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Abstract: Gipuzkoa (Basque Country, North Spain) is an industrial region where investments in
sanitation and wastewater treatment have improved water quality and partially recovered river
biological communities. However, further technological improvements are unlikely. Our objective
was to assess whether in-stream self-purification may contribute to improvement of the trophic state
of rivers. We propose an integrative approach to assessing river water quality, which diagnoses
problems, identifies likely causes and prescribes solutions. We first analysed the loads of nutrients
transported by Gipuzkoa rivers and compared them with the potential nutrient uptake rates (estimated
from published empirical regressions). In reaches where both of them were within one order of
magnitude, we considered that the self-purification capacity of river channels may influence nutrient
concentrations. Then, we selected some river reaches where no other water quality problems beyond
nutrient concentrations occurred and ran the expert system STREAMES 1.0 to diagnose the problems
and detect their causes. The studied reaches differed in their problems and in their potential solutions.
We empirically determined nutrient retention in two streams by means of mass balances and slug
nutrient additions. We detected large differences in retention capacity between reaches and siltation
as one of the main problems affecting the self-purification capacity of the study streams. Finally,
we used STREAMES 1.0 to identify potential solutions to specific river sections. The results obtained
so far point towards an important potential of in-stream bioreactive capacity to reduce nutrient loads
and to specific restoration activities that may improve the functionality and trophic status of the
streams in Gipuzkoa.
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1. Introduction

Rivers are among the ecosystems most threatened by human activities [1–3], including dam
building [4], alteration of flow regimes [5], water abstraction [6], pollution [7], channel modification [8]
and climate change [9]. These threats also affect the sustainability of human activities, since rivers
provide ecosystem services that are essential to society [10,11] and thus, complex programmes have
been devised to monitor, assess and restore the health of river ecosystems [12].
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Nutrients and organic matter pollution still cause main concerns in rivers [13,14], as well as in
nearby coastal zones [15]. Excess concentration of nutrients and organic matter, caused by agricultural,
urban or industrial activities, results in eutrophication of water ecosystems [16], a process whose
side effects include proliferation of noxious algae, anoxia, fish kills or foul taste and smell [17].
Furthermore, eutrophication of freshwaters causes large economic costs in terms of water purification [18],
environmental costs [19], as well as health costs, as eutrophic waters often harbour pathogens [20] and
can directly harm human health by excess nutrient concentration [21]. Large efforts have been made
in many parts of the world to reduce or revert the problems caused by nutrients in freshwaters [22].
The most common management approaches focus on the source of nutrients and include measures
to reduce nutrient loading, such as improved sewage systems [23], advanced wastewater treatment
plants (WWTP) [18] and improving fertilization practices in agricultural fields [24]. Despite these efforts,
nutrient problems are still common in freshwaters [22] and significant reductions in nutrient inputs
often involve expensive technologies, such as tertiary wastewater treatment, with reduced benefits [18].

Much less emphasis has been placed on managing the receiving water bodies to reduce nutrient
problems, despite the fact that river ecosystems are characterized by their active biogeochemical
capacity [25]. This capacity is affected by multiple human pressures, among which those affecting
hydraulics, sediment characteristics or redox potential stand out [26,27]. One key element is the
hyporheic zone, the portion of sediments that is permeated with stream water, where the combination of
long retention times, strong redox gradients and diverse microbial metabolism provide the opportunity
to modify water chemistry during propagation through river networks [28,29]. Hydraulic conductivity
across the hyporheic zone can be reduced by siltation and by modifications in channel form [30],
what has led to projects aiming at restoring hydraulic conductivity as a means to reduce nutrient
concentration [31,32]. Similarly, changes in channel geometry, in riparian shading or in connectivity
between channel and floodplain can reduce nutrient retention and have thus been addressed by
restoration projects [33–36]. Although the effect of nutrient uptake on downstream transport depends on
the subsequent fate of the nutrient, as uptake may be balanced by mineralization, it may alter the timing
of transport through fluctuations in storage or, in the case of denitrification, may remove nutrients
permanently [37]. Whatever the case, the focus on in-stream processes for river management has seldom
been applied to entire river networks [33]. Nutrient abatement strategies by river managers could benefit
greatly from taking into account the capacity of river channels to retain, store and process nutrients.

In this paper, we present a diagnosis of nutrient status in rivers in Gipuzkoa, one of the most
densely populated and industrial provinces in Spain. Our aim was to provide water managers with
information on in-stream nutrient uptake to complement current management strategies, which have
so far had a limited success regarding nutrient status, as a consequence of the constraints imposed by
intensive human pressure. For this purpose, we combined a range of approaches, from surveys to
field experimentation and the use of an expert system to assess nutrient uptake and identify potential
alternatives to further reduce nutrient concentrations.

2. Study Site

Gipuzkoa (Basque Country, North Spain) is a mountainous and highly populated region where over
700,000 inhabitants live in only 1909 km2, mostly concentrated in industrial towns along river margins
(Figure 1). The climate is temperate oceanic, with rainfall over 1500 mm y−1 regularly distributed
throughout the year. The landscape is dominated by fast-growing tree plantations, rough pastures
in mountaintops, meadows in mid to low altitudes and by industrial and urban areas. The main
industrial sectors are iron and steel metallurgy, equipment goods, machine-tool industry, rubber and
plastics and paper and cardboard industry [38]. As a result of all these activities, rivers in Gipuzkoa
have a long history of pollution, which peaked in the second half of the 20th century and has since
decreased steadily as a result of improved industrial processes, improved sanitation and wastewater
treatment [39]. This improvement has also had dramatic effects on riverine communities and ecosystem
functioning [40]. Nevertheless, in 2009, 57% of the water bodies still did not achieve the good ecological
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status or potential [41], 25% were below good chemical quality (http://www4.gipuzkoa.net) and 40%
showed benthic chlorophyll concentrations typical of mesotrophic to eutrophic conditions [42]. It must
be noted that the main concern of local managers is on nutrient concentration, not on nutrient loads,
as rivers are short and drain directly to the open ocean, where processes such as internal recycling are of
minor concern [43]. Therefore, even if a large fraction of the nutrient load is transported by rivers during
floods [44], when instream processes are less important [45,46], nutrient transformations during baseflow
would still make a difference from the point of view of managers. Nutrient uptake has been shown to
be an important factor for self-purification in the Agüera Stream [47], which is located in the nearby
province of Biscay and is similar to rivers from Gipuzkoa. There, intense growth of algal biofilm results
in strong assimilatory nutrient uptake during baseflows, whereas storms scour algal mats thus resetting
the stream to a highly retentive system [48]. Therefore, we consider assimilatory nutrient retention to
make an important contribution to the reduction of nutrient concentration during baseflow periods, that
is, during the periods in which non-compliance with environmental standards is most common [49].
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Figure 1. The river network of Gipuzkoa. Circles represent the 64 monthly sampling sites, squares are
the 13 continuous monitoring stations operated by the Province Government. Highlighted in black
are the sections were STREAMES 1.0 was applied. Araxes and Urola, sections where we carried out
empirical nutrient retention experiments.

3. Materials and Methods

To assess the nutrient status of rivers in Gipuzkoa we used data collected by the water agencies,
from which we calculated nutrient loads and estimated potential nutrient uptake (see below). Based
on this information, we grouped river sections into three categories: (a) sections with no nutrient
problems (i.e., nutrient concentrations complied with regulations), (b) sections with moderate problems
(i.e., where in-stream processes had the potential to influence nutrient status) and (c) sections with severe
problems (i.e., nutrient fluxes were well above the in-stream nutrient uptake). In sections with moderate
problems we used the STREAMES 1.0 Environmental Decision Support System (see below) to diagnose
reach-level problems associated with nutrients, identify their potential causes and suggest solutions.

Based on the most common causes of impairment detected by the expert system, we performed
direct field measurements of nutrient uptake at selected sections to empirically test how these causes
affected nutrient retention. Finally, we combined all this information to provide managers with a show
card of management actions at different spatial scales, from catchment to reach, that can be selected
according to site-specific constrains.

http://www4.gipuzkoa.net
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3.1. Measurement of Nutrient Loads and Potential Nutrient Uptake

The loads of ammonium, nitrate and phosphate (in mg s−1) transported by rivers were calculated
for the hydrological year 2008–2009 from data on discharge and nutrient concentrations measured at
77 stream sites monitored by the Province Government of Gipuzkoa (Figure 1). Thirteen of these sites
were continuously monitored and 64 sites were sampled monthly. At continuously monitored points
data on discharge and water quality were recorded every 10 min. Nutrient load there was calculated
multiplying concentration by discharge and the average used to estimate load for the hydrological
year 2008–2009. At sites that were sampled monthly, we estimated the discharge in the moment of
sampling by correcting the discharge in the nearest continuous gauging station in the same drainage
basin by the ratio of drainage area in the gauging site to the drainage area in the monthly sampling site.
Then, load was calculated multiplying the concentration of each nutrient (measured colorimetrically
by the Province Government in its main laboratory) by the estimated discharge. The annual load was
calculated as the average of monthly instant loads.

We estimated the potential nutrient uptake rate (U, mg s−1 m−2) expected in our rivers if they
were in pristine status. This estimation was based on the assumption that nutrient uptake efficiency
is governed by discharge [25,37] and is highest in pristine rivers [50]. U was calculated following
Equation (1).

U = C·Q/Sw·w (1)

where C is ambient nutrient concentration (mg L−1), Q is annual average discharge (L s−1), w is average
width at each site (m) and Sw is potential nutrient uptake length (m). Values of Sw, an estimate of
nutrient uptake efficiency, were inferred at each site from Q following published regressions [37,51,52]
reported for pristine rivers. For this estimate of potential nutrient uptake in pristine conditions, ambient
nutrient concentration was set as the average concentration at the site with lowest nutrient levels in
Gipuzkoa (39 µg L−1 N-NH4

+, 280 µg L−1 N-NO3
− and 16 µg L−1. P-PO4

3−). As mentioned above,
potential nutrient uptake in Gipuzkoa is likely driven by assimilatory uptake by the algal biofilm. This
process results in a temporary removal of nutrients, as these will be released later when algal biomass
decays [53]. Nevertheless, frequent rain events under the oceanic climate occurring in Gipuzkoa scour
most algal biomass [48] and thus, assimilatory uptake results in an effective reduction of nutrient
concentration during baseflow periods.

We calculated the ratio between nutrient load and potential nutrient uptake rate to estimate the
potential importance of in-stream processes in controlling nutrient dynamics at the scale of river sections
(ca. km-long). For this purpose, nutrient loads were expressed in units of mg s−1 m−2 by dividing
average annual load by the areal surface of 1-km stream sections (i.e., section length by wetted width).

3.2. Diagnose and Potential Causes of Nutrient Impairment

We selected 11 sections (Figure 1) where the ratio of nutrient load to potential nutrient uptake were
in the same order of magnitude (load/uptake ratio < 10), which suggests that in-stream nutrient uptake
there has a potential to influence nutrient concentrations. In these sections we applied STREAMES 1.0,
an expert system that can be freely downloaded from http://www.streames.net/, to diagnose section-level
problems associated with nutrients, identify their potential causes and suggest solutions. STREAMES 1.0,
an improved version from that described in Reference [54], is a computer application that supports the
decision-making processes in stream reach management by encompassing heuristic (expert) and empirical
information. It can be used to infer the river state related to functionality features (i.e., the self-purification
capacity of the stream), to diagnose the problems affecting a particular stream reach, to suggest potential
causes for each of the detected problems and to propose a list of suitable management actions to each
problem diagnosed, taking into account their potential causes. To accomplish this, STREAMES makes
use of a knowledge base that includes, in the form of decision trees, the heuristic knowledge provided
by scientists and managers to diagnose problems and detect causes, as well as a database of stream
management actions cross-linked with problem categories and potential causes.

http://www.streames.net/
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For each section, STREAMES 1.0 requires information on hydrology and water quality, channel
morphology, in-stream habitat, riparian vegetation and catchment characteristics including presence of
point-source inputs. Data on discharge and water quality (pH and electric conductivity, concentrations
of oxygen, ammonium, nitrate and soluble reactive phosphorus, turbidity and total suspended solids,
biological and chemical oxygen demands) were provided by the Province Government. Catchment
characteristics (area of the drainage basin, lithology and soil uses) were calculated with ArcView
9.3 on the digital maps of the Province Government (https://b5m.gipuzkoa.eus/). The presence of
free-ranging livestock and of gravel extraction was checked with the managers and rangers from the
Province Government. The rest of the information needed to run STREAMES was collected in visual
inspections of 100–500 m reaches upstream from each point. Therefore, we assessed the structure of
riparian vegetation, the abundance of modifications of river channel and banks, the dominant type of
substrate, the proportion of riverbed covered by fine sediments, the presence of filamentous green
algae, macrophytes, as well as sewage fungus. Finally, the Province Government provided information
on biological indicators based on algae, invertebrate and fish.

3.3. Empirical Measurements of Nutrient Uptake

Outputs from STREAMES suggested a set of potential causes of nutrient impairment, some of
which occurred in many of the study sections. We performed field experiments in 2 sections (Figure 1)
to gain additional information on actual in-stream nutrient uptake and factors controlling it.

One section is located in the middle part of Urola River (Figure 1) and is 12-km long. It is
affected by the effluent from a WWTP located 1.5 km upstream from the head of the section. Along
the section there is also a quarry that is a source of silt-sized sediments, a small neighbourhood
(Aizpurutxo) and 2 hydropower plants that divert part of the discharge and revert it several kilometres
downstream. We sampled the section on 4 occasions from June to September 2010, collecting samples
at 11 points along the section, at the inflow of all tributaries and at all the outflows (2 water diversion
canals and the main stream). At each sampling site we measured discharge (FP101 Global Water
current meter), temperature and conductivity (WTW) and took water samples, which were filtered
(Whatman GF/F), carried to the laboratory in a cold box and analysed for nitrate, ammonia and
soluble reactive phosphorus colorimetrically [55]. The load of nutrients at each point was calculated by
multiplying concentration times discharge and a global mass-balance between all inputs and outputs
was calculated, which allowed estimating the percentage of net nutrient uptake at the section scale
(i.e., output-input/input). Negative percentages indicate net uptake of nutrients along the section,
while positive percentages indicate net release.

Additionally, in the same section we examined the effects of the silt inputs from the Urola quarry
on nutrient uptake by comparing reaches immediately upstream (control reach) and downstream
(impacted reach) from the silt inputs. Nutrient uptake was assessed following the slug addition
method [56]. We added 30 L of a solution containing NH4Cl and Na(H2PO4)·H2O as nutrient sources
and NaCl as a hydrologic tracer [57] in a single pulse at the head of the reach. We recorded conductivity
at the downstream end of the reach every 5 s from the beginning of the addition pulse until conductivity
returned to pre-addition values (conductivity meter WTW 330). Water samples were collected in
250 mL acid-washed plastic bottles every 10–60 s at the bottom of the reach over the conductivity-pulse
passage. Samples were filtered (Whatman GF/F), stored on ice, transported to the laboratory and
frozen until analysis. We calculated nutrient uptake length (Sw, m), following a mass balance between
mass of nutrient added and mass of nutrient retrieved based on nutrient concentrations measured
at the bottom of the reach [58]. Additionally, at these reaches, we also measured the biomass and
chlorophyll-a of periphyton, which is likely the biotic component most involved in nutrient uptake in
this section. Cobbles (6 per reach) were collected and scraped, the slurry was filtered through two
Whatman GF/F filters and carried to the lab on ice. One filter was used to determine the ash-free dry
mass (AFDM) by drying it at 105 ◦C for 24 h and ashing it at 500 ◦C for 4 h. The second filter was
stored frozen in the laboratory until analysis of chlorophyll-a following [59]. The results of nutrient

https://b5m.gipuzkoa.eus/
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and biofilm metrics were log-transformed for normality and significance of differences between control
(upstream from the silt inputs) and impact (downstream) reaches was analysed by means of a t-test.

Empirical measurements of nutrient uptake were also performed in the Araxes Stream (Figure 1)
to assess the response of in-stream nutrient uptake to an increase in channel morphological complexity.
We compared a reach where logs had been introduced into the channel to restore the physical habitat
for trout with an unrestored reach located upstream. At each reach, we performed slug additions of
ammonium and phosphate (as described above) on 3 dates during August 2013.

3.4. Management Proposals

Finally, we used STREAMES 1.0 to produce a set of management proposals for abatement of
nutrient problems, which are based on the combination of problems and causes identified at the study
sections. From the large set of potential management actions provided by STREAMES we selected the
most suitable based on our own experience and on discussions with stakeholders from water agencies
and environmental managers.

4. Results

4.1. Nutrient Loads and Potential Nutrient Uptake

The loads of dissolved inorganic nutrients transported by Gipuzkoa streams ranged from 0.1 to
450 Mg N y−1 for ammonium, from 7.5 to 4806 Mg N y−1 for nitrate and 0.1 to 157 Mg P y−1 for phosphate.
These values correspond to 1 × 10−5–0.71 mg N s−1 m−2 for ammonium, 0.08 × 4.5 mg N s−1 m−2 for
nitrate and 7 × 10−4–0.14 mg P s−1 m−2 for phosphate, respectively. Potential uptake rates, estimated
from literature relationships, ranged between 0.004 and 0.016 (mg N s−1 m−2) for ammonium, 0.072 and
1.25 (mg N s−1 m−2) for nitrate and 0.002 and 0.009 (mg P s−1 m−2) for phosphate. Therefore, the ratio
between loads and potential uptake rates ranged from 0.03 to 141 for ammonium (median = 3.7),
from 0.06 to 39.3 for nitrate (median = 3.2) and from 0.12 to 53.4 for phosphate (median = 6.3). Based
on this ratio, the potential uptake in Gipuzkoa rivers is within an order of magnitude of the nutrient
load (Figure 2). In 15–23% of the studied sections the potential nutrient uptake is higher or similar
to the nutrient load, which suggests some potential to improve nutrient status based on in-stream
nutrient processing. This represents 11 of the studied sections. In general, ratios higher than 10 were
found in the main courses (Figure 2), indicating a smaller possibility of improving the situation by
means of in-stream processes.
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4.2. Diagnoses and Potential Causes of Nutrient Impairment

For the 11 sections selected, STREAMES 1.0 suggested the most common problems were clogging of
the riverbed (i.e., siltation of the interstices between bed particles) and high phosphate and ammonium
loading. In addition, loading of nitrate was a problem in 6 sections, loading of organic matter in 5 and
low oxygenation in 3 (Table 1). STREAMES 1.0 outputs also pointed to a low in-stream self-purification
capacity and a low buffering capacity of the riparian vegetation. In all studied sections, alteration of
the riparian vegetation was considered as one of the main causes of nutrient problems, often combined
with riverbed alteration. In addition, in almost all sections, point-source inputs were identified as a
cause of nutrient impairment. Only 3 sections seemed to be affected by industrial pollution and 2 by
WWTP effluents. Finally, in one section the main affection seemed to be related to dairy activities.

Table 1. Diagnosis of nutrient problems and detection of causes based on STREAMES 1.0 simulations.

Diagnosis Causes

Clogging Riparian vegetation alteration 100%
Severe 18%

Moderate 36% Riverbed alteration 64%
Slight 27%

82% Point-source inputs 82%
PO4

3− loading
Severe 45% WWTP 18%

Moderate 36%
82% Industrial pollution 27%

NH4
+ loading

Severe 36% Stabled livestock 9%
Moderate 27%

Slight 36%
100%

NO3
− loading

Severe 18%
Moderate 36%

55%
OM loading

Severe 45%
45%

Hypoxia
Moderate 27%

27%

Self-purification capacity
Low 45%

Moderate 36%
High 18%

Riparian buffer capacity
Low 82%

Moderate 9%
High 9%

4.3. Empirical Measurements of Nutrient Uptake

Mass balances along the Urola section showed water outflow to be higher than the sum of detected
inflows in the 4 sampling campaigns (Table 2), with the difference decreasing with decreasing discharge
as the summer progressed. Hydropower derivation canals leaked water as diverted discharge was
consistently higher than the amount reverted below the turbine. The leaks accounted for 46% of water
diverted in June and decreased to 10% in September. The net balance between inputs and outputs for
nitrate was positive on all dates (Table 2), net release along the section representing 1% to 106% of
the total nitrate inputs. On the other hand, the balance between ammonium outputs and inputs was
always negative (Table 2), with net uptake along the reach accounting for 27–100% of inputs. Finally,
the balance between inputs and outputs for phosphate shifted from being positive in June and July
(i.e., net uptake) to negative in August and September (i.e., net release).
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Table 2. Global mass balance results from June, July, August and September 2010 samplings in Urola Stream. b.d.l.: below detection level.

2 June 6 July 18 August 16 September

Q N-NO3− N-NH4
+ P-PO43− Q N-NO3− N-NH4

+ P-PO43− Q N-NO3− N-NH4
+ P-PO43− Q N-NO3− N-NH4

+ P-PO43−

L s−1 mg s−1 mg s−1 mg s−1 L s−1 mg s−1 mg s−1 mg s−1 L s−1 mg s−1 mg s−1 mg s−1 L s−1 mg s−1 mg s−1 mg s−1

Input C1 366 844 60 37 404 1016 13 57 146 479 4 10 141 639 13 32∑
tributaries 166 199 3 4 229 276 1 5 135 201 16 7 61 102 2 1

Quarry spill 4 7 1 b.d.l 0 0 0 0 3 4 b.d.l b.d.l 0 0 0 0∑
hydroelectric release 267 690 2 13 356 516 b.d.l 20 132 318 3 4 99 445 2 9∑

INPUTS 802 1741 65 53 989 1808 14 82 415 1003 23 20 301 1186 17 43∑
hydroelectric capture 496 1879 3 33 503 1003 b.d.l 41 146 358 3 4 109 490 3 11

Output C10 582 1711 25 49 756 1180 b.d.l 47 357 659 12 8 259 781 10 16∑
OUTPUTS 1078 3590 28 82 1259 2183 b.d.l 88 503 1017 15 11 368 1272 13 27

Outputs–Inputs 275 1849 −38 29 270 375 −14 6 88 14 −9 −8 67 86 −5 −16
% Out–inp/

∑
inputs 34 106 −58 55 27 21 −100 7 21 1 −37 −42 22 7 −27 −37

% Out–inp/
∑

inputs 34 106 −58 55 27 21 −100 7 21 1 −37 −42 22 7 −27 −37
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At a smaller spatial scale, results from nutrient addition experiments showed uptake lengths
in the reach receiving the Urola quarry inputs longer than those in the control reach (Table 3). This
difference was larger for phosphate than for ammonium uptake lengths. In addition, periphyton
biomass was significantly higher (t-test, p < 0.05) in the control (51.2 ± 6.9 g m−2) than in the impacted
reach (24.4 ± 1.9 g m−2). Periphyton chlorophyll-a was also significantly higher (t-test, p < 0.05) in the
control (61.8 ± 12.1 mg m−2) than in the impacted reach (13.1 ± 2.6 mg m−2).

Table 3. Ammonium and phosphate uptake lengths (Sw, m) measured in September 2013 at reaches
located upstream and downstream from the Urola quarry inputs. Longer nutrient uptake lengths
indicate lower nutrient uptake efficiencies.

Sw-NH4
+ (m) Sw-PO4−3 (m)

4 September 5 September 4 September 5 September

Upstream reach (control) 111 201 327 377
Downstream reach (impacted) 117 283 1929 580

In the Araxes Stream, ammonium uptake lengths were consistently longer at the control than at
the restored reach on all sampling dates (average Sw-control:Sw-restored = 1.6; Table 4). Uptake lengths
for phosphate were also longer at the control reach, the difference being larger than for ammonium
(average Sw-control:Sw-restored = 2.6).

Table 4. Ammonium and phosphate uptake lengths (Sw, m) measured in August 2013 at a control and
a restored reach in the Araxes Stream.

Sw-NH4
+ (m) Sw-PO4−3 (m)

8 August 12 August 13 August 8 August 12 August 13 August

Control reach 323 570 612 239 275 580
Restored reach 283 293 339 118 117 167

4.4. Management Actions Proposed by STREAMES

STREAMES 1.0 offered a battery of management proposals for abatement of nutrient loads, of
which the 23 most suitable are listed in Table 5. Among these proposals, 11 addressed catchment-scale
actions. Improved connection of sanitation networks was proposed for 10 of the 11 the study sections.
Proposals at catchment scale also include optimization of existing WWTP, nutrient management in
agricultural areas and enhancement of environmental flows. At the river channel scale STREAMES
provided 7 proposals. The most common proposals were re-creation of natural riparian vegetation
and re-profiling of channel banks. Four additional proposals focussed on the alluvial zone and the
streambed, being the plantation of macrophytes the most common (4 sections).

Table 5. List of actions selected among those proposed by STREAMES 1.0, indicating the number of
stream sections where these actions were suitable.

Actions No. Sections

Catchment
1. Complete sanitation connection 10
2. Best management practices (BMPs) in agriculture/livestock 1
3. Nutrient management plan in agriculture 1
4. Ecological flow maintenance 3
5. Best Available industrial Techniques (BAT) 3
6. Reduction or elimination of weirs 1
7. Biological filter (construction of a new WWTP) 1
8. Planted systems (plant soil treatment by irrigating with residual waters) 2
9. Optimization of the denitrification treatment (WWTP improvement) 1
10. Optimize WWTP phosphorus removal treatment 2
11. Optimize solids removal process (WWTP improvement) 1
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Table 5. Cont.

Actions No. Sections

River channel
12. Reprofile channel banks 5
13. Installation of live current deflectors 4
14. Boulder clusters emplacement 1
15. Re-creation of natural vegetation on channel banks 7
16. Using vegetation to restore stream sinuosity 2
17. Willow mattress revetment 1
18. Willow spilling 2
19. Vegetated gabions 3

Alluvial zone
20. Buffer strips 1
21. Channel by-pass to ensure the inundation of the adjacent floodplain 1

Streambed
22. Creation of in-channel pools 1
23. Planting macrophytic vegetation 4

5. Discussion

In this study, we propose an integrative approach to assess water quality associated with river
networks, which diagnoses problems, identifies the likely causes and prescribes potential solutions for
nutrient status. In addition, this approach was applied to a remarkable number of river sections (77),
which covered a large range of nutrient concentrations reflecting the wide diversity of environmental
pressures in the drainage basins of the region [43].

A unique aspect of our approach is that it explicitly considers the in-stream bioreactive capacity
(i.e., nutrient uptake) as a relevant aspect in both the diagnosis and prescription evaluation steps.
Existing literature has shown that the bioreactive capacity of streams and rivers can greatly reduce the
overall loads of nutrients exported from catchments [25,60] and thus, it is considered as a relevant
ecosystem service [36,61,62]. Human pressures such as high nutrient loads [50,63] or alterations of
channel morphology [64] negatively affect this in-stream capacity, potentially resulting in higher
nutrient exports. Conversely, recent studies point at river restoration as a good strategy to mitigate
water nutrient problems because it can increase in-stream nutrient uptake [33,35]. In this context,
in order to use this bioreactive capacity as part of the diagnosis and prognosis of water quality
problems it is important not only to assess the nutrient uptake of a given stream under its current
environmental conditions but also to predict its potential nutrient uptake assuming conditions under
lack of pressures. According to the literature, nutrient uptake length (an indicator of nutrient uptake
efficiency) increases with discharge [37,51,52], especially in pristine rivers where nutrient uptake is
highest [50]. In this sense, we used existing regressions between discharge and nutrient uptake length
from a compiled dataset as a predictive model to estimate potential nutrient uptake of the selected
sections. We compared this potential uptake to stream nutrient fluxes to assess the relative importance
of in-stream processes in regulating nutrient fluxes. Where uptake and fluxes were within the same
order of magnitude, we considered that there was scope for the improvement of nutrient status based
on actions to promote in-stream bioreactivity. This criterion (e.g., potential uptake similar to flux)
must be taken as a rough rule-of-thumb. Of course, nutrient uptake also varies greatly with discharge,
season and other factors that we did not consider. But whenever uptake rate is close to flux, there
is scope to improve the nutrient status based on promoting uptake rate, what would at least reduce
nutrient concentration during baseflows and thus improve river chemical status during the periods
when non-compliance with regulations are most frequent.

We are aware that uptake values from nutrient addition experiments (used in our case to calculate
potential nutrient uptake) express gross rates, which can be counterbalanced by release in other
reaches or other moments, resulting in no overall decline in nutrient concentrations [53]. Nevertheless,
mass-balance studies along nutrient-enriched rivers show strong uptake [65] and it is likely that the
effect of in-stream retention on nutrient concentrations will be highest in reaches where potential
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retention is close to the transported load. Indeed, gross nutrient uptake from experimental additions
has been combined in some cases with net nutrient uptake from reach-scale mass-balances and the
results were not too different [58,66], thus suggesting that, in absence of better data, results from one
approach can be used to infer trends for the other. Furthermore, as a consequence of the rainy climate
and torrential characteristics of rivers in the region, floods scour frequently the benthic biofilm [48],
resulting in permanent removal from the river systems of the nutrients stored therein.

Of the 77 sections studied, 57 complied with the WFD nutrient regulations, 13 presented moderate
nutrient problems and 7 had severe nutrient problems. The sections with no nutrient problems were in
general small mountain tributaries, whereas the nutrient problems were widespread in medium to low
reaches of larger streams. Although the latter sections are subject to multiple stressors derived from
a high human pressure [43], our findings suggest that in-stream bioreactivity could help to mitigate
these problems. Therefore, in these sections management strategies should consider actions addressed
to increase in-stream uptake [34], such as restoring channel complexity [67]. Alternatively, in sections
with severe problems where nutrient fluxes are orders of magnitude higher than potential uptake
capacity, other solutions must be prioritised such as implementation of best management practices
in key activities at the basin level (e.g., [68]) or an improvement in the end-of-the-pipe regulation of
nutrient sources (enhanced sanitation, advanced WWTP treatments [69]). In any case, the European
experience suggests that, although sanitation, wastewater treatment and changes in productive systems
can dramatically reduce river pollution, they rarely eliminate all problems [70]; therefore, it is likely that
in-stream uptake will have key importance even after implementation of end-of-the-pipe regulations.

In the sections with moderate problems, results from STREAMES identified excess NH4
+ and

PO4
3− loading and riverbed clogging as the main nutrient problems and suggested alteration of

riparian vegetation, point-source inputs and riverbed alteration as their most likely causes. Despite
large amounts of money spent in the last decades to improve sanitation and wastewater treatment and
despite clear improvements in water quality, the nutrient problems still have not disappeared from
Gipuzkoa [71], as is also the case of many other regions in Europe and North America [19,72]. There
are several reasons for this. First, there are still undetected inputs, as for example, in some towns where
the rivers have been buried underground and receive water from an obsolete and frequently leaking
sewer system [43]. Second, the effluents from large WWTPs can make a significant contribution to the
receiving rivers, whose discharge and thus, dilution capacity, can be severely reduced in dry periods.
This is especially the case for the mid and high sections of the Oria, Urola and Deba rivers, where
the human population and industrial activities are very intense [73] and baseflow discharge is low.
The contribution of WWTP effluents to total discharge in these sections can be as high as 35% and even
higher in drought periods [49]. And third, the geomorphological status of rivers in Gipuzkoa is mostly
poor as a consequence of the heavy occupation of floodplains and the modification of banks for flood
defences [71]. On the other hand, riverbed clogging, caused by deposition of silt on the channel, seems
to be a consequence of high erosion rates, associated mainly to forest activities in steep slopes [43,74],
as well as to the very common water diversions in the region [43,52], which reduce flow velocity and
promote deposition of fine sediments [75]. These problems of nutrients and riverbed clogging are far
from being restricted to Gipuzkoa, as they can affect river basins in many urbanised regions of the
world [76].

The empirical determination of nutrient retention in different rivers corroborated the low nutrient
retention capacity of some of our sections and pinpointed some of the causes. Urola River showed
low capacity to retain phosphorus and turned out to be a source, not a sink for DIN. In the case of
nitrogen, the fact that the largest imbalance between inputs and outputs occurred in June, at the end
of a period with strong rain, suggests that the imbalance corresponds to undetected inputs, which
could correspond to some farm or to groundwater [77] and not to instream transformations of organic
N, as the mass of organic matter stored in the river bed was lowest during this period. In the case of
phosphorus, the comparison of the reaches upstream and downstream from the quarry showed the
detrimental effects of siltation on algal growth and on nutrient retention. Fine sediment deposition is a



Sustainability 2019, 11, 2692 12 of 17

major disturbance in streams, since it affects algae and invertebrates [78] and seals the hyporheos [79],
thereby reducing nutrient retention. Indeed, deposition of fine sediment has been described as a
“master stressor” given its pervasive effects on river biota and its intense interactions with other
stressors [80]. In the Urola section, the nearby quarry seemed to be the main source of fine sediments
but our STREAMES results suggest that riverbed clogging has a prevalent impact in the Basque rivers.
Siltation, especially from intensive forest plantations, has been identified as an important impact
in the region [43] but the likely consequences for nutrient uptake have not been considered so far
by managers. Interestingly enough, our results, albeit based in a single project and a few sampling
campaigns, point out at a positive effect of trout habitat restoration on nutrient retention. Similar
results in other channel renaturalization projects in Gipuzkoa [81] and elsewhere [82,83] suggest that
such projects can have positive effects beyond the fish habitat, which can be considered ecosystem
services [61]. This particular restoration project in Araxes Stream consisted on adding large-wood
structures forming low jams and deflectors, which together increased flow heterogeneity and created
patches of fast flowing water with no deposition of fine sediments.

Whatever the case, the results from empirical nutrient retention experiments agree in general with
the diagnose offered by STREAMES 1.0, which suggests that the specific measures offered by the latter
hold potential for improving the status of rivers in Gipuzkoa. Overall, STREAMES 1.0 suggested 23
potential actions to improve the nutrient status: 11 actions at catchment level, 8 at channel level, 2 in
the alluvial zone and 2 in the streambed. The action with potential benefits in more sites was improved
sanitation, followed by recreation of natural bank vegetation, re-profiling riverbanks, installation
of current deflectors and planting macrophytic vegetation. STREAMES 1.0 is based on information
provided by water managers and from published literature and thus, there is reasonable evidence
to back the effectiveness of the actions it proposes. But the feasibility and cost-effectiveness of the
individual actions must be checked on a site-by-site basis, as the biophysical and societal constraints
differ widely across regions. In this sense, improved sanitation is a constant priority of the local
managers, as reflected in the revision of the Hydrologic Plans to complain with the WFD [43,71]. Also,
although the main network of WWTPs in Gipuzkoa is considered to be already finished, the Province
Government, the Basque Water Agency and the public companies operating the WWTPs are constantly
monitoring and seeking ways to improve the effectiveness of these facilities, especially nutrient and
suspended solid removal. Other actions such as restoring riparian vegetation or reprofiling channel
banks are more difficult to implement, given the intense human occupation of riparian areas and
floodplains by high density urban and industrial areas in Gipuzkoa. Nevertheless, some opportunities
arise, especially linked to the implementation of the EU Habitats Directive, which promotes, among
other goals, the restoration of habitats, including aquatic and riparian, and the Floods Directive, which
seeks to reduce the damages caused by floods. These objectives are being addressed, among others,
by means of projects to improve instream and riparian habitats as well as restore riparian wetlands in
Natura 2000 sites, of complete channel re-configuration projects to minimise flood in urban areas [84]
or of demolition of dams and weirs to promote river connectivity (e.g., https://www.irekibai.eu). Also,
the maturity and cover of riparian forests has increased during the last years in many river sections [43]
as awareness of managers on the importance of these forests increased. Other actions proposed by
STREAMES 1.0, such as planting macrophytes, seem less suited to the steep and torrential rivers in the
zone. Whatever the case, the present exercise makes managers aware of potential remedies to current
nutrient problems, which will likely result in them seizing more opportunities to improve the status of
river ecosystems.

The framework we present here can easily be transferred to other regions with problems of
nutrients in rivers, which are frequent around the globe [85]. In particular, we hold that it is important
to consider in-stream processes as part of an integral solution to the existing problems. STREAMES 1.0
can help scientists and managers towards this goal.
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