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A B S T R A C T

Riparian land use is a key driver of stream ecosystem processes but its effects on water quality are still a matter of
debate when proposing measures to improve freshwater quality. The aim of this study was to examine the
influence of riparian land use on stream habitat and water chemistry, and to assess in what extent stream habitat
also affects water quality. To that end, we selected eight reaches in the Ave River basin (northwestern Portugal)
and compared longitudinal variations in water chemistry and stream habitat between reaches with different land
use (urban, agricultural and natural), and between reaches with natural riparian areas and different habitats.
Stream habitat was assessed using the Fluvial Functional Index, the HABSCORE, and the Riparian Forest Quality
Index. Longitudinal variations in water chemistry were determined measuring differences in concentrations of
ammonium, nitrate, phosphate and oxygen, and conductivity, pH and temperature between the downstream and
the upstream ends of each reach. Nitrate concentration tended to decrease along reaches with more natural
riparian areas and to increase along reaches with more urban and agricultural land uses. Longitudinal variations
in water chemistry also differed between reaches with natural riparian areas, suggesting that water quality also
depends on stream habitat. Moreover, longitudinal variation in water chemistry was proven a simple, useful and
low-cost approach to assess the influence of land cover and stream habitat on water quality. Overall results
demonstrated that both riparian land use and stream habitat influence water quality and that riparian forests are
essential to reduce nutrient export to downstream ecosystems.

1. Introduction

Freshwater ecosystems account for less than 1 % of the planet sur-
face area but support more than 10 % of the actual described species
(Strayer and Dudgeon, 2010) and provide vital ecosystem services, such
as food, water purification and erosion control (Aylward et al., 2005).
Streams are among the most vulnerable and endangered ecosystems
worldwide due to climate change, water pollution, land use change,
habitat degradation and introduction of invasive alien species
(Carpenter et al., 2011).

Land use is a key driver of stream ecosystem processes by influen-
cing pollutant inputs, riparian vegetation and stream habitat. An in-
crease in nitrogen and phosphorus inputs from agricultural and urban
land uses is well documented and it is a major cause of eutrophication
(Broussard and Turner, 2009; Karmakar et al., 2019; Paul and Meyer,
2008). Eutrophication impairs freshwater ecosystems and can have
high economic costs due to high water treatment costs and limiting
water usages (Dodds et al., 2008).

Riparian areas have a major influence on stream ecosystems and it is

generally assumed that stream water quality is mainly related to the
land use of riparian areas. However, while some authors have con-
firmed this hypothesis (Amuchástegui et al., 2016; Tran et al., 2010),
others found that stream water quality is more related to the land use of
the whole catchment (Ding et al., 2016; Mello et al., 2018). The in-
fluence of riparian versus catchment land use may depend on the ri-
parian buffer width, and/ or the land use class or the examined water
quality parameter (Mello et al., 2018; Ou et al., 2016; Shi et al., 2017).
The relationship between land use and water quality is difficult to es-
tablish because it depends on many factors, such as hydrology, soil
properties, topography, seasonality and historical land use or its spatial
distribution in the catchment (Allan, 2004; Rodrigues et al., 2018).
Predicting the influence of land use on water quality is challenging and
a major issue if we aim to improve freshwater quality. In this sense,
rehabilitation of riparian areas may not be sufficient to improve
freshwater quality, while catchment-wide rehabilitation measures may
have high associated costs with no significant ecological benefits.
Therefore, examining the influence of riparian land use on stream ha-
bitat and water quality is essential to ascertain the importance of
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maintaining natural riparian areas and assess the cost-effectiveness of
small-scale rehabilitation measures.

Riparian forests can reduce nutrient export to downstream ecosys-
tems by reducing surface runoff and intercepting nutrients from sub-
surface and the stream channel (Balestrini et al., 2011; Larson et al.,
2019; Schade et al., 2005). Streams can further reduce nutrient export
due to in-stream processes that retain and remove nutrients and thus
affect water quality (Bernal et al., 2012). In-stream processes depend on
riparian land cover and stream habitat (Mulholland and Webster,
2010), so both should be considered if we aim to improve freshwater
quality.

Urban land cover is expected to increase 200 % between 2000 and
2030 (Fragkias et al., 2013) and 67 % of the world population will
probably live in urban areas by 2050 (United Nations, 2012). Global
crop demand is expected to increase 100 % from 2005 to 2050, causing
0.2–1 billion ha of land to be cleared and 225–250Mt y−1 of nitrogen
to be used to meet increasing crop demands (Tilman et al., 2011).
Therefore, understanding how urban and agricultural areas affect eco-
systems and how key ecosystem structures, such as riparian forests and
stream habitats, may reduce the impact of urban and agricultural ac-
tivities is essential to ensure human welfare while reducing its en-
vironmental costs.

The aim of this study was to examine the influence of riparian land
use on stream habitat and water chemistry, and to assess in what extent
stream habitat also affects water quality. To that end, we compared
longitudinal variations in water chemistry and stream habitat between
reaches with different dominant land use (urban, agricultural and
natural), and between reaches with natural riparian areas and different
habitats. Most studies examined the effect of land use on water quality
considering the land use upstream in the whole catchment or upstream
in riparian areas (Amuchástegui et al., 2016; Dodds and Oakes, 2008;
Tromboni and Dodds, 2017). Here, we examined the effects of land use
considering changes in water chemistry along reaches with different
riparian land use, so we could avoid spatial autocorrelation in land use
composition (Monteagudo et al., 2012), and get more information
about other factors that could also influence water quality (e.g. point-
sources of pollution or local land use practices along each reach).
Furthermore, we compared reaches from the same and from different
sub-catchments and included data from autumn and spring. We ex-
pected that the stream habitat and longitudinal variations in water
chemistry would be more similar between reaches with similar land use
than between reaches from the same sub-catchment, if riparian land use
was a key driver of the stream habitat and water quality.

2. Materials and methods

2.1. Study area

We selected eight reaches in the Ave River basin (northwestern
Portugal), three contiguous reaches in the Pequeno Stream, one reach
in the Ave River, and two contiguous reaches both in the Vizela and the
Ferro streams (Fig. 1). Reaches had different dominant land uses (Ap-
pendix A, Fig. A.1-A.4) and none or very small tributaries, so we could
assess the influence of selected land uses while minimizing the effect of
tributaries on water chemistry and stream discharge.

The Ave River basin has a drainage area of 1391 km2 and the cli-
mate in the Ave region is warm-summer Mediterranean (Portuguese
Institute for Sea and Atmosphere, IPMA: www.ipma.pt/en). All reaches
were located upstream in the Aver River basin (Fig. 1), where granite
dominates the geological substratum (APA, 1982) and human presence
is sparse. The Pequeno Stream and the Ave River had a poor ecological
status according to the Water Framework Directive, whereas the Vizela
and the Ferro streams had a good ecological status (Fig. 1).

The upstream reach in the Pequeno Stream (ArP) had 3562m length
and crossed sparse habitations and arable lands of forage crops that
were not related to intensive practices but to small producers (Table 1).

The middle reach in the Pequeno Stream (UrP) had 698m length and
crossed a small group of houses, whereas the downstream reach (NrP)
had 1708m length and natural riparian areas (Table 1). All reaches in
the Pequeno Stream had riffle-pool sequences and turbulence zones,
and streambeds dominated by pebbles, cobbles and sand (Table 1).
Upstream the study reaches, the Pequeno Stream had natural riparian
areas but there were two WWTPs (Fig. 1).

The reach in the Ave River (NrA) had 2746m length, natural ri-
parian areas, a shallow and wide stream channel with macrophytes and
mosses, and a streambed dominated by cobbles and boulders (Table 1).
The NrA reach was downstream two WWTPs and two dams (Fig. 1), and
just 300m downstream a gravity type dam that creates a reservoir of
21 ha.

The upstream reach in the Vizela Stream (ArV) had 1595m length
and crossed a golf course and agricultural areas of forage crops and
vineyards, whereas the downstream reach (NrV) had 1897m and steep
banks with a dense coverage of forest trees (Table 1). The upstream
reach in the Ferro Stream (ArF) had 1227m length and crossed arable
lands of forage crops, whereas the downstream reach (NrF) had 1931m
and steep banks with a dense coverage of forest trees (Table 1). The ArV
and the ArF reaches had a laminar flow and the streambed dominated
by pebbles and sand, whereas the NrV and the NrF reaches had a tur-
bulent flow and the streambed dominated by sand and boulders
(Table 1). Upstream the study reaches, the Vizela and the Ferro streams
crossed urban areas and there was one WWTP in the Vizela Stream
(Fig. 1). All WWTPs located upstream our study reaches used secondary
treatment levels.

2.2. GIS data

Reaches with different land cover were selected in QGIS version
2.10.1 using Bing aerial images (OpenLayers QGIS plugin 1.1.0), a
vector map of the stream network (1:25000) (APA, 2015), and the Land
use and land cover map for Continental Portugal 2007 (COS2007);
(IGP, 2007; COS2007 has a minimum mapping unit of 10,000m2 and a
land cover nomenclature consistent with CORINE land cover.

The percentage of each land cover class in every reach was de-
termined by intersecting 50m buffer strips adjacent to both reach
margins with COS2007, and then improving the geometric and the-
matic accuracy of land cover based on Bing aerial images and field
observations, to have a detailed map for the land cover classes
(minimum mapping unit of 50m2). A riparian buffer width of 50m was
chosen because it refers to an intermediate width used to define ri-
parian areas (Munné et al., 2003; Siligardi et al., 2007), and because it
allowed us to analyze the land cover in a reasonable extension.

The area of each land cover class from level 2 in every reach was
determined using QGIS, and then the area of each land cover class from
level 1 was determined by summing up the areas of detailed land cover
classes that were together at the higher level (i.e., the area of a land
cover class from level 1 is the sum of its detailed land cover class from
level 2). The area of each land cover class from levels 1 and 2 of a reach
was then divided by the reach total area, to calculate the percentage of
each land cover class.

To examine whether the slope of agricultural areas within the 50m
buffer strips could be related to changes in water chemistry along
reaches, we first intersected the map of the land cover with a vector
map of slopes divided in 7 classes (LEAF, 2013). Then, for each reach,
we summed up the area of the agricultural lands with a similar slope
and divided by the total agricultural area. The percentage of agri-
cultural areas with a certain slope was multiplied by the corresponding
slope value, and then, by summing up the results for each slope class, it
was possible to determine the weighted mean slope of the agricultural
areas in each reach.

Reaches were georeferenced using Bing aerial images, field ob-
servations and the stream network map, so we could determine the
length of every reach in great detail (1:1000) using QGIS.
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Location of water bodies and WWTPs, and information about the
ecological status of water bodies, WWTPs and dams were provided by
the Portuguese Environment Agency (APA).

2.3. Stream habitat

The stream habitat was assessed in smaller homogeneous sections
within each reach using the Fluvial Functioning Index (FFI) (Siligardi
et al., 2007), the HABSCORE (RBP) (Barbour et al., 1999) and the Ri-
parian Forest Quality Index (QBR) (Munné et al., 2003). Three habitat
condition indices were used to better discriminate the effects of land
cover on stream habitat. The number of homogeneous sections where
the habitat quality was assessed in each reach depended on the reach
homogeneity regarding habitat quality.

The score of each habitat parameter and habitat condition index
final score in each reach was determined by summing up the scores of
the respective small sections, which were first multiplied by the small
section length (meters) and then divided by the length of the

corresponding reach (meters).
The stream habitat was mostly assessed in November 2013 and then

monitored in March and June 2014, so the final scores of all habitat
parameters took into account the season. To complete the habitat as-
sessment of FFI, macroinvertebrates were sampled in June 2014.
Benthic macroinvertebrates were sampled with a hand net
(60×30 cm; 0.5 mm mesh size) along 1m length transects taking into
account the proportion of the existing habitats. Biological samples were
preserved in ethanol (97 % v/v) and stored at 4 °C in the laboratory
before identified and counted according to the FFI protocol (Siligardi
et al., 2007).

2.4. Physical and chemical parameters of the stream water and stream
discharge

The physical and chemical parameters of the stream water were
determined twice in November 2013 and twice in March 2014, at the
upstream and the downstream ends of each reach. Conductivity,

Fig. 1. Map showing the location of the study reaches and sampling sites, the dams and waste water treatment plants (WWTPs) located upstream, and the ecological
status of rivers in the Ave River basin according to the Portuguese Environment Agency (APA). For interpretation of the map legend, the reader is referred to the web
version of this article.

Table 1
Reaches length, ecological status, number of WWTPs upstream, dominant land cover, flow type, and riverbed substrate.

Stream Reach Length Ecological status WWTPs Land cover Flow type Substrate

Pequeno ArP 3562 Poor 2 Forage crops Riffle-pools Pebbles, cobbles, sand
UrP 698 Poor 2 Houses Riffle-pools Pebbles, cobbles, sand
NrP 1708 Poor 2 Forest trees Riffle-pools Pebbles, cobbles, sand

Ave NrA 2746 Poor 2 Forest trees Laminar Cobbles, boulders
Vizela ArV 1595 Good 1 Forage crops Laminar Pebbles, sand

NrV 1897 Good 1 Forest trees Laminar Pebbles, sand
Ferro ArF 1227 Good 0 Forage crops Turbulent Sand, boulders

NrF 1931 Good 0 Forest trees Turbulent Sand, boulders
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dissolved oxygen, pH, and temperature were determined in situ with
field probes (Multiline F/set 3 no. 400327, WTW, Weilheim, Germany).
Stream water samples were collected to determine concentrations of
ammonium (HACH kit, program 385), nitrate (HACH kit, program
353), and phosphate (HACH kit, program 490) in the laboratory with a
HACH DR/2000 spectrophotometer (HACH Company, Loveland, CO,
USA).

The stream discharge was determined at the upstream sampling site
of every stream by multiplying the cross-sectional area of the stream
channel by the length of a defined stream section, and then dividing by
the time for a float to travel this length (Gore, 2006). The cross-sec-
tional area was determined by measuring the stream channel depth
every 30 cm from one margin to the other, and then by summing the
area of the sections (intervals) comprising the cross-sectional area
(Gore, 2006). The time for a float to travel a defined stream section was
four times measured at the site where the cross-sectional area was
measured.

2.5. Statistical analysis

Changes in water chemistry along streams (longitudinal variations)
were determined as the difference between the downstream and the
upstream sampling site of each reach (μg L−1). Results were further
divided by the reach length (μg L−1 km−1), to compare reaches with
different lengths.

The scores of the habitat parameters related to river bank erosion,
vegetation in the wet riverbed, pulpy and anaerobic plant detritus, and
channel alteration (FFI parameters 8, 12 and 13, and RBP parameter 6,
respectively) were reversed, since lower scores meant an increase in
their presence/intensity.

A cluster analysis was used to group the reaches according to the
percentage of artificial surfaces, agricultural areas and forest and semi-
natural areas (CORINE land cover classes 1, 2 and 3, respectively),
using the Ward´s clustering method. An analysis of similarity (ANOSIM)
(Oksanen et al., 2013) was used to test for significant differences among
groups. The cluster analysis and the ANOSIM were performed using
standardized data and Euclidian distance.

One-way ANOVAs were used to test for significant differences in i)
physical and chemical parameters of the stream water among streams,
ii) longitudinal variations in physical and chemical parameters of the
stream water among reaches and among the groups of reaches, and iii)
the final score of the habitat condition indices among the groups of
reaches. ANOVAs were followed by Tukey’s post-hoc tests to dis-
criminate where significant differences occurred (Zar, 2010). Data were
previously tested for Gaussian distribution (Shapiro-Wilk test) and
homoscedasticity (Bartlett test). Kruskal-Wallis tests, followed by a
Dunn´s test from dunn.test package (Dinno, 2015) were used whenever
data did not achieve normal distribution or were not homoscedastic.

To determine the habitat parameters best represented in each group
of reaches, the scores of each habitat parameter were first standardized
and then ordered, so we could have the scores for each group con-
sidering the scores in the other groups. A Principal Component Analysis
(PCAs) was performed with standardized data to ordinate the reaches
according to the land cover classes and the habitat parameters that best
distinguished the groups of reaches. Regression plots were created
using the ggplot2 package (Wickham, 2009). Statistical analyses were
done in R version 3.0.2 (R Foundation for Statistical Computing,
Vienna, Austria).

3. Results

The study reaches were classified as urban (UrP), agricultural (ArP,
ArV, ArF) and natural (NrP, NrA, NrV, NrF) based on the percentage of
artificial surfaces (CORINE land cover class 1), agricultural areas
(CORINE land cover class 2) and forest and semi-natural areas (CORINE
land cover class 3) as revealed by cluster analysis (ANOSIM, R= 0.98;

Fig. 2). Forests (CORINE land cover class 3.1) was the land cover that
best distinguished natural from agricultural and urban reaches, sug-
gesting that human activities most altered this land cover.

The reaches also differed in their habitat condition, which varied
from very poor (FFI), suboptimal (RBP) or bad quality (QBR) in agri-
cultural reaches to optimal (RBP) or good quality (FFI and QBR) in
natural reaches (Table 2). The scores of the habitat assessment were
significantly higher in the natural reaches than in the agricultural or
urban reaches, regardless the habitat assessment method used (one-way
ANOVA, P < 0.05; Table 2).

The width of the functional vegetation, the bank vegetative pro-
tection and the riparian cover structure and quality were among the
habitat parameters most affected by agricultural and urban land uses
(Fig. 3). Urban and agricultural reaches had more erosion, channel al-
terations, anaerobic detritus, and lower hydromorphological diversity
and flooding efficiency than natural reaches (Fig. 3). Stream habitat
also differed among the natural reaches: NrV and NrF had higher hy-
dromorphological diversity and a denser coverage of forest trees, while
NrA had more vegetation in the wet riverbed (Fig. 3).

The physical and chemical parameters of the stream water, the
current velocity, and the stream discharge of each stream are presented

Fig. 2. Cluster dendogram based on the percentage of artificial surfaces, agri-
cultural areas and forest and semi-natural areas (CORINE land cover classes 1, 2
and 3, respectively). The first letter indicates the group of the reach according
to the cluster analysis (A, agricultural; U, urban; N, natural), while the last
letter refers to the corresponding stream (P, Pequeno Stream; F, Ferro Stream;
V, Vizela Stream; A, Ave River).

Table 2
Scores of each stream reach according to each habitat assessment method (FFI,
Fluvial Functioning Index; RBP, HABSCORE; and QBR, Riparian Forest Quality
Index). The first letter indicates the group of the reach according to the cluster
analysis (A, agricultural; U, urban; N, natural), while the last letter refers to the
corresponding stream (P, Pequeno Stream; F, Ferro Stream; V, Vizela Stream; A,
Ave River).

Stream
reach

FFI RBP QBR

Stream
functioning

Score Habitat
condition

Score Riparian
habitat

Score

ArP Fair 131 Suboptimal 134 Bad quality 29
UrP Fair 150 Suboptimal 130 Bad quality 21
NrP Good - fair 195 Suboptimal 135 Fair quality 59
NrA Good 239 Optimal 164 Good

quality
86

ArV Fair 138 Suboptimal 118 Bad quality 19
NrV Good 221 Optimal 166 Good

quality
84

ArF Very poor 47 Suboptimal 106 Bad quality 10
NrF Good 241 Optimal 175 Good

quality
85
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in Table 3. The Vizela and the Ferro streams had the highest con-
centrations of ammonium (0.07 and 0.06mg L−1, respectively) (Dunn´s
test, P < 0.05) and the highest current velocity (53 and 86 cm s−1,
respectively) (Tukey’s post-test, P < 0.01). The Ave River had the
highest concentrations of nitrate (11.9 mg L−1) and the lowest current
velocity (11 cm s−1) (Tukey’s post-test, P < 0.05).

Changes in nitrate (one-way ANOVA, P < 0.05) and oxygen
(Kruskal-Wallis test, P < 0.05) concentrations along streams were
different among urban, agricultural and natural reaches (Fig. 4). Nitrate
concentration tended to decrease along natural reaches and to increase

along urban and agricultural reaches (Fig. 4a). Nitrate concentration
had the highest increments along UrP and ArP, and the highest declines
along NrA (Dunn´s test, P < 0.05; Fig. 4a and Appendix A, Fig. A.5b).
Oxygen concentration tended to increase along natural reaches and to
decrease along urban and agricultural reaches (Fig. 4b). Ammonium
concentration often decreased along reaches regardless the land use and
had the highest declines along NrV and NrF (Dunn´s test, P < 0.05;
Appendix A, Fig. A.6a and Fig. A.5a). Phosphate declines were more
frequent along natural reaches (Appendix A, Fig. A.6b). Conductivity
had the highest increments along agricultural reaches (Appendix A, Fig.
A.6c), while temperature had the highest increments along the urban
reach (Appendix A, Fig. A.6d).

4. Discussion

Our results demonstrate that nitrate concentration tended to de-
crease along natural reaches and to increase along urban and agri-
cultural reaches, and further suggest that longitudinal variations in
water chemistry can constitute a simple, useful and low-cost approach
to assess the influence of land cover and stream habitat on water
quality. Streams can increase downstream export of nutrients as a result
of natural processes, such as organic matter mineralization and nu-
trients desorption from bed sediments (Bernal et al., 2012; von Schiller
et al., 2015). In our study, nitrate concentration tended to increase
along urban and agricultural reaches and to decrease along natural
reaches (Fig. 4a), suggesting that changes in nitrate concentration
might have been influenced directly by human activities or indirectly
via organic matter mineralization followed by nitrification, and/ or
groundwater enrichment.

Nitrate concentration had the highest increments along the urban
reach (UrP) (Fig. 4a). Previous studies found that even sparse and
isolated groups of houses are sufficient to cause nutrient pollution
(Jarvie et al., 2010), which might have been the case in the UrP reach.
Nitrate concentration also increased along agricultural reaches espe-
cially along ArP (Fig. 4a). Nitrate concentration has been related to the
percentage and slope of agricultural areas (Amuchástegui et al., 2016;
Sliva and Williams, 2001; Tanaka et al., 2016), but the ArP reach,
which had the highest increments in nitrate, had a lower percentage
and slope of agricultural areas than the ArF reach (not shown), sug-
gesting that the relationship between land use and water quality actu-
ally depends on several factors.

In our study, changes in ammonium concentration were unexpected
since ammonium decreased along reaches regardless the land use
(Appendix A, Fig. A.6a). This might have occurred because ammonium
is a preferable source of N and can be retained within a few meters by

Fig. 3. Principal Component Analysis (PCA) of the most distinct land cover
classes and habitat parameters among the groups of reaches. The upper and the
right axes refer to the variable loadings, while the lower and the left axes refer
to the PC1 and PC2 scores. Land cover is represented as Artificial surfaces,
Arable land, Heterogeneous agriculture, Forests, and Scrublands (CORINE land
cover classes 1, 2.1, 2.4, 3.1, 3.2). Habitat parameters are represented as Veg.
(vegetation) width, Flooding efficiency, Erosion, Morphological diversity,
Vegetation riverbed, Anaerobic detritus (FFI, parameters 3, 6, 8, 9, 12, 13), Veg.
(vegetation) protection (RBP, parameter 9), Riparian cover, Channel alteration
(QBR, parameters 2 and 4), FFI, RBP and QBR (habitat condition indices final
scores). Reaches are represented as ArP, UrP, NrP, NrA, ArV, NrV, ArF, and NrF;
the first letter indicates the group of the reach according to the cluster analysis
(A, agricultural; U, urban; N, natural), while the last letter refers to the corre-
sponding stream (P, Pequeno Stream; F, Ferro Stream; V, Vizela Stream; A, Ave
River).

Table 3
Physical and chemical parameters of the stream water, current velocity, and stream discharge at the upstream sampling site of each stream. Data represent mean
values ± SD (n=4, except for ammonium and conductivity, n=3).

Pequeno Stream Ave River Vizela Stream Ferro Stream

Ammonium
(mg L−1 NH4

+)
0.01 ± 0.01 0.01 ± 0.01 0.07 ± 0.06 0.06 ± 0.03

Nitrate
(mg L−1 NO3-)

3.5 ± 1.1 11.9 ± 0.9 8.3 ± 0.4 6.5 ± 1.9

Phosphate
(mg L−1 PO4

3-)
0.01 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.03 ± 0.01

Conductivity
(μS cm−1)

40 ± 2 72 ± 4 79 ± 19 84 ± 6

Oxygen
(mg L−1)

11.15 ± 0.79 9.94 ± 0.58 10.53 ± 0.51 10.63 ± 0.22

pH 6.74 ± 0.24 6.42 ± 0.18 6.69 ± 0.05 6.95 ± 0.09
Temperature

(°C)
11.10 ± 1.06 12.38 ± 1.85 11.35 ± 1.01 11.13 ± 1.11

Current velocity
(cm s−1)

46 ± 6 11 ± 1 53 ± 5 86 ± 4

Stream discharge
(L s−1)

718 78 1731 1474
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nitrification or biota uptake (Mulholland et al., 2000). Ammonium is
also toxic for some aquatic organisms especially under high pH (Passell
et al., 2007), and nitrification is an important sink for ammonium in
streams and it is favored under oxidized conditions (Mulholland et al.,
2000). Therefore, oxygen declines together with pH increments along
some agricultural and urban reaches (Fig. 4b and Appendix A, Fig.
A.6e) might impact stream ecosystems by reducing ammonium reten-
tion and increasing its toxicity.

Phosphate concentration increased along both agricultural (ArV)
and natural (NrV) reaches of the Vizela Stream (Appendix A, Fig. A.6b),
suggesting that natural processes rather than human activities were
determinant for the concentration of this nutrient. Our results agree
with previous findings where the most pronounced effects of changes in
land use were on nitrate fluxes (Amuchástegui et al., 2016). Phosphate
and ammonium readily adsorb to sediments and are mainly transported
into streams via surface runoff, while nitrate is more prone to leaching
and is mainly transported via subsurface flow (Pärn et al., 2012).
Reaches were sampled during dry weather conditions when surface
runoff was expected to be low, which might further explain differences
in longitudinal variation in ammonium, phosphate and nitrate con-
centrations among reaches.

Riparian forests can reduce erosion and increase the diversity and
availability of in-stream habitats (Sweeney et al., 2004). In our study,
the higher river bank erosion and the lower morphological diversity in
urban and agricultural reaches was associated with a low coverage of
forest trees. A low coverage of forest trees may also explain the incre-
ments in temperature and the decrease in oxygen concentration along
urban and agricultural reaches, especially along UrP (Appendix A, Fig.
A.6d and Fig. 4b). Oxygen and temperature are determinant to the
survival and activity of living organisms (Brown et al., 2004), so the
stream ecological condition of urban and agricultural reaches might be
more vulnerable to changes in climate associated with these environ-
mental factors.

In our study, changes in water chemistry along streams also differed
between reaches with natural riparian areas (Appendix A, Fig. A.5),
suggesting that water quality further depends on stream habitat. In fact,
Bernal et al. (2015) showed that despite a strong hydrological con-
nectivity between the stream and riparian groundwater, changes in
nutrient concentrations along reaches cannot be explained solely by
hydrological mixing, supporting the idea that in-stream processes are
relevant to stream water chemistry and downstream export of nutrients.

Forest cover and stream hydromorphology are expected to influence
in-stream processes. NrA had more sparse forests, a longer water re-
sidence time and a higher ratio of streambed area per total water vo-
lume, which could favor nutrient retention and photoautotrophs
(Mulholland and Webster, 2010). On the other hand, NrV and NrF had a
dense coverage of forest trees, a turbulent flow, and a lower ratio of
streambed area per total water volume, which may limit nutrient re-
tention and photoautotrophs. Differences in water chemistry and hy-
dromorphology among natural reaches are expected to cause differ-
ences in nutrient uptake, which might be higher in urban and
agricultural reaches due to a lower canopy coverage favoring photo-
autotrophs (Sabater et al., 2000). Streams can actually reduce nutrient

export even when longitudinal variations in nutrient concentrations are
low, because in-stream processes can balance nutrient inputs from
groundwater and nutrients release from bed sediments (Bernal et al.,
2015; von Schiller et al., 2015), which might have been the case in our
study. However, a lower coverage of forest trees can also increase the
risk of eutrophication, leading to the loss of other vital ecosystem ser-
vices. Furthermore, urban and agricultural land use can increase nu-
trient inputs more than the stream uptake capacity (Merseburger et al.,
2005), as suggested by our results. Therefore, streams should be man-
aged considering all processes and services they can actually support.

Our findings should be interpreted with caution because we did not
use conservative solutes to account for dilution nor stable isotopes to
investigate pathways of nutrient retention and removal (von Schiller
et al., 2009). Furthermore, we did not measure stream discharge at the
upstream and downstream ends of each reach to estimate groundwater
inputs and nutrient export (Roberts and Mulholland, 2007; von Schiller
et al., 2011), and our data were not sufficient to assess temporal var-
iation of net nutrient uptake (Bernal et al., 2012 and 2015). Therefore,
additional studies are needed to better determine the factors explaining
the differences in nutrients decline among reaches and their contribu-
tion to nutrient export at large temporal scales.

Overall results demonstrated that both riparian land use and stream
habitat influence water quality, and that riparian forests are essential to
reduce nutrient export to downstream ecosystems. Our study thus
suggests that the rehabilitation of riparian forests and stream habitats is
essential to reduce the environmental costs resulting from the in-
creasing urban and agricultural land uses.
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