerical model used was MOHID Land (Trancoso et al.,
2009). Transport of dissolved organic carbon and nitrate was simu-
lated using a simple model for organic matter decay (i.e. dissolved
organic carbon and particulate organic carbon, POC) and deni-
trification adapted from Peyrard et al. (2011). The model was

implemented using LiDAR data with 1 m resolution, and local soil
and land use info. The model is compared with field data (i.e.
piezometer levels and concentrations).

The Tagus site has irrigated fields in almost all areas; as no
data were available, irrigation was estimated from piezometer level
rise. The aquifer level rise in the upper part is around 5 mm/day
(i.e. accounting for porosity). The reference evapotranspiration is
around 2-3 mm/day so irrigation should be around 8 mm/day to
compensate. A constant irrigation in the model of 8 mm/day was
introduced for 1 month (i.e. July, the month when the level rises)
and the reference evapotranspiration was constant at 2.4 mm/day.
The aquifer level in the boundary was set as 400 m; that is, the
usual average aquifer and river surface height, since Tagus level
changes are very limited (less than 0.5 m during the period stud-
ied). Initial aquifer nitrate and DOC concentration were obtained
from the interpolated concentrations from the piezometer values
at the beginning of the simulation. The model was run based on
a daily time-step for the period May to September 2013, when
for the field data period piezometer level changes occurred due
to irrigation. The model was used to depict the changes associated
with management scenarios based on changing boundary condi-
tions. Specifically, the scenarios considered were: (i) 100% increase
in DOC in the river; (ii) 50% decrease in DOC in the river; (iii) 100%
increase in NO3 concentration in the aquifer; (iv) 50% decrease
in nitrate concentration in the aquifer; and (v) 50% increase in
river discharge. An additional scenario was simulated by forcing
the occurrence of floods.

2.2.7. Statistical analysis

Statistical analysis was performed with SPSS version 19 for Win-
dows. Kolmogorov-Smirnov and Shapiro-Wilk’s tests were used to
check the normality of physical-chemical parameters, DOC, nitrates
and rates of denitrification potential. Non-parametric techniques
were chosen, since all variables considered, except electrical con-
ductivity, did not define populations that fit normal distribution,
even after normalization. Specifically, the statistical dependence
existing between denitrification potential and the other variables
considered is analyzed by using the Spearman’s rank correlation
coefficient or Spearman’s rho. In addition, as far as denitrification
rates are concerned, we looked at whether there were statisti-
cally significant differences between the various campaigns, as
well as between piezometers. For this purpose, the Kruskal-Wallis
one-way analysis of variance by ranks, which is a non-parametric
method for testing whether samples originate from the same dis-
tribution, was used. This analysis is designed to demonstrate the
extent to which irrigation is an activating factor of the denitrifica-
tion process.

Statistical data based on the characterization of invertebrates
was analyzed in order to determine the relationship between the
diversity indices used in the study and fluvial dynamics. For this
purpose, the Kruskal-Wallis non-parametric text was applied as
the data in the diversity indices did not fit the normal distribution,
again even after normalization. In this regard, we looked for statis-
tically significant differences between: (i) the sampling campaigns;
(ii) the piezometers; and (iii) the piezometers depending on their
proximity to the river. To do this, the piezometers were previously
grouped in the categories: maximum distance (i.e. piezometers
farthest from the river banks: TOP2, TOP3, TOP4 and TOP10;
between 140-460 m); medium distance (i.e. piezometers located
at an intermediate distance from the river banks: TOP8 and TOP9;
between 60-65 m) and minimum distance (i.e. piezometers closest
to the river banks: TOP1, TOP5, TOP6 and TOP7; between 3-8 m).
Finally, the relationships between bacterial communities (T-RFLP
patterns data) and environmental parameters were determined
by Canonical correspondence analysis (CCA) carried out using
MVSP software (MultiVariate Statistical Package 3.12d, Kovach
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Computing Services, 1985-2001, UK). Environmental parameters
were scaled with the standardization transformation function of
MVSP.

3. Results and discussion

3.1. Hydrological/hydrochemical characteristics and conceptual
model

The record of hydraulic heads enabled groundwater flow pat-
terns to be ascertained. In this regard, there is no hydraulic
connection between the river and the alluvial aquifer, since the
hydraulic heads of the river are systematically lower than those
existing in the aquifer (Fig. 2). As a result, there is no recharge
in the aquifer due to the occurrence of floods. In its stead,
recharge is mainly produced by irrigation and, to a lesser extent, by
precipitation.

As occurs in other riverine systems, concentrations of nitrates
follow a spatio-temporal pattern, which is mainly determined by
the application of fertilizers, both biological (i.e. pig slurry) and
chemical, as well as by the irrigation practices that are put in
practice (Arrate etal., 1997; Sanchez-Pérez et al., 2003b; Hernandez
and Mitsch, 2007). Here, irrigation mainly takes place during the
period between May and September. As a consequence, minimum
concentrations of nitrates are given in August when irrigation is
more intense and dilution processes more effective. In particu-
lar, in this month concentrations between 6.0 mg/L and 22.0 mg/L
were measured. In contrast, November 2013 was when the highest
concentrations of nitrates were measured, between 13 mg/L and
120.0 mg/L. These high concentrations may be a result of applying
fertilizers and pig slurry (Diez et al., 2004). This pattern of spatio-
temporal distribution also occurs with DOC. Therefore, minimum
concentrations were recorded in August (1.5 mg/L), coinciding with
the month in which irrigation is maximized. In contrast, November
is when the COD concentrations were at a maximum (3.7 mg/L),
due to the application of pig slurry to the soil.

As regards electrical conductivity, the measurements obtained
were similar to those reported for the Ebro River (Spain) for
the same sampling period (i.e. from April 2013 to March 2014;
Antigliedad et al., in this issue). The study site may be divided into
two sectors. The first, with a relatively significant load of pollutants,

Legend
©  Sampling points K
#“\_s Hydraulic Head (m

includes the piezometers named TOP5, TOP7, TOP8 and TOP9. In
this sector, conductivities between 2193 and 3405 uScm~! were
measured during the period studied, whereas in the less polluted
sector, which encompasses the piezometers TOP1, TOP2, TOP3,
TOP4, TOP6 and TOP10, conductivities measured were between
955 and 2700 wS cm~'. This difference seems to be related to how
the agricultural practices explained above are implemented in the
study site.

The data obtained enabled us to define a conceptual model
based on consideration of the factors that determine dynamics at
the study site (e.g. aquifer-river connectivity, groundwater dynam-
ics, sources of pollution, etc.). In this regard, the most striking
aspect was the absence of flood pulses (Junk et al., 1989). Thus,
the soil did not present an adequate hydric status, and the carbon
supply which provides energy to the bacteria directly responsi-
ble for the biogeochemical reactions that enable the elimination
or reduction of pollutants (Fig. 3) was consequently reduced to the
minimum.

3.2. Natural attenuation capacity

3.2.1. Enrichment/depletion of nitrates and DOC

The study site is not hydromorphologically functional, since
there is no exchange of water between the river and the allu-
vial aquifer based on the existence of fluvial dynamics (Montoya
et al., 2006). Therefore, the fact that the Tagus River is highly regu-
lated causes the hydrograph to be static as far as flow variability is
concerned. This hydrological regime is anomalous compared with
other rivers in similar physiographic settings, e.g. the Ebro River, in
Spain, or the Garonne River in France, where flood pulses in a given
year alternate with low water flows (Antigiiedad et al., in this issue).

With regard to the above, the main consequence of the absence
of floods is the almost total loss of the riparian forest, which has
mostly been replaced by agricultural land use and to a lesser extent
by farms. Crops and farms currently occupy 87% of the meander,
whereas the extension of the riparian forest is limited to only 13%.
The result is soils with poor organic matter content compared
to those developed in well-preserved wetlands. In addition, dur-
ing the hydrological year it is very uncommon to find soils with
high moisture and low oxygen content. The ideal conditions con-
ducive to high denitrification rates are therefore not obtained in

Meters ,

Fig. 2. Piezometric map showing groundwater flow directions and heads over the study area.
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Irrigation

channel

Fig. 3. Conceptual model of the study site.

the study site. However, the exchanges of water between the river
and the aquifer are associated with the implementation of different
irrigation practices that are generally highly inefficient, as the CTD
diver records have shown (Fig. 4). As a result, specific zones of the
study site receive large volumes of water coming from irrigation,
thereby favoring dilution processes. In contrast, irrigation is less
intense in the eastern part of the study site while the application
of pig slurry is quite common; this explains why nitrates and COD
present higher concentrations in this area. This scheme leads to
a distinct water-mixing conceptual model for the study site. Dur-
ing the months where the irrigation water comes from this source
there is a decrease toward the south, whereas water coming from
the most polluted areas mainly decreases toward the west.

As a result of what is outlined above, two differentiated sectors
may be recognized, in terms of the enrichment/depletion of nitrates
and COD, and whose spatio-temporal variability is determined by
agricultural management practices. Therefore, where irrigation is
sufficiently high, negative variations of nitrates take place, which
in this specific case means that depletion due to the existence of
dilution processes may occur (Darwiche-Criado et al., 2015). In
contrast, the eastern sector of the study site presents positive vari-
ations of nitrates during the whole period studied; this is a result
of the agricultural practices explained previously. Regarding COD, a
spatio-temporal pattern similar to the one described for the nitrates
is observed (Fig. 5).

Hydraulic Head (m)

3.2.2. Macroinvertebrates as indicator of hydrologic connectivity

Compared with other lowland rivers of the Iberian Peninsula
(e.g. Ebro river, see Gallardo et al., 2008), the diversity indices
showed low variability (Fig. 6). 7 taxonomic groups (orders) were
therefore identified in the piezometers. Crustaceans, particularly
Ostracods, was the most important taxonomic group, represent-
ing 62.6% of the total invertebrates abundance (ranging from 72
to 221) individuals per 100L water pumped; n=529) followed
by stenasellid Isopods (10.8%; n=92), Nematods (3.4%; n=24),
cyclopoid Copepods (2.3%; n=20), Oligochaeta (2.3%; n=20) and
others (18.2%; n=150), including in this last category Amphipods
(1.4%; n=7) and Branchiopods (0.6%; n=5). The fact that Ostra-
coda is the most abundant taxon, is often associated with low
groundwater level fluctuations (Malard et al., 1996), in accordance
with the low river discharge fluctuations recorded in the study site
during the study period (5-7 m3 seg~!). The dominant functional
group was deposit-feeders (76%), followed by filter-feeders (12%),
scrappers (5%), shredders (3%), predators (2%), piercers (1%) and
absorbers (1%).

From a temporal point of view, the diversity indices considered
did not show statistically significant differences between the four
quarterly sampling campaigns (i.e. in all cases P-values were higher
than 0.05). In contrast, at the spatial level statistically significant
differences were found. With regard to this, total abundance and
taxonomic richness were significantly higher (P-values less than
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Fig. 4. The arrival of irrigation water to the groundwater was detected by the CTD divers by synchronous increments of temperature (red line) and hydraulic heads
(blue bars). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Spatial distribution of the rate of NO3~ (ANO;~) and DOC (ADOC) calculated by the two poles mixing model.

0.01) in piezometers TOP1, TOP5, TOP6 and TOP7. A similar pattern
was detected in the distribution of Shannon diversity and taxo-
nomic evenness, though for these indices the differences found
were not statistically significant (P-values higher than 0.05; Fig. 7).
The dissimilarity described above is a result of the proximity of
the piezometers to the river. The piezometers closest to the river
banks showed the highest diversity, whereas those farthest away
had the lowest diversity. The piezometers TOP8 and TOP9, located
at an intermediate distance from the river banks, showed a higher
diversity than the group of piezometers situated farther from the
river, and lower than the diversity estimated for the piezome-
ters that were closer to it. These results match those obtained by
other authors, who reported an increase in invertebrate richness
with hydrological connectivity (e.g. Ward et al., 2002; Gallardo

60

et al., 2008). In the specific case of the Tagus River, its high level
of regulation has minimized the occurrence of floods and, there-
fore, connectivity between water bodies is virtually nonexistent.
Consequently, the mobility of invertebrates along with the inter-
change of water, nutrients and organic matter between the river
and the floodplain has been drastically reduced, which has very
negative consequences for river ecosystem biodiversity, function
and processes (Amoros and Roux, 1988).

3.2.3. Denitrification potential

Two sectors from the point of view of potential denitrification
can be recognized in the study area (Fig. 8). The first (S1 sec-
tor) encompasses the piezometers TOP5, TOP7, TOP8 and TOP9,
whilst the second (S2 sector) includes the piezometers TOP1,
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Fig. 6. Macroinvertebrate taxonomic diversity metrics. Data are mean values of each of the quarterly sampling campaigns conducted between April 2013 and February 2014
(AMP = Amphipoda; BRA = Branchiopoda; OST = Ostracoda; ISO = Isopoda Stenasellidae; NEM = Nematoda; CYC = Copepoda Cyclopoida; OLI = Oligochaeta; HET = Heteroptera).
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and asterisks show outliers.

TOP2, TOP3, TOP4, TOP6 and TOP10. In S1, denitrification poten-
tial rates were between 6.2 and 390.0 ug N-N,Oh—1g~1 MO, with
92.6 wg N-N,0 h~! g~1 MO being the average value. In S2 rates were
between 1.7and 152.8 wugN-N,Oh~! g~ and had an average value
of 18.8 wgN-N,0 h~1 g~1 MO. The highest denitrification potential
rates have been estimated in S1 and is a result of some of the most
favorable local conditions obtained in this sector, especially as far
as the concentration of nitrates and dissolved oxygen is concerned
(Venterink et al., 2003). In S1 the average measured concentration
of nitrates was 46.1 mg/L, while in S2 it was 31.9 mg/L. S1 showed
the lowest oxygen values (i.e. 13.7% on average), while values in
S2 were higher. Specifically, an average concentration of 50.8% was
estimated.

400
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Fig. 8. Box and whisker plot showing average denitrification potential in each
piezometer.

The multiple analysis correlation (Table 1) shows the existence
of significant statistical correlation between denitrification poten-
tial and redox potential (r=-0.398, P<0.05), which coincides with
the results obtained by other authors (Brettar et al., 2002). There-
fore, the piezometers included in S1 that, on the other hand, had
the highest denitrification rates, recorded values of potential redox
between —154mV and 155.6 mV, while in S2 (where the lowest
denitrification rates were estimated) redox potential was between
—37.7mV and 203.0mV. A significant statistical correlation was
also found with nitrate concentration (r=0.361, P<0.05), which
makes sense as the presence of nitrates is one of the factors needed
to make denitrification possible (Martin et al., 1999).

With the exception of sampling campaign 1, all of the campaigns
had similar average denitrification values (Fig. 9). In this regard, the
Kruskal-Wallis ANOVA showed significant statistical differences
(P-values less than 0.05) in mean denitrification values between
the first campaign (April 2013) and the other quarterly campaigns
(x?=9.29, df=3, P=0.026). However, significant statistical differ-
ences were not detected between campaigns 2, 3 and 4 (i.e. July
2013, October 2013 and January 2014). This behavior is contrary to
what usually occurs in areas that are biogeochemically functional.
In this context, DEA measurements indicate strong spatio-temporal
heterogeneity, which is a result of the occurrence of flood pulses
(Bernard-Jannin et al., 2015).

A comparison of the piezometers shows that TOP5, TOP7, TOP8
and TOP9 are statistically different when compared with piezome-
ters P1, P2, P3, P4 and P10 (x2=11.89, df=1, P=0.001). However,
these differences are not related to flood pulses, as shown by the
piezometric maps (see Fig. 2). In addition, these results show that
irrigation does not seem to cause denitrification potential rates that
are significantly higher than those estimated during the period of
the year with no irrigation. The differences found are a result of the
dissimilar load of pollution concerning nitrates detected between
the two groups of piezometers. An explanation for the differences
between campaigns is not so obvious, though it might be related
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02 (%) pH EC (nScm™!) ORP (mV) DOC (mg/L) NO3; (mg/L) wgN-N,Oh-1g-! MO
Correlation coefficient 1 0.778" -0.791" —0.245 0.260 —0.425" —-0.071
03 (%) Sig. (2-tailed) 0.000 0.000 0.177 0.150 0.015 0.708
n 32 32 32 32 32 32 30
Correlation coefficient 0.778 1 —-0.765" 0.028 0.368 —0.243 0.026
pH Sig. (2-tailed) 0.000 0.000 0.860 0.038 0.180 0.875
N 32 42 42 42 32 32 39
Correlation coefficient -0.791 —-0.765 1 0.194 —0.149 0.247 -0.118
EC(nScm™!) Sig. (2-tailed) 0.000 0.000 0.219 0415 0.173 0.476
N 32 42 42 42 32 32 39
Correlation coefficient —-0.245 0.028 0.194 1 0.339 0.238 —0.398
ORP (mV) Sig. (2-tailed) 0.177 0.860 0.219 0.058 0.189 0.012
N 32 42 42 42 32 32 39
Correlation coefficient 0.260 0.368 -0.149 0.339 1 0.067 0.303
DOC (mg/L) Sig. (2-tailed) 0.150 0.038 0.415 0.058 0.709 0.097
N 32 32 32 32 33 33 31
Correlation coefficient -0.425 -0.243 0.247 0.238 0.067 1 0.361
NOs; (mg/L) Sig. (2-tailed) 0.015 0.180 0.173 0.189 0.709 0.046
N 32 32 32 32 33 33 31
Correlation coefficient -0.071 0.026 -0.118 -0.398 0.303 0.361 1
rgN-N,0h-1 g~ MO Sig. (2-tailed) 0.708 0.875 0.476 0.012 0.097 0.046
N 30 39 39 39 31 31 40

" Significant level between categories are indicated with P<0.05.
™ Significant level between categories are indicated with P<0.01.

to the fact that during the months immediately before April 2013
the alluvial aquifer was not recharged with water coming from
irrigation. The above could explain negative potential redox in sev-
eral piezometers as well as the low oxygen measured.

3.2.4. Bacterial assemblage structures and possible implications
concerning attenuation

The bacterial assemblage structures were determined by T-RFLP
based on 16S rRNA genes analysis. The T-RFLP patterns showed
between 4 and 25 T-RFs (terminal restriction fragments; or OTUs,
operational taxonomic units) with an average of 14.4+4.1 T-RFs.
Similar OTU-richness has been reported in hyporheic zones of an
intermittent stream before flooding (Febria et al., 2012). The Shan-
non index ranged from 1.4 to 3.1 (average 2.3 £0.3) and Evenness
ranged from 0.69 to 0.99 (average 0.9 +0.05).

In order to reveal the factors related with bacterial commu-
nities structures, the relationships between bacterial populations
(T-RFLP OTUs) and environmental parameters were determined
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Fig. 9. Box and whisker plot showing average denitrification potential for each
quarterly sampling campaign. Circle and asterisk represent outliers.

by canonical correspondence analyses (CCA) correlating T-RFLP
patterns with the chemical contents (Fig. 10). Most bacterial com-
munities were grouped indicating that the bacterial communities
structures were similar irrespective of the location and the samp-
ling date (Fig. 10a) as previously shown in the hyporheic zone of
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Fig. 10. Canonical correspondence analysis (CCA) correlating (A) bacterial com-
munities (T-RFLP patterns) and (B) bacterial populations (T-RFLP OTUs) with
environmental parameters (nitrogen forms: NO,, NO; and NH4; DOC: dissolved
organic carbon; T°: temperature; alkalinity; sulfate: SO4; phosphate: P-PO4; EC:
electrical conductivity). The analysis is based on 16S rRNA gene T-RFLP profiles from
sediments collected in February (blue circles), July (green triangles) and October
(brown squares). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 11. Difference in nitrate decay in alluvial aquifer considering the scenario in which the Tagus River would experiment floods.

an intermittent stream (Febria et al., 2012). The CCA, explaining
23% of the data distribution, showed that the bacterial communi-
ties in the TOP5 station in February were distributed along the axis
1 (13% of the distribution) and were mostly associated to DOC and
NO,, which may be related to the existence of partial denitrifica-
tion (Fig. 10a). For the same sampling date, in the TOP4 station
the bacterial assemblage structure was linked with phosphate (P-
PO4). In contrast, bacterial communities in July and October were
distributed along the axis 2 (10% of the distribution). The bacte-
rial communities of TOP2 and TOP5 stations were associated to
alkalinity in July while those of TOP1, TOP4 and TOP6 stations
were correlated to NH4 and NOs in October (Fig. 10a), suggesting a
coupled nitrification-denitrification as previously demonstrated in
high nitrate containing stream (Smith et al., 2009). However, most
bacterial communities are not linked with NH4 or NO3, which prob-
ably indicates that for practical purposes denitrification activity is
of little importance.

The CCA also revealed some specific OTUs correlated to envi-
ronmental parameters that explained the differences observed
between the stations (Fig. 10b). Four OTUs (102, 127, 135 and 195)
were associated with phosphate; they determine the specificity
of the bacterial assemblage of the TOP4 station in July. Previous
studies have demonstrated the influence of phosphate on bacterial
communities in soil (Kuramae et al., 2012) and hyporheic zones
(Febria et al., 2012). Three OTUs (162, 174 and 198) were strongly
correlated with NO, and DOC suggesting that these OTUs may be
related to ammonia oxidizing bacteria (AOB), first step of the nitri-
fication process. The correlation between AOB and DOC has been
observed in groundwater (van der Wielen et al., 2009). It is likely
that these OTUs participate to the depuration of the system dur-
ing winter season at station TOP4. In contrast, two OTUs (88 and
391) were associated with nitrate and ammonium; they may corre-
spond either to bacteria involved in nitrification or denitrification
processes.

3.2.5. Hydrological modeling

What differentiates the Tagus from most other rivers in its class
(e.g. Ebro River in Spain, or Garonne River in France) is its poor
hydromorphological quality in most of its reaches (Antigiiedad
et al., in this issue). As a result, the river has hardly any capac-
ity to recharge the alluvial aquifer, unless recharge is artificially

induced through irrigation, as occurs in the study site. In this con-
text, the model was able to represent the increase in level due to
irrigation water. Concerning nitrate aquifer concentrations, accept-
able results are also obtained when comparing model results and
field data aquifer concentrations for around 1 month and 2 months
after the model start. Since the site is not flooded, water quality
processes take a long time to occur, and the decay change is very
stable, on the order of 0.01 mg N/Lday (1 mgN decay in 3 months).

Since the Tagus River is characterized by very low hydrody-
namics, and nitrate concentrations do not limit the processes of
depuration, almost none of the scenarios studied implied any sig-
nificant improvement in water quality. Only one scenario, in which
the Tagus had floods with a peak of 1400 m3s~!, yielded favor-
able results in this regard. This result is shown in Fig. 11, where
nitrate decay differences compared to the reference scenario are
presented. It can be seen that in the areas near the river (which are
flooded) nitrate decay increases (around 10%). So, it is a well-known
fact that fluctuating surface water levels due to floods create partic-
ularly effective conditions for enhancing denitrification, since they
determines oxygen-limited conditions and carbon supply (Forshay
and Stanley, 2005).

This condition hardly exists in the Tagus River since its
hydromorphological conditions deviate greatly from the unaltered
conditions as a result of its hydrological regime. The Tagus water-
shed has 283 reservoirs and 40 diversion channels, including the
Tagus—Segura inter-basin water transfer system, which transfers
an average annual volume of 350 Hm? to the Segura basin (located
in south-eastern Spain). As a result, having significantly decreased
the frequency of what yesteryear were ordinary floods, agriculture
has expanded almost to the point of causing the disappearance
of the riparian forest, which have affected site functionality and
natural depuration processes. Nevertheless, the results derived
from the model show that the hydromorphological and ecological
functionality of the Tagus River can be partially recovered if river-
ine wetlands are restored while favoring the occurrence of flood
pulsing.

4. Conclusions

The methodological approach implemented shows that nat-
ural purification is almost nonexistent at the study site. This is
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due to how highly regulated the Tagus River is, which deter-
mines that for practical purposes surface water levels remain
stable. As a result, the floodplain is no longer flooded and agri-
culture has occupied most of the former riparian wetland. Under
these circumstances, the environmental factors needed to acti-
vate the biogeochemical process of water quality improvement
do not exist. In addition, the equally necessary organic carbon
supply has been significantly reduced due to the almost total
disappearance of the riparian forest. The above was also cor-
roborated by both an analysis of bacterial assemblage structure
and macroinvertebrates, which demonstrated that denitrifica-
tion activity is practically nonexistent. Modeling of the scenarios
showed that in order to restore natural groundwater purification,
it will be crucial to improve hydromorphology by achieving a less
altered hydrological regime that favors the occurrence of flood
pulses.
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