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ABSTRACT

The assessment of dissolved loadings and the sources of these elements in urban catchments' rivers is usually
measured by punctual sampling or through high frequency sensors. Nevertheless, the combination of both meth
odologies has been less common even though the information they give is complementary. Major ion (Ca*>*, Mg?
+ Na*, K*, C1~, SO3~, and alkalinity), organic matter (expressed as Dissolved Organic Catbon, DOC), and nutri
ents (NO3, and PO3~) are punctually measured in the Deba river urban catchment (538 km2), in the northern
part of the Iberian Peninsula (draining to the Bay of Biscay). Discharge, precipitation, and Electrical Conductivity
(EC) are registered with a high frequency (10 min) in three gauging stations. The combination of both method

Keywords: ologies has allowed the assessment of major geochemical processes and the extent of impact of anthropogenic
Major ion input on major composition of riverine water, as well as its spatial and temporal evolution. Three methodologies
Nutrients for loading estimation have been assessed and the error committed in the temporal aggregation is quantified. Re
Environmental sensors sults have shown that, even though carbonates dominate the draining area, the water major ion chemistry is
Punctual sampling governed by an evaporitic spring in the upper part of the catchment, while anthropogenic input is spedally

Method integration noted downstream of three wastewater treatment plants, in all nutrients and organic matter. The results of the

present work illustrate how the combination of two monitoring methodologies allows for a better assessment
of the spatial and temporal evolution on the major water quality in an urban catchment.

* Cariesponding author.
E-mail addresses: juanluis.ledhuga@ehu.eus ().L Lechuga-Crespo), estilitasuiz@ehu.eus (E. Ruiz-Romera).



1. Introduction

Due to global population growth prospects in the following years
(Ghanem, 2018), temporal and spatial assessments of anthropo
genic influences on the ecosystem are of increasing interest.
Among others, anthropogenic activity has influenced the delivery
of elements (sediments, nutrients, organic matter, salts...) to
streams both through point sources like facilities effluents, and dif
fusive sources like agriculture. Rivers act as a vector of transport
for matter in the land to ocean continuum, though anthropogenic el
ements eventually arrive to coastal wetlands and the ocean, altering
both freshwater and wetland ecosystems (Nielsen et al., 2003;
Vérosmarty et al., 2010; Herbert et al., 2015). In the future, demo
graphic growth is likely to keep on increasing human activities,
and climate change is expected to alter hydrological regimes
(Graham et al., 2007) causing moments of lower discharge, which
would imply increases in dissolved solids concentration, threatening
aquatic ecosystems (Vorosmarty et al., 2010; Cafiedo Argiielles
et al., 2013). Understanding the extents of such hazards' effect on
ecosystem services and goods is needed to forecast potential conse
quences of these impacts, as well as evaluating the effects of man
agement actions taken to reduce them (Cafledo Argiielles et al.,
2013).

Focusing on the dissolved composition of water, the increase of dis
solved inorganic solids (Ca?*, Mg?*, Na*, K™, HCO3, CO3~, CI~, and
SOZ™) concentration in streams is called salinization (Nielsen et al.,
2003). Increases of ionic concentration caused by natural (primary sali
nization) or anthropogenic (secondary salinization) sources are poten
tial hazards to freshwater environments (Kaushal et al., 2017). In the
absence of anthropogenic influences, freshwater salinity originates
from three sources: (1) weathering of the catchment, which is a func
tion of both geology of the catchment and precipitation; (2) sea spray,
although this is only important in coastal locations, and (3) wet deposi
tion caused by the evaporation of seawater (Cafiedo Argiielles et al.,
2013). Organic matter and nutrients are commonly linked to the carbon,
nitrogen, sulphur and phosphorus cycles, as complex interactions
among biotic and abiotic elements in the riverine ecosystem are found
(Anderson, 2016; Vitousek et al., 1997; Vitousek et al., 2009). When
human inputs are present (through fertilization, wastewater effluents,
road salt application...), increased dissolved loadings alter the natural
cycles (Vitousek et al., 2009; Herbert et al., 2015). Usually, evaluations
regarding dissolved solid loadings focus on agricultural catchments
(e.g. Merchan et al., 2019, 2020; Vitousek et al., 2009) and less on
urban environments (Khatri and Tyagi, 2015; Launay et al., 2016),
where the saline input is in the form of point source. Commonly, the or
igin of these inputs are urban wastewater effluents (Alvarez Vazquez
et al., 2016), systems where nutrients and turbidity are removed from
water but where not act over major ion composition is taken unless ter
tiary treatment is present. In this sense, we ask the following question:
which spatial and temporal influence have point sources on the
streams?

To answer this question, a case study has been selected, and a
monitoring program of the catchment has been established. Setting
up a monitoring program within a system needs to capture the spa
tial and temporal variability of the processes given within a catch
ment and, with this purpose, punctual sampling campaigns are
commonly taken with finer or lower temporal resolutions in the out
let, or spatially distributed in the catchment. Recently, the use of in
situ sensors for the monitoring of water quality variables has become
more common in these assessments (Rode et al., 2016), which allow
for high frequency measurements performed in specific sites within
a system (commonly a gauging station). However, such sensors are
not capable of quantifying all variables that can be assessed within
a laboratory, though each of these methodologies has present advan
tages and drawbacks for the assessment. Nevertheless, the combina
tion of both punctual results and continuous registries poses an

opportunity to better understand the processes given and to assess
their influences within a catchment as recently shown by Ponnou
Delaffon et al. (2020), who highlighted nycthemeral cycles due to bi
ological impact on nitrate concentrations and carbonate precipita
tion in streamwaters.

The urban catchment selected in this study is a medium size
catchment where previous studies of surface water quality have
identified physicochemical variables (EC, DOC, P03, NO3, NO3,
NHZ ) and specific pollutants (Cu, Zn, Pb, Ni, Cr) as main explainers
of water pollution (Unda Calvo et al., 2020), however none of the
previous studies has focused on the major ion composition, thus
the study of major geochemical processes and the assessment of an
thropogenic inputs on major chemistry remains unstudied. Both a
monitoring program with punctual samplings and continuous regis
tries are present in this catchment, posing an opportunity to evaluate
the combination of both methodologies on the assessment of the an
thropogenic impact on salinity.

Previous studies in the area (Abalos et al., 2008; Iribar and
Abalos, 2011; Martinez Santos et al., 2015) have highlighted the
geological structures and the effect they have on the water chemis
try of this river. Saline springs are common in this area, as noted by
Iribar and Abalos (2011) and its influence on the Deba river catch
ment, found in the Lenitz Gatzaga area, has also been identified as
relevant in the major ion composition of the water. Wastewater
Treatment Plants (WWTP) effluents have also been found as major
point sources of nutrients to the river streams, and the use of chem
ical compounds has been noted for phosphorus removal (Martinez
Santos et al., 2018). However, the spatial and temporal extent of the
WWTP effluents impact, and the influence of natural saline springs
on water chemistry in this urban catchment have not been evalu
ated yet. Understanding the present state dynamics gives a starting
point for forecasting studies. Other studies have shown that the
Deba river catchment has a low capacity to absorb precipitation,
making it vulnerable to extreme precipitation events, which are
more likely to occur in climate change scenarios (Mendizabal et al.,
2014). Considering hydrology as the main driver of suspended sed
iments (Garcia Garcia et al., 2019) and being sediments a vector of
transport of pollutants (Unda Calvo et al., 2019a) in this catchment,
the relevance of including the temporal analysis is justified. In this
sense, the integration of punctual data from a monitoring program
to the high frequency registries of the gauging stations in this catch
ment poses an opportunity on highlighting the hotspots and times
regarding hazards to the water chemistry.

Then, for the assessment of geochemical and anthropogenic in
puts into the Deba river urban catchment, we propose of the follow
ing hypothesis: a) the geochemical processes responsible of major
ion characteristics of the Deba River are mainly affected by the head
water southwestern part of the catchment due to the presence of a
saline spring, and its influence is noted downstream to the outlet;
and b) the urban and industrial treated and untreated waters have
a greater impact in the middle part of the catchment, causing a
shift in major ion composition and nutrients. In order to test these
hypotheses, the aim of this study is to evaluate the dominant geo
chemical processes governing the major ion chemistry of the Deba
river urban catchment, as well as assess the dissolved loadings to
the estuary by combining punctual and continuous data. More spe
cifically, the objectives of this study are: i) to identify the major geo
chemical processes controlling major ion chemistry along the main
channel and tributaries, ii) to evaluate the possibilities of integrating
punctual data on continuous registries for the estimation of dis
solved loadings, iii) to assess the role of temporal resolution on the
estimation of dissolved loadings. The results from this study are ex
pected to improve the understanding of human impacts on urban
environments with relevant geological influence, as well as to pres
ent a methodology for the integration of punctual samplings on con
tinuous registries.



2. Materials and methods
2.1. Study area and sampling set up

The Deba catchment (538 km?) is located in the northern part of the
Iberian Peninsula (West Europe), in the middle part of Donostia San
Sebastian and Bilbao cities, mainly located in the Gipuzkoa province ter
ritory (Fig. 1). High slopes both in the hills and in the stream channel
drain water to the Cantabrian Sea (part of the Atlantic Ocean) in the
Bay of Biscay through a 62 km long river born in the southwest part of
the catchment. Close to the Leintz Gatzaga saline springs, the Deba
river receives the influent of the Mazmela tributary before flowing
through the towns of Eskoriatza and Aretxabaleta and the city of
Arrasate Mondragon, after which it receives the influent of the Ofati
tributary to continue through Bergara city towards the lower part of
the catchment, where the Ego tributary incorporates to the main chan
nel before Elgoibar town and the villages of Alzola and Mendarozabal,
reaching the ocean in the Deba city, which names both the river and
the draining catchment. Within this hydrologic unit, there are other
streams draining to the ocean which are not included in the present
analysis, like the one outflowing in the city Mutriku.

Together with the cities, there are several industries in the area
(Fig. 1b), which have made the Deba river the most polluted in
the Gipuzkoa province (https://www.gipuzkoa.eus/es/web/
obrahidraulikoak, accessed on November 2019). In the last years,
the stakeholders have taken some management actions related to
the treatment of the urban wastewaters, achieving a good ecologi
cal status in the last campaign of 2018 for most of the sampling lo
cations, except for the lower part of the catchment and the lower
part of the Ego tributary (URA, 2019). Among those actions, special
mention is needed for the incorporation of three wastewater treat
ment plants (WWTP) between 2008 and 2012: the Epele WWTP in
the southwest part of the catchment, before the confluence with the
Ofiati tributary; the Mekolalde WWTP, in the middle part of the
catchment; and the Apraitz WWTP, in the lowest part of the catch
ment, after the incorporation of the Ego tributary (Fig. 1a, b).

The Epele WWTP collects the wastewaters from Eskoriatza,
Aretxabaleta, Arrasate, and Ofiati cities, treating an approximate load
of 90,000 equivalent habitants; the Mekolalde WWTP takes the water
from Bergara, and it is expected to be connected with Antzuola and
other villages in the area, treating about 35,000 equivalent habitants;
while the Apraitz WWTP treats the waters from Ermua, Eibar, and
Elgoibar, the highest load of all the three (around 95,000 equivalent ha
bitants) before draining the waters to the river. Both Epele and
Mekolalde WWTP count with activated sludge and biological elimina
tion of nitrogen but, while Epele WWTP uses biological elimination of
phosphorus, Mekolalde WWTP uses a chemical procedure. In contrast,
the Apraitz WWTP uses a sequential biological reactor (SBR), counting
with biological elimination of nitrogen and chemical for phosphorus
(www.gipuzkoakour.eus).

Before the set up of the WWTP, a monitoring program was
established in the area with the installation of three gauging stations
measuring a high frequency time series (every 10 min) variables such
as accumulated precipitation, air and water temperature, discharge,
electrical conductivity, among others. Registries have shown that, due
to the latitude of the province and the placement in the Bay of Biscay,
there is a high pluviometry (1384 mm-y~') and a soft temperature
(13 °C), with a seasonal distribution of the rainfall (https://www.
gipuzkoa.eus/es/web/obrahidraulikoak, accessed on November 2019).
This, together with the low ability of the Deba catchment system to in
filtrate water (Mendizabal et al., 2014), causes periods with high dis
charge and very dry periods, yielding an annual average of
12.56 m>-s~! (https://www.gipuzkoa.eus/es/web/obrahidraulikoak,
accessed on November 2019).

Even though the Deba river catchment has be noted as the most pol
luted in the area (Martinez Santos et al., 2015), most of the land is

covered by forest or pasture (Fig. 1d), where only 2% of the territory is
dedicated to agricultural purposes (according to the CORINE Land
Cover database, 2012, available via the Copernicus Land Monitoring Ser
vice of the European Union). Though, most of the anthropogenic influ
ence over the water quality and composition is expected to be related
to the industrial and urban effluents from the WWTP and industries
(Martinez Santos et al., 2015).

Due to the small distance from the coast, and the relatively homoge
neous land use in contrast to the heterogeneous lithological groups in
the area, the “natural” (not including the anthropogenic inputs) Deba
river major ion composition is expected to be influenced mostly by geo
chemical processes related to water rock interaction, i.e. chemical
weathering. Regarding the geological context, this catchment is located
between the Bilbao Anticlinorium and the Biscay Sinclinorium, with
rock ages varying from the Aptian Albian to the Paleogene (Iribar and
Abalos, 2011). Within the Bilbao Anticlinorium area, which is located
in the upper and middle part of the catchment, there are some thrust
faults and secondary faults showing Cenomanian Aastrichtian, Albian,
Aptian Albian, and Kimmeridgian Barremian layers (Iribar and Abalos,
2011, EVE, 1989). Scattered around this southwestern part of the catch
ment, there are several saline water springs, gypsum and evaporites
sites (Fig. 1b) related to Walden Facies, which are expected to have an
effect on the major ion composition of the groundwater and surface
water in the Deba river catchment. It is important to note that the offi
cial lithological map lacks the representation of these gypsum and evap
oritic sites.

Regarding the geochemistry of the underlying rocks, the Deba catch
ment area is dominated by detritic rocks, mixed with alternate marls
and clays, presenting different lithological configurations for three sec
tions: the southwest part (draining to San Prudentzio gauging station,
Fig. 1b); the southeast part (draining to Ofiati gauging station, Fig. 1b),
and the Ego tributary in the middle west part of the catchment. The
southwest part presents slates and is the most related to the saline
springs and gypsum sites (Iribar and Abalos, 2011), the southeast part
drains mainly detritic rocks, while the Ego tributary is mainly
conformed by limestones. The mid lower part of the catchment pre
sents a stripe with volcanic rocks.

2.2. Field and laboratory methods

In order to control the major chemical composition of the catch
ment, and assess the potential anthropogenic effect, a set of 11 sampling
locations has been established and sampled along the main channel and
tributaries, since April 2014 to January 2017. The location of the sam
pling spots is shown in Fig. 1: along the main channel, D1 was consid
ered as the control area associated with low human impact, this
sampling location is placed before the input of any spring and drains
6.2 km?. The Deba river flows downstream until it receives the waters
from the Mazmela tributary, where a sampling location is also present,
M1 (3.5 km?). After Eskoriatza and Aretxabaleta, the sampling location
D2 is placed in the main channel (62.4 km?, accumulated area), before
the river crosses Arraste Mondragon. Before the river gets to the conflu
ence with Ofiati (where one sampling location is placed: 01, 130 km?),
other sampling location is established, D3 (121 km?). After the conflu
ence, D4 (321 km?) and D5 (329 km?) are closely placed, before the
river changes its course towards the northwest to meet the Ego tribu
tary confluence. In the Ego tributary, due to its polluted characteristics,
two sampling locations are placed, E1 in the upper part of the catchment
(2.4 km?), and E2 before the confluence with the main channel
(55.5 km?). After the confluence, the D6 sampling location collects the
mixed water (419 km?) now directed to the northeast part, where D7
is placed close to the transition zone of the river to the ocean
(486 km?). From the anthropogenic influence assessment point of
view, there are four sampling locations with special interest: D3 re
ceives the influence of the Epele WWTP, D5 registries the Mekolalde
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Table 1

Summary of physicochemical characteristics for each sampling location in the main channel and tributaries. Values are presented as mean, minimum (Min) and maximum (Max) for each
place. The number of samples for each variable is represented by n, when some values were missing, superscripts were added in the mean cell (* means 1 missing value, ® represents 2, and
Crepresents 3). Measured variables are pH (unitless), Alkalinity (meq-L '), Electrical Conductivity in field (ECgeiq, iS-cm 1), Total Dissolved Solids in field (TDSgeiq, mg-L 1), organic mat-
ter expressed as Dissolved Organic Carbon (DOC, mg-L '), nutrients concentrations including NO; and P-PO3 , as well as major anions (Cl ,SO3 ) and cations (Ca®>*, Mg?*, Na*, and

K™) concentrations (mg-L 1).

Sampling location pH Alkalinity ECfela TDSfield DOC NO; P-PO3 cl oA Ca’t Mg?* Na* K*
Main channel
D1 Mean 79 1.8 474.6 281.2° 1.8 1.1 21 67.1 353 43.8° 6.0° 35.6% 1.52
n=11 Min 7.5 1.1 2034 110.8 0.2 0.6 0.9 173 154 22.7 3.0 9.1 0.9
Max 8.2 3.0 1153.0 622.8 3.9 2.6 4.1 190.2 84.5 83.2 121 939 3.6
D2 Mean 8.2 29 1050.9 569.2° 3.6 2.0 20.0° 1519 148.4 97.7% 14.12 86.6% 4.2
n=23 Min 7.5 1.5 3435 1829 0.6 03 3.1 14.7 57.9 44.1 5.7 9.5 13
Max 8.9 3.8 2015.0 1090.0 5.8 5.1 1183 379.7 2233 138.6 20.8 2174 113
D3 Mean 8.1 2.7 716.3 386.5° 4.1 7.4 168.2° 74.5 104.9 80.2% 9.6% 43,52 5.9°
n=24 Min 7.1 1.7 330.1 176.0 04 1.0 6.0 12.8 48.4 454 4.9 8.2 1.2
Max 8.8 3.6 1123.0 607.3 6.8 23.7 694.4 158.9 138.0 103.0 13.1 86.8 15.1
D4 Mean 8.1 2.6 462.3 250.7° 3.2 4.2 58.8% 33.8 50.9 60.7% 5.7° 21.0° 2.9%
n=23 Min 7.2 1.6 288.6 152.6 0.7 1.4 7.2 93 235 37.6 3.1 5.7 1.0
Max 8.8 4.2 712.3 3823 5.1 93 2504 90.7 86.4 83.6 8.3 67.0 7.2
D5 Mean 8.3 2.5 4304 242.0° 3.0 5.8 88.9% 29.6 51.1 60.0% 5.5° 18.17 2.8%
n=12 Min 7.8 2.1 291.6 159.2 0.1 1.6 17.2 10.5 303 46.1 3.9 7.2 1.4
Max 8.9 3.1 651.7 3499 53 11.2 346.4 73.8 74.8 76.3 7.4 41.2 6.8
D6 Mean 8.1 2.6 4273 230.1° 35 45 67.3° 284 40.3 59.2¢ 5.0% 17.5% 2.9°
n=23 Min 73 1.7 286.7 1524 1.1 13 14.7 9.5 20.0 38.7 2.9 6.0 1.0
Max 8.6 33 689.6 355.5 6.4 9.1 216.8 69.5 67.6 79.1 73 379 7.1
D7 Mean 8.1 2.5 407.3 226.3° 3.5 6.6 85.7 28.0 41.7 57.4° 4,9? 16.9% 3.1°
n=11 Min 7.6 2.2 298.1 162.7 04 2.0 219 121 26.3 49.8 41 9.2 1.5
Max 8.6 3.0 586.8 3144 6.6 114 2473 59.9 59.5 73.0 59 36.8 7.0
Tributaries
M1 Mean 79 3.2 7774 402.7° 2.7 1.7 7.8° 30.1 207.2 101.8° 20.22 33.22 3.9%
n=23 Min 7.4 1.0 330.5 173.7 0.8 0.2 0.1 14.8 60.6 35.6 6.1 12.8 1.5
Max 8.5 5.2 12503 556.6 5.5 5.2 31.9 48.5 451.0 151.6 33.2 62.9 8.0
01 Mean 8.1 2.1 259.2 139.6" 24 1.8 8.8? 6.1 15.5 4422 2.8% 432 1.1°
n=23 Min 7.2 1.4 185.9 98.9 0.6 03 0.4 35 7.7 303 1.7 2.2 0.7
Max 8.7 2.8 356.4 184.5 5.2 4.5 589 9.2 303 59.0 4.4 7.3 2.2
E1l Mean 8.1 3.8 417.0 222.0° 3.0 1.7 123 111 131 73.4 5.0 6.6 13
n=19 Min 7.7 2.0 266.8 142.0 04 03 1.7 8.0 7.0 38.7 24 33 1.0
Max 8.6 4.7 488.4 252.9 6.2 6.6 27.1 141 18.5 87.3 6.0 109 2.7
E2 Mean 8.0 35 432.8 230.6° 4.5 5.7 167.0° 17.8 17.8 70.2° 3.7¢ 10.4* 2.7¢
n=23 Min 7.6 2.5 323.0 169.9 04 13 30.0 10.1 111 52.0 21 4.8 1.1
Max 8.6 4.2 542.1 285.5 7.2 10.0 431.6 32.0 273 80.0 5.7 22.1 5.6

WWTP effect, E2 accounts for the Ermua and Eibar influence, and the D7
covers the Apraitz WWTP impact.

Every sampling location was sampled monthly or bimonthly be
tween April 2014 and January 2017, covering two full hydrological
years: 2014 2015 and 2015 2016, both beginning in October 1st, and
part of the 2013 2014 and 2016 2017 hydrological years. All eleven
sampling locations were sampled within a day, where waters were
taken from the middle part of the river in 1 L pre cleaned polyethylene
bottles which were later taken at 4 °C to the laboratory in the Chemical
and Environmental Engineering department of the University of the
Basque Country (UPV/EHU), to be analyzed. In addition to the water
sample, a Crison EC Meter Basic 30+, and a Crison Micro pH 2000
sonde were used to measure in situ Electrical Conductivity (EC), Total
Dissolved Solids (TDS), and pH, respectively.

Once in the laboratory, samples were filtered through 0.45 um filters
to separate the suspended particles from the dissolved phase. One rep
licate of the filtered sample was acidified to 0.2% with HNO3 (68%) for
base cations (Ca®*, Mg?™, Na*, and K*) analysis using ICP OES (Perkin
Elmer Optima 2000). One replicated of the filtered sample (non acidi
fied) was used to analyze (CI~, NO3, and SO3 ™) using ion chromatogra
phy (DIONEX ICS 3000). Alkalinity was determined using a Total
Organic Carbon Analyzer (TOC L Shimadzu). Due to the pH ranges, the
alkalinity values were converted to HCO3 concentration in (mg-L™1).

Sample analysis was validated by computing the Ionic Charge Balance
(ICB) between anions and cations for each sample following ICB =
(IZ*]1 = [Z"D/([Z*] + [Z7]), where [Z"] and [Z ] represents the sum
of all cation and all anion concentrations expressed in meq-L~". Sam
ples showing |ICB| > 10% were discarded from the analysis. A summary
of all the results of these analyses is shown in Table 1.

In addition to the punctual sampling methodology, three gauging
stations measure hydrological (precipitation, discharge) and quality
(turbidity, suspended sediment concentration, EC) variables at a 10
min frequency. EC is measured through in flowing water pumped to
the station from the river. The three gauging stations are San Prudentzio
and Ofiati in the upper part of the catchment, and Altzola near the outlet
(Fig. 1a, b). The Altzola gauging station, placed between D6 and D7 sam
pling locations in the lower part of the catchment, collects 464.25km? of
the area of the basin according to www.geoesukadi.eus. Within this
drainage area, San Prudentzio (121.78 km?) and Ofiati (105.78 km?)
are located close to D3 and O1 sampling locations, respectively,
collecting independent draining surfaces. There is a relevant tributary
in terms of discharge and chemical compounds which is not controlled
by a gauging station: the Ego tributary in the western part of the catch
ment. At this moment, the contribution of this stream to the main chan
nel may only be estimated qualitatively through the analysis of the
chemical analysis carried in the monitoring program or through

Fig. 1. Study area localization and description: a) catchment extent and borders, together with main channel and tributaries, sampling locations, urban areas, wastewater treatment plants,
and gauging stations; b) main human settlements, with principal industries, urban waste deposits, saline springs and main subasins, shaded for each gauging station; c) digital elevation
model (DEM) showing orography; d) lithological groups derived from official maps; e) soil types according to FAO classification (FAO et al., 2012); and f) relevant land uses derived from

the CORINE Land Cover map (EEA, 2012).



modelling, but hydrological modelling has not been performed for the
present study.

2.3. Statistical analysis

All statistical analysis performed in the present study has been ac
complished using R software (R Core Team, 2019) for handling the
data. Four sections may be described for the data analysis followed:
punctual data, regarding the study of the monitoring program results;
continuous data, regarding the analysis of the gauging station registries;
the punctual and continuous data integration, regarding the combina
tion of the two sources of data; and the analysis of flood events.

2.3.1. Analysis of the punctual data

Once the water samples were brought to the laboratory, the results
of the analysis were compiled in a database. Graphs including the
Gibbs plot, Piper diagram, and ionic ratios were constructed using the
“ggplot2” library (Wickham, 2016). Due to the non normality, the data
base was log transformed to reduce skewness before a correlation ma
trix was performed to see which variables were independent. Later, a
Principal Component Analysis (PCA) with a Varimax rotation of the fac
tors was used to reduce the number of variables, in order to distinguish
the geochemical groups and the anthropogenic influence in the sam
pling locations for the different sampling periods. Finally, a Cluster Anal
ysis (CA) was also performed using Euclidean square distance and the
Ward's aggregation method to evaluate the degree of similitude
among sampling locations for the three sampling periods.

2.3.2. Analysis of the continuous data

From the three gauging stations registries, accumulated precipita
tion (mm), average discharge (m>-s~'), water temperature (°C), pH
(dimensionless), and average EC (uS-cm™') were selected for further
analysis. For the Altzola gauging station, the start of the time series is
in 1995 (July the 12th), for the San Prudentzio is in 1996 (July the
9th), and for the Ofiati is in 1995 (April the 19th). The time series
were validated by erasing negative values of accumulated precipitation,
discharge, pH, and EC, introducing missing values in the analysis. Then,
the 10 min registries were time aggregated to hourly by summing the
accumulated precipitation and computing the arithmetic mean for dis
charge, temperature, pH, and EC. The hourly time series was then fur
ther aggregated to daily, monthly and yearly, following the same
criteria.

2.3.3. Punctual and continuous data integration

Punctual data were integrated using the daily aggregated time series
and considering the punctual sample as representative for the day of the
sampling campaign. EC and major ion concentrations in D6, D3, and O1
were incorporated to the Altzola, San Prudentzio, and Ofiati time series,
respectively. The gauging station and field EC were compared by means
of the Pearson correlation finding a strong and significant correlation (r
>0.9, p<0.01), and the correlation between TDSge1g and ECgeq is also
strong and significant (r > 0.99, p < 0.01), while the extrapolation of
TDS and major ion composition to a continuous time series was per
formed by computing a regression between the laboratory ionic con
centration vs the ECgeq. Three kinds of regressions are included:
linear, potential, and logarithmic. Estimates of the parameters are calcu
lated using the “stats” package in R for linear regression, and “minpack.
Im” package (Elzhov et al., 2016) for non linear fit. Prediction intervals
(PI, 95%) have been calculated checking normality within the samples
of each sampling location through a Shapiro Wilk test (p < 0.01 imply
the rejection of the null hypothesis, data non normally distributed).
Non linear fit has been accomplished by Levenberg Marquardt algo
rithm, and PI are calculated using uncertainty propagation through Tay
lor expansion and Monte Carlo simulation (n = 10° simulations)
contained in the “propagate” package (Spiess, 2018). Then, continuous

registries from EC were used as a proxy for the continuous concentra
tion calculation.

3. Results and discussion
3.1. Sampling campaigns’ results

3.1.1. Overview

A summary of the results from the punctual monitoring campaigns
is shown in Table 1. In general, the pH ranges from 7.1 (D3) to 8.9
(D5) yielding neutral to slightly alkaline characteristics to the waters
in all the system, relevant changes are not found nor in the main chan
nel or the tributaries, nor within sampling campaigns in each location.
In contrast, the highest mean values for alkalinity are found in the Ego
tributary, while the lowest in the upper part of the catchment (D1),
finding all values between 1.1 and 5.2 meq-L™~!. EC spans over an
order of magnitude from 185.9 (01) to 2015.0 uS-cm™! (D2), reaching
amean peak (1050.9 uS-cm™") in the southwest part of the catchment
(D2) decreasing towards the outlet, being the waters from Ofiati (01)
the most diluted (mean 259.2 puS-cm™!). Similar trends are found for
TDS, where headwater sampling locations on the southwest part of
the catchment (D1, and M1) present a wider difference between mini
mum and maximum TDS concentration, in comparison with the other
upper sampling locations, O1 and E1.

Regarding major ions at the catchment level, the cationic mean con
centration predominance is Ca>* > Na™ > Mg?™ > K™, but their relative
contribution to the TDS is different among ions: one group (Ca®™, Mg?™,
and Na™t) present the greatest concentration in D2, as occurred for EC
and alkalinity, but K™ concentration evolves similarly to nutrients and
organic matter, peaking in D3. Na™ presents the highest differences be
tween minimum and maximum concentration in D2, spanning over two
orders of magnitude, while in other sampling locations this range is
lower. Similarly happens with major anions (Cl~ and SOZ~) for which
peak concentrations are found in D2, but their spatial evolution is
slightly different: CI~ concentration decrease from D2 downstream,
while SOZ~ presents slightly increasing trends between D1 D2, D4 D5,
and D6 D7.

Concerning dissolved organic carbon (DOC) and nutrients (NO3” and
P PO3™) along the main channel, the lowest concentration are in the D1
sampling location, while the highest concentrations are found at D3,
both in the southwest part of the catchment before the confluence of
the Ofiati stream. Relative to their own ranges, P PO3~ presents the
widest differences between low and high concentration, specially at
D3, as well as the greatest heterogeneity in extreme values among sam
pling spots, as shown in the Ego tributary, where the greatest concen
tration is found for E2 and it is around 20 times the highest
concentration upstream, in E1.

Further punctual analysis has been taken in the present system, fo
cusing on the metallic pollution both in water and sediments
(Martinez Santos et al., 2015; Unda Calvo et al., 2017, 2019a, 2020).
Those studies have shown and assessed the influence of anthropogenic
inputs in the waters and sediments within this catchment focusing on
metallic pollution, however the assessment of whether these human ac
tivities affect the major ion composition of water is remaining.
Martinez Santos et al. (2015) suggested that partially treated or un
treated wastewater effluents are the main source of organic matter in
some specific sites of the catchment. Their study was based on the sam
ples taken in 2011 and 2012, at the time when management actions
were put in place, such as the commissioning of three wastewater treat
ment plants (WWTP, Fig. 1). In the present analysis, samples taken after
the installation of these WWTPs are considered, and still different spa
tial and temporal patterns between saline concentrations and organic
matter (in the form of DOC) and nutrients concentrations in the catch
ment are present. Further analysis is presented in Sections 3.1.2 and
3.1.4 regarding these spatial and temporal patterns.



3.1.2. Spatial evolution

The waters in the Deba river catchment are mixed along the main
channel, receiving inputs from several tributaries (specially the
Mazmela, Ofiati, and Ego). Concerning TDS (Fig. 2a) and saline concen
trations (Fig. 2b), the highest values for major ion concentrations are in
D2, showing a decreasing trend towards the outlet of the catchment. In
opposition, DOC, P PO3~, and NO3 peak in D3 (Fig. 2a) and show in
creasing trends between D4 D5 and D6 D7. Among the tributaries,
and paying special attention to the sampling locations close to the
main stream (M1, O1, and E2), three different aspects are relevant:
Mazmela (M1) presents the highest concentrations for Ca®*, Mg?™,
and SOZ ™ in all the system, Ofiati (O1) has the lowest saline concentra
tions, and the Ego tributary (E2) inputs a relevant amount of DOC, P
PO3 ™, and NOj3. Previous studies in the area (Martinez Santos et al.,
2018; Unda Calvo et al.,2020) have attributed the highest water quality
index to all headwater sampling locations (D1, M1, 01, and E1) and the
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lowest to (D3, D5, and D7) suggesting that the later group is influenced
by effluents from wastewater treatment plants (WWTPs) and untreated
urban wastewater (UWW), this is shown in the increasing trends be

tween D2 D3, D4 D5, and D6 D7 in organic matter (DOC) and nutrients
(PO3~, and NO3 ). Other study (Iribar and Abalos, 2011) has reported
the influence of spring waters in the composition of river chemistry in
this and surrounding catchments, and the presence of a saline spring
in Leintz Gatzaga (between D1 and D2, Fig. 1b) seems to be responsible
of the peak in saline concentration in D2 which is later noted down

stream at the outlet. This is particularly important for Na* and Cl~,
which are the main ions drained by this evaporitic spring (Abalos
etal,, 2008), and for SO, which is mainly associated to gypsum intru

sion deposits in the Walden Facies in the Mazmela subasin (M1)
(Abalos et al., 2008; Iribar and Abalos, 2011; Martinez Santos et al.,
2015). D2 presents the highest saline concentration, reaching the
oligohaline threshold (0.5 mg-L™"), which is later diluted till reaching
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Fig. 2. Boxplot spatial evolution fora) TDS, DOC, and nutrients, and b) major ion composition, expressed as concentration (mg-L ). Two groups are present: main channel and tributaries.



freshwater characteristics in the mid and lower part of the catchment,
suggesting that the saline spring is the dominant factor on the saline
composition and that downstream sampling locations are dilution
water.

3.1.3. Sampling campaign classification

Each punctual sampling campaign was performed within a day for
all sampling locations, and the results are considered as representative
of that day, without taking in consideration diurnal cycles or sub daily
sampling, this assumption is later discussed in Section 3.2. Due to the
differences found between the minimum and maximum values for
each variable in each sampling location, a temporal assessment was
considered necessary to understand the evolution of geochemical and
WWTP influence on the water chemistry. In order to perform such as
sessment, a classification of the sampling campaigns regarding hydro
logical periods was included. This classification has been based on the
daily mean discharge in the Altzola gauging station, and its relative
value with regards to the 1st and 3rd quartiles of the October 2013 to
September 2017 discharge time series. When the daily mean discharge
was under the 1st quartile (P25th percentile, 1.8 m*-s~ ") the sampling
campaign was classified as “low discharge” period, when it was over the
3rd quartile (P75th percentile, 8.9 m3-s~!) it was attributed to “high
discharge”, and all other samples between were classified as “mid dis
charge”. A potential source of uncertainty in this classification is not
considering whether the sampling campaign was performed at the be
ginning or ending of a flood event, which is likely to condition the as
sessment of water and dissolved solid transports. These processes are
taken in consideration and discussed in further sections (Section 3.2).
Nevertheless, precipitation and discharge between Altzola San
Prudentzio, and Altzola Ofiati show a strong and significant correla
tion (r*> 0.8, p < 0.01) suggesting that, even though event characteris
tics are not considered, the dilution processes are expected to be
uniform in all sampling stations, supporting the classification scheme.
The Altzola discharge time series and the sampling classification is
shown in Fig. 3.

3.1.4. Temporal evolution

Sampling periods (low, mid, and high discharge) were compared
among them, to test whether the catchment response was homoge
neous under different hydrological conditions or there was some

Sampling classification A High discharge

variation along time. Such comparison was performed making a Cluster
Analysis (CA) on the sampling locations. Differences in the aggregation
groups would indicate where and when there is a geochemical or an
thropogenic influence on the water chemistry. Before performing a
CA, a Shapiro Wilk test for each of the variables has showed significant
p value (p < 0.01) for every variable, allowing the rejection of the null
hypothesis of normal distribution of the variable, thus all variables are
non normally distributed. In light of the distribution, considering that
all variables are continuous and positive and that the numeric ranges
are dislike among variables, a log transformation is applied before
performing any other test. From the Pearson correlation matrix
(Table 2) performed to the log transformed punctual dataset, a set of
10 variables (pH, TDSgeid, ECgeta» Ca%*, Mg?™, Na™, Alkalinity, SO3™,
CI~, P PO3 ™) which were, at least, non correlated to one of the other
variables were added to the CA. pH presents a non significant (p >
0.05) to very significant (p < 0.01) but low correlation (|r] <0.25) to
all variables, which in conjunction with the low variation in this variable
suggests low influence of acidic inputs in this catchment. In contrast,
TDSgeiq and ECgeq present a very significant and perfect positive corre
lation (r = 1) among them, and a very strong correlation to all major
cations (Ca**,Mg?*, Na*, and K™), supporting the findings on main in
fluence of saline concentrations on the TDS found in the catchment. Ca?
* presents very significant but lower correlation to Na* and K* (0.7 <r
<0.74), indicating a different behavior among these ions, which is also
present on the relation of Alkalinity to all other variables, except for
Ca®* where the correlation is higher (r > 0.8). Almost perfect fit is
found between Na* and CI~ indicating a common origin in the catch
ment, which also present the highest correlation with ECgel4, Suggesting
that among the saline concentrations in this catchment Na* and C1™
have the greatest influence on the ECgeila and TDSgeia. Among the or
ganic matter and nutrients, there is a very significant correlation with
K™, but not a very strong correlation (r < 0.5), which in contrast is
found for NO3 and PO3 .

Three dendrograms are shown in Fig. 4 for each sampling periods.
Within each dendrogram, three clusters have been identified for each
hydrological period: D1 D2 M1, O1 E1, and D3 D4 D5 D6 D7 E2 for
low and mid discharge periods; while D1 01, D2 M1, and D3 D4 D5
D6 D7 E1 E2 for high discharge period. The greatest differences
among groups are in the high discharge hydrological period, where
the southern headwater sampling locations are split in two groups,
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respectively) used to classify the sampling campaigns into low discharge (triangles), mid discharge (squares), and high discharge (circles). Vertical black lines indicate the starting point of
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Table 2

Pearson correlation test performed on the log-transformed dataset from the punctual sampling for all sampling locations (n = 175). Significance of the correlation is displayed through

bold (p < 0.01), italics (0.01 < p < 0.05), straight (p > 0.05).

pH TDSfetd ECed Ca*t Mg+ K+ Nat Alkalinity S03% cl DOC NO; P-PO3}
pH 1.00
TDSfe1d 0.25 1.00
ECtield 0.20 1.00 1.00
ca** 0.22 0.89 0.90 1.00
Mg+ 0.14 0.89 0.89 0.82 1.00
K+ 0.09 0.81 0.82 0.74 0.69 1.00
Na+t 0.18 0.93 0.92 0.70 0.83 0.82 1.00
Alkalinity 0.24 0.59 0.59 0.82 042 0.50 0.33 1.00
S03% 0.15 0.81 0.81 0.66 0.92 0.72 0.85 0.19 1.00
cl 0.21 0.90 0.89 0.65 0.74 0.80 0.97 0.33 0.75 1.00
DOC 0.14 0.09 0.13 0.07 0.02 0.25 0.08 0.10 0.03 0.12 1.00
NOs5 0.15 0.09 0.07 0.07 0.08 0.33 0.16 0.10 0.07 0.20 0.14 1.00
P-PO3 0.03 0.12 0.12 0.11 0.12 0.42 0.14 0.23 0.00 0.20 0.38 0.66 1.00

and the Ego tributary presents more similar characteristics up and
downstream. The lower Ward's distances among sampling locations is
found in the high discharge period, suggesting lower differences within
the catchment in periods with elevated discharge, indicating that dis
charge has a strong effect on the saline, organic matter, and nutrient
concentrations, though dilution conditions the composition in the
streams.

In order to understand which variable has a stronger effect on each
sampling location, a Principal Component Analysis (PCA) has been per
formed using the 10 variables dataset selected for the Pearson correla
tion matrix. Three components with an eigenvalue over 1 account for
79.4% of the total variance, as shown in Fig. 5. Negative values of the
F1 relate to sampling locations with high saline concentrations, where
M1 and D2 samples stand out. M1 and D2 cluster together in the three
sampling periods, representing a single group in the high discharge pe
riod, while grouping with D1 in low and mid discharge periods. It has
been previously shown that these sampling locations have low nutri
ents and organic matter concentration, associated with lower anthropo
genic input, while the saline characteristics are similar between M1 and
D2 due to the strong influence of SO~ and Ca®* derived from the
Mazmela tributary (M1) into this section of the main stream. Among
the headwaters in this catchment (D1, M1, O1, and E1) M1 and D1 are
the most alike in terms of SO~ concentration, suggesting that the intru
sions of gypsum deposits presented in the southwest part of the catch
ment (EVE, 1989, Abalos et al., 2008, Martinez Santos et al., 2015) may
be responsible of the relatively high concentration of this anion in this
first cluster. Negative values of F2 relate to organic matter and nutrient
concentrations, where D3 is strongly influenced together with D5, D7,
and E2, to a lesser extent. The D3 D4 D5 D6 D7 E2 cluster seems to
be strongly affected by nutrient loadings, specially in low and mid

Low discharge

Mid discharge

discharge sampling periods, where the two most impacted sampling lo
cations (D3 and E2) stand over the mid and down part of the catchment
(D4 D5 D6 D7 group). It seems that in D3 and E2, even after the imple
mentation of management actions such as the Epele WWTP, there is a
strong influence of the anthropogenic input, previously noted in the
physicochemistry (Unda Calvo et al,, 2017) and microbial communities
(Martinez Santos et al., 2018; Unda Calvo et al.,2019b) in sediments, as
well as in the ecological status linking water and sediments (Unda
Calvo et al,, 2020). F3 allows for the discretization between two saline
kinds of water, those draining halite (D2), and those draining gypsum
(M1) waters. It is also relevant to note the clustering of O1 and E1,
which is linked to the lower concentration of salts and nutrients in
these two sampling locations.

Considering that the D1 D2 D3 and M1 group of sampling locations
present both the highest saline and nutrients concentration, and that
the main saline input in this area seems to be the evaporitic and stable
flow spring located in Leintz Gatzaga (Iribar and Abalos, 2011). It is im
portant to see how the relative influence of a constant input such as a
spring is affecting the major ionic distribution in the catchment, while
the hydrological conditions change through time. Further analysis on
the temporal evolution is found in Section 3.2.1 (continuous registries).

3.1.5. Geochemical processes and water types

Once known that the anthropogenic influence is mainly noted on the
nutrients and organic matter, and that major ion composition is domi
nated by lithology, an assessment on which are the main geochemical
processes governing these inputs is performed. The water composition
in the Deba river urban catchment varies from headwaters to the outlet
of the catchment receiving waters from different tributaries draining in
fluents with different water types and a varying degree of pollution

High discharge
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line represents a cutting line for three groups.
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present the major differences.

from treated, partially treated, and untreated industrial and domestic
effluents (Martinez Santos et al., 2015, 2018). In order to assess the
main geochemical processes given in the catchment, the Gibbs plot
(Gibbs, 1970) is used (Fig. S.1), according to which there are three
main processes governing the river water composition: crystallization
and evaporation, water rock interaction, and precipitation. For this
catchment, the Gibbs plot suggests water rock interaction, together
with crystallization and evaporation as the main geochemical processes
governing major ion composition. The Ofati (O1) and Ego tributaries
(E1 and E2) present a low ionic ratio, falling in the left side of the plot,
suggesting a strong water rock interaction in this area, related to the
low concentration of Na™ in comparison with the Ca?*, which is prob
ably originated by the carbonate material of the area. The samples from
the southeast tributary of Mazmela (M1) cluster around an ionic ratio of
0.25 while presenting a relatively high dissolved solid concentration,
specially in the low and mid discharge sampling periods. This suggests
a slight tendency towards the crystallization and evaporation zone,
but more influenced by the high Ca?" concentration, responsible for a
lower value of the ionic ratio. The group D1 D2 D3 is pulled to the
evaporation crystallization area of the plot which is normally related
to seawater intrusion, but in this case is attributed to a saline spring lo
cated in Leintz Gatzaga (between D1 and D2, Fig. 1b), which drains
water from a deep evaporitic reservoir, as noted by Iribar and Abalos
(2011).

Carbonates is the dominant lithological formation in the catchment,
thus an equivalent ratio (Ca®>*+Mg?*)/( Alkalinity) = 1 indicates that

all Ca?* and Mg?" come from the dissolution of carbonate materials,
while higher values suggest another lithological contribution for Ca>*
and Mg?* than carbonate, i.e. evaporitic rocks (gypsum or epsomite).
In this catchment, most of the samples present (Ca** +Mg?*)/(Alkalin
ity) > 1 (over the dashed line in Fig. 6a), as well as an equivalent ratio
(S0%7)/(HCO3) > 1, while linear relationship between Ca®*+Mg?*
and SO%~ + Alkalinity (Fig. 6b). The greatest deviation from linearity
in these two relationships is found for the Mazmela tributary (M1)
where there is a relevant amount of Ca? " +Mg?* non balanced by Alka
linity, while a slight predominance of SOF~ + Alkalinity over those two
cations, suggesting a relevant input of SO3 ~, confirming the existence of
interlayered gypsum deposits (Qin et al., 2018), which are not included
in the official map, but has been noted in previous studies (Orive et al.,
1989; Iribar and Abalos, 2011; Martinez Santos et al, 2015).

The Piper Diagram shown in Fig. 7 shows all the water samples col
lected in the monitoring program distinguished by sampling location
and sampling period. It is possible to see that the Deba river and its trib
utaries samples span over four types of water, presenting higher differ
ences for low and mid discharge sampling periods. Most of the samples
are located in the magnesium bicarbonate part of the upper diamond,
being dominated mostly by Ca®* concentrations, which presents the
highest concentrations in the catchment (Table 1). The southwest part
of the catchment is associated to the calcium chloride (M1) and the
sodium chloride (D1 D2 D3) types of water, while the mid samples
are more related to the mixed type. Regarding the anions, the lower
right triangle separates the samples in clusters, explaining that M1 is
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dominated by sulphates supporting the gypsum deposits affecting
water chemistry, while D1 and D2 are dragged towards the chloride
type, due to the presence of the saline spring. In general, the alkaline
earths exceed the alkalis, but the clustering of low and mid discharge
samples in D2 and D1 towards the sodium chloride part of the diamond
indicates a different behavior of these spots.In D1 D2 M1 it seems that
the strong acids (such as H,SO,4 or HCl), related to sulphate and chloride
dominate the water chemistry, while in the other sampling locations,
the weak acids prevail (H,CO3).

.............

...................

3.2. Water and dissolved solid exports

Two assumptions on the classification of the sampling location have
been performed: first, that the results from the punctual sampling cam
paigns are representative for the daily composition of the river in each
location, and that daily mean discharge is enough for the hydrological
classification, not taking in consideration previous hydrological condi
tions (accumulated precipitation, previous discharge, increasing or de
creasing part of a flood event...). These assumptions are discussed in

Sampling location
® D1
D2
D3
D4
D5
D6
D7
E1
E2
M1
o1

_________ Sampling period
/A High discharge
O Low discharge

K <& Mid discharge

§ Scp v ¢ 4+

- ¢

Fig. 7. Piper diagram regarding water classification and geochemical mechanisms governing major ion chemistry at the catchment scale. Each colour represents a single sampling location
(the reader is redirected to the web version of the article) while the shape represents the sampling period. Five sampling locations have been cirded (D1, D2, M1, 01, and E1) in order to
distinguish the different headwaters involved in this catchment, as well as D2 which presents a different kind of water.
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the following sections. First, regressions are established using punctual
data to estimate TDS using EC as proxy in the continuous data registered
in three gauging stations (Fig. 1a, b) in Section 3.2.1. Second, the dis
solved solid exports are compared taking in consideration different
temporal aggregation methods to test the error committed in each
time step. And finally, moments of relevant water and dissolved solid
loads are evaluated to test which moments are more relevant in terms
of TDS or water exports in the present system. All these analyses are
performed covering four hydrological years (October 2013 September
2017).

Table 3

The accumulated time series for water volume (Fig. 8) show that the
2014 2015 was the wettest of the years, followed by 2015 2016 and
2013 2014, while 2016 2017 is the driest period. In general, the lowest
discharge periods within these years are between June and November,
while relevant flood events contribute to the total water volume exported
between December and May. The 2015 2016 and 2016 2017 years over
lap in March, before which month the 2015 2016 year was drier, but
some flood events increased the total volume discharge. This is true for
all three places, where Ofati and San Prudentzio yield comparable
water volumes, about half of the total volume discharged on Altzola.

Summary of regressions' estimates (A, B) and coeffidents of determination (r*) for each gauging station and corresponding sampling location (between brackets). Four types of regressions
are displayed, with estimates shown for best fit: linear, potential, exponential, and logarithmic, along with the formulation. All regressions are fit using ECinps-cm ' and concentrations in
mg-L !, except alkalinity (meq-L ). All regressions are significant (p < 0.01). Only samples with all variables measured were taken in consideration (n = number of samples).

Element Linear Potential Logarithmic r?

[Element] = A-EC + B [Element] = A-EC® [Element] = A-In(EC) + B

A B A B A B
Altzola (n = 20)
TDSfeid~ECheu 0.5209 4.7026 =2 = =2 = 1.00
ECei~ECub 0.9686 36.647 = = = = 0.98
Ca®*~ECiap 35.785 154.81 - - - = 0.96
Mg2+~ECpap = = = = 37524 175 093
Na+~ECpp - - 0.00005 21135 - - 0.98
K+~EC,p = - 0.00003 1.8696 - - 0.88
Alkalinity~ECy,p, = = = 3 14177 5.864 0.89
S0% ~ECiap 0.0992 09197 =2 = = = 0.81
Cl ~ECiap 0.00004 22131 = = = = 095
San Prudentzio (n = 23)
TDS fieia~ECheut 0.5305 1.876 - - - = 1.00
ECheit~ECun 0.9855 30.624 = = = = 1.00
Ca®*~EGap = - = = 42.389 195.79 0.96
Mg**~ECiap = - = = 5.1368 23926 0.82
Na*~ECpp - = 0.0001 1.9335 = & 0.99
K+~ECiap - = 0.00008 1.697 - = 0.90
Alkalinity~ECyp - - - = 12367 53158 0.90
S0% ~ECiap = = = = 63.217 307.89 0.84
Cl ~ECiap = - 0.00006 21204 = = 0.97
Onati (n = 22)
TDSe~EChien 05114 45188 = = = = 0.97
ECfien~ECup 0.9498 31.938 - - - - 0.91
Ca**~ECap = = = = 41221 181.52 0.91
Mg**~ECpap = - 0.0026 1.2632 = = 0.91
Na*~ECpp 0.012 1.3761 = = = = 0.83
K*~ECiap - = 0.0019 1.1537 = 2 0.46
Alkalinity~ECpy - - - - 18526 8.02 0.90
S02 ~ECp,p 0.1127 11.769 = - = = 0.73
Cl ~ECip 0.0231 0.4847 - - - - 0.41




3.2.1. Continuous registries

The monitoring program set up in this catchment contains sampling
locations close to the three gauging stations, all of them located within
5 km of the punctual spot: Altzola D6, San Prudentzio D3, and Onati
01. Due to their proximity and the lack of relevant contributions regard
ing water chemistry, it has been assumed that the EC in the gauging sta
tions (ECgarion) is @ proxy for TDS and major ion composition in those
locations. This assumption has been tested through linear regression be
tween EC measurements in laboratory (ECy,) and the ECgeq measured
in punctual sampling locations at the time of sampling, as well as eval
uating the regressions between TDSgqq and ECgey. In addition, as
TDSge1q and major ion composition are strongly and very significantly
correlated (Table 2) it has been possible, following a similar approach
to those of Benettin and van Breukelen (2017), to establish regressions
between each element and EC;,;, which may be used to deconvolute the
ECstarion Signal into its constituents. Table 3 summarize these regressions
between laboratory and field measurements for each sampling location
and its respective gauging station, and Fig. 9 shows the scatterplots for
those regressions, as well as the 95% prediction intervals (PI). Most of
the samples lay within the PI, and the punctual ECgeq Strongly correlates
to the daily mean ECysion, (Slope > 0.76, 12> 0.81, p < 0.01), suggesting
that these regressions may be used to extrapolate a continuous time se
ries of dissolved solids concentrations, as well as major ion concentra
tions in the river stream.

The agreement between the TDSge 1 and ECgeiq and the good correla
tion between each sampling location with its associated gauging station,
allows for the use of the continuous EC .o, as proxy for the estimation
of TDS concentration which, in combination with continuous discharge,
allows for the estimation of dissolved loadings (Fig. 10). Regarding the
dissolved solids in the study period, the temporal trends are similar re
garding periods, but the steepness of the curves are softer, especially for
the case of San Prudentzio, suggesting a relevant contribution during
low flow periods and a lower influence of the flood events on the dis
solved solid exportation. In addition, the differences among the years
are lower in San Prudentzio, suggesting a more stable load along the
year. Regarding the ranges of the loadings, those of San Prudentzio are
almost double the ones in Ofiati, about a third of those measured in
Altzola, suggesting a strong dependence of this area of the catchment
on the loadings exported out of the basin.

As expected, the combination of high frequency data from the gaug
ing locations with the periodic sampling results have shown significant
regressions between ECia, and ionic concentrations. The obtained re
gression coefficients pose an opportunity for developing a time depen
dent analysis of the major ion loadings from the Deba river to the
estuary, where the riverine end member input is important when
assessing the estuarine dynamics and the land pollutant estimation
(Tueros et al., 2008). For this purpose, the continuous measurement of
ECqaion in the Altzola gauging station is key, as it collects the waters
for most part of the catchment. The knowledge of a continuous dis
solved solids concentration and major ion chemical composition s of in
terest for biogeochemical modelling focusing in riverine loads to other
water bodies (such as lakes, estuaries, or oceans) (Chapra et al., 2012).
In addition, it is possible to characterize these loadings in terms of
their ionic concentration, as they show strong and significant correla
tions to ECya, the time series are shown in Fig. 11.

3.2.2. Dissolved solid loadings

The obtained regressions from the punctual data have allowed us to
compute the TDSg..:i0n CONcentration temporal evolution, which is now
used to estimate the annual loadings to the estuary of the Deba catch
ment, using Altzola gauging station as the outlet point. In this study,
we have compared three methodologies (Table 4) on the estimation
of these loadings for the three gauging stations present in the system,
taking into account different temporal steps. Method 1 is based on the
mean discharge and mean concentration during all the period, Method
2 accounts for the moments with punctual samplings, while Method 3
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Fig. 9. Scatter plot of ionic concentrations, TDSgeig and ECgelq vs ECpp, in each sampling
location close to its associated gauging station. Points represent punctual samples; red
line indicates simple linear regression (estimates and regression evaluation are shown
in Table 3), and blue area indicate 95% prediction intervals.

used the integration of the daily mean discharge (Qszation) @and TDStation
concentration finding that, as finer the temporal resolution is, the lower
the load becomes, suggesting that methods 1 and 2 overestimates the
annual dissolved solid input. This insight highlights the advantages of
establishing a continuous monitoring program with high frequency
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registries, which can improve this assessment through periodic moni between low flow period and high flow period. In such system like
toring program. Specially in systems such as the Deba river, where dif Deba, with a fast response to the precipitation, flood events are common
ferences in river discharge span over two orders of magnitude (Garcia Garcia et al., 2019) and floods have been studied as moments of
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Table 4

Summary of Total Dissolved Solid exports in three sampling locations in the Deba river catchment. All units are expressed as Mg-y 1, computed as indicated in the Equation column. Lypnyal
is mean annual load, k represents the unit conversion factor, TDS represents the Total Dissolved Solid concentration (TDS is the average concentration among all sampling campaigns, TDS
represents instant concentration, and TDS' the obtained through linear regression with Electrical Conductivity, all expressed in mg-L 1), Q represents discharge (similar differences as for
TDS, expressed in m>-s ), At is the time span (measured in days), and dt represents the daily increment used for the integration.

Equation D3 01 D6
San Prudentzio Ofiati Altzola
Method 1 Lowua  k-TDS-Q 36,572 16414 92,384
Method 2 TDS; - TDS: .« Q: + O 26,940 13,395 75,579
Lannual Z Li i1 k- Z ! 2 il Q ZQ” L. At>
Method 3 Lannual = f(Q.TDS) =k - [ 3%°Q(t) - TDS ' (t) - dt 15,888 8383 46,435

wash up of the catchment, becoming relevant events for matter trans
port from land to the ocean. The effect of these events on the major
ion composition has not assessed in urban catchments such as the one
in this study, where the anthropogenic activity could lead to the depo
sition of salts in the soil which are washed out during flood events. In
this moment, we pose the following question: when are the moments
where the exportation of dissolved solids is most relevant? To answer
this question, we use the continuous registries in the Altzola gauging
station, in combination with the regressions obtained (Table 3) to com
pute a time series of dissolved solids and compare which is the error
committed when using lower temporal resolution data.

Table 5 presents the TDS annual loadings (Lannual) using Method 3
from Table 4, and different temporal aggregations, and we compare
them with those loadings obtained using only the punctual sampling lo
cations. Note that only two full hydrological years are covered by the
sampling program and are included in the analysis. In general, the
finer the frequency, the lower the error committed, but no relevant er
rors (>15%) are found for 1 h or 1 day aggregation, which could justify
the use of the aggregated time series and the consideration of the punc
tual sampling results as representative of the mean daily concentration.
Monthly aggregation implies a higher degree of error (>21%) reaching,
in some hydrologic years an overestimation of 50%. Considering only
the average discharge and TDS concentration between pairs of sampling
campaigns (Method 2 in table) yielded higher uncertainties, with an
overestimation of the load in 2014 2015 hydrologic year, and an under
estimation of the load in 2015 2016. This suggests that, for the Deba
river catchment, the response time of the catchment is fast (<1 day),
creating a need of continuous registries to quantify the exports of dis
solved loads with an acceptable error. In this system, the use of punctual
data as the daily average comprises greater uncertainty in period with
higher discharge, but this error is under 15%.

Table 5

Summary of Total Dissolved Solid exports in the Altzola gauging station using different ag-
gregation methods for the continuous registries, and the sampling campaign data from
sampling location D6. Errors among aggregation methods are shown for each hydrologic
year covered in the present study. Only 2014-2015 and 2015-2016 hydrologic years are
shown in the Samplings column, due to those are the only ones fully covered by the mon-
itoring program.

Total dissolved solids (TDS) loadings (Mg-y ')

Hydrologic year 10 min 1h 1 day 1 month Samplings
2013-2014 65,888 66,541 69,183 79,862 -
2014-2015 69,337 69,824 78,034 94,258 153,763
2015-2016 58,059 58,197 63,476 74,909 37,551
2016-2017 33,401 33,586 36,236 50,636 -

Error (%) = (L-Liomin)/L10min

Hydrologic year 10 min 1h 1 day 1 month Samplings
2013-2014 - 1.0% 5.0% 21.2% -
2014-2015 - 0.7% 12.5% 35.9% 121.8%
2015-2016 - 0.2% 9.3% 29.0% 35.3%
2016-2017 - 0.6% 8.5% 51.6% -

3.2.3. Seasonality

Considering 1 day as the minimum threshold for dissolved matter
exportation in the present catchment, an analysis for the study period
has shown which are the moments of relevance for the total dissolved
matter exportation and the saline concentration. Fig. 12 contains the
time series for discharge and the difference from the relative contribu
tion between water volume and dissolved loadings. In such figure, it is
possible to see that, depending on the increasing or decreasing branch
of the flood event, the relative input of water volume or dissolved solids
differs. The monthly evolution shows a seasonality occurring between
February and March every year, as well as November, December and
April some years, where the relative contribution of water prevails
over the exportation of dissolved loadings, which is commonly higher
in November 2015, and January 2017. This is associated to a higher
number of flood events in these periods, where diluted meteoric
water decreases saline concentration while increasing water volume
exports. Focusing on the daily time series (Fig. 12b), the greater contri
bution of dissolved loads occurs at the end of those flood events, spe
cially when the flood event occurs after a period of maintained low
discharge (focus on November 2015 or January 2017). Such insight sug
gests that, in the present system, the greatest peaks of discharge are
loaded with low concentrations of salts, decreasing the salinity in the
estuary in periods of flood events (Ladouche et al., 2001), but the re
sponse of the soil and groundwater is fast, implying a rapid recovery
of dissolved concentration, thus increasing the loadings in the decreas
ing part of the flood events.

The analysis of the hysteresis is relevant to understand the origin of
water and the transport phenomena occurring in a system. With the
aim of evaluating the dilution effect in this catchment, Fig. 13 presents
the daily and monthly ECs.ion and discharge for the Altzola gauging sta
tion for the study period. In general, a linear relationship may be found
for all years, with a slight clockwise pattern found for 2015 2016 year.
Such pattern suggests that the response of the catchment to flood
events is fast and homogeneous, where dilution occurs in all the catch
ment at the same time, and the water from the furthest part of the
catchment reaches the outlet (Altzola gauging station) later than the
water close to the station. As this water is already diluted, the lowest
concentration in salts (here proxy as EC) is reached at the same time
(linear) or after the peak discharge (clockwise). This confirms that the
greatest donor of saline concentrations is lithology, and that human im
pact in this catchment does not has a relevant influence on major ion
presence.

3.3. Punctual and continuous integration

The physicochemical analysis of water has commonly been per
formed through monitoring programs based on punctual samplings
(e.g. Sener et al., 2017; Unda Calvo et al., 2019a). However, limitations
on instantaneous and intermittent water sampling use for load estima
tion has been highlighted before (Cassidy and Jordan, 2011), as tempo
ral variability in daily or seasonal processes is not always fully captured
by punctual sampling. Extrapolation of punctual measurements to
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continuous time series has long been performed, specially for the anal
ysis of physical erosion and the quantification of sediment export yields
(e.g. Peraza Castro et al., 2015). However, such relationships are less
common regarding dissolved solid concentrations, which allows the as
sessment of changes in salinity, conditioning which industrial or agri
cultural uses that water is plausible for (Ball et al., 2020), the
characterization of the riverine endmember in estuarine dynamics
(Pontes Franco et al., 2019), or the understanding of other physico
chemical processes given in the water matrix (oxygen dissolution, floc
culation, CO, exchange, carbonate precipitation, nitrate
consumption... ), of interest for matter transport in biogeochemical cy
cles (Dessert et al,, 2020; Ponnou Delaffon et al., 2020). Here, the com
parison among different frequencies used for dissolved saline loadings
calculations (Table 5) has shown that the variability in this system,
linked mainly to hydrological changes, needs at least a daily assessment
for long term loads. Then, even though the role of in situ sensors for
ecological monitoring in rivers is being recognised more recently
(Rode et al., 2016), the combination of both punctual and continuous
methodologies has been needed for the present assessment, as continu
ous measurements of individual ions has not been possible.

As major ions, nutrients, and DOC have not been continuously mon
itored, the understanding of dissolved loading origin has been accom
plished through the results of the punctual sampling. Here, the spatial
distribution of the punctual samplings has allowed the understanding
of which are the main geochemical processes, where are located, and
which is their temporal evolution in the long term. Even though it is
an urban catchment which has long been considered as polluted due
to industrial and urban effluents (Martinez Santos et al., 2015; Unda
Calvo et al., 2020), anthropogenic activity exerts a greater impact on nu
trients and metals than in major ion composition. This is seenas D2 con
centrations on all major ions is dominant in mostly all ions, suggesting
that the saline spring input is the main responsible for the major com
position of the main channel (Figs. 2, 8). Such influence over major

ion composition is noted both in the punctual sampling campaigns as
well as in the continuous integration, as the regressions for most of
the ions are non linear where, depending on the saline concentration,
the ionic composition varies.

In summary, the two methodologies applied in the present analysis
have given necessary and complementary information the present as
sessment: the spatial evaluation of main processes governing water
chemistry, and its temporal evolution. The combination of both meth
odologies has recently allowed to evidence, for some elements,
nycthemeral cycles due to biogeochemical processes (Ponnou
Delaffon et al., 2020). This combination has also been used to quantify
dissolved loadings in urban environments (Viviano et al.,2014),and nu
trient loadings in agricultural catchments (e.g. Ferrant et al., 2013), but
in the present study it has allowed the estimation of saline loadings, as
well as their characterization among its major constituents. Alternatives
to this combined method include the use of composite samples (e.g.
Merchan et al., 2019) which give a single average daily value before
computing daily loadings, or the use of frequent sampling for estimation
of temporal variations (e.g. El Najjar et al., 2019). The fit of regressions
with punctual data, and its application on continuous registries, allows
not only for the approximation of the daily load, but also the establish
ment of a prediction interval ( ie. uncertainty assessment) in these load
ings, as well as the quantification of the error committed when using
temporal aggregations. The quantification of the uncertainty and the
error committed in the temporal aggregation is a valuable information
for stakeholders regarding the establishment of future monitoring pro
grams and one way of optimizing the monitoring activities (Singh et al.,
2004).

4. Conclusion

The major ion composition of the urban Deba river varies from head
waters to the outlet of the catchment while receiving effluents from



2013-2014

2014-2015

800 =

600 =

400 =

200 =

2015-2016

2016-2017

EC [uS-cm™]

800 =

600 =

400 =

200 =

T
1 10 100

T T T
1 10 100

Discharge [m*s™"]

Fig. 13. Monthly hysteresis in Altzola gauging station for each hydrologic year considered in the study. Grey points represent every daily record, while red lines and arrows indicate

monthly averages.

tributaries, urban and industrial treated and untreated wastewaters.
Punctual data has shown that the major ion composition is mainly af
fected by the natural geochemical processes given in the catchment,
which are related to water rock interaction and crystallization
evaporation, while nutrients remain related to treated and partially
treated wastewater. The major source of Na™ and Cl™ in the river is as
sociated to evaporitic spring between D1 and D2, while Ca?> and SO3~
are derived from gypsum deposits in M1, all these ions located in the
southwest part of the catchment. The southeast, mid and down part of
the catchment drains mainly sedimentary carbonate rocks, but the out
let chemical characteristics are mostly affected by the southwest part of
the catchment. Only K™ presents a different spatial pattern in the catch
ment, suggesting that anthropogenic input has a stronger effect on this
major ion, and nutrients (NO3', P PO37), as peak concentrations are
found downstream of the WWTP effluents. The inclusion of high
frequency registries has allowed for the extrapolation of punctual mea
sures to continuous time series, which allow for the assessment of an
nual exports, as well as the evaluation of the error committed when
considering low resolution data on the assessment of such annual load
ings. Continuous registries have allowed the identification of moments
with higher influence of dissolved solids: the last part of the flood

events, where the runoff is low and sub surface and groundwater flow
are dominant. In this system, errors under 15% are found when consid
ering 1 day measurements, which carries high cost for punctual sam
pling. Such cost may be avoided by combining punctual sampling
results with continuous registries, as has been done in the present anal
ysis. Further research is needed on using these continuous data on the
assessment of estuarine dynamics, as well as exploring the applicability
of these continuous time series on the evaluation of modelling for the
estimation of the continuum land ocean matter exports, specially in
the terms of Global Change.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.138644.
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