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Riparian areas are recognized for their buffering capacity regarding phosphorus and nitrogen
from agricultural and urban runoff. However, their role in attenuating nutrient loads of rivers
receiving point source nutrient inputs (e.g., from wastewater treatment plants, WWTPs) is still
little understood. Here, we investigated whether ammonium (NH4-N), nitrate (NO3-N), and
soluble reactive phosphorus (SRP) retention were influenced by the riparian land use in three
Brazilian rivers receiving WWTP effluents. We hypothesized that nutrient attenuation would be
potentially influenced by the hydrological connectivity between the main channel and riparian
areas with native vegetation. We estimated retention from longitudinal patterns of dilution-
corrected nutrient concentrations below the WWTPs. We assessed nutrient retention during
periods with high (i.e., the wet) and low connectivity (i.e., the dry season). Relationships
between non-conservative (nutrients) and conservative (chloride) solutes in both seasons were
used to identify potential changes in the river chemistry due to the hydrological connectivity
with the riparian areas.We also evaluated the relationship between net uptake velocities (Vf-net)
and the accumulated percent native vegetation cover in the 100-m buffer using linear
regressions, comparing the response for each nutrient between seasons with Analysis of
Covariance. Slopes of regressions between nutrients and chloride significantly differed
between seasons for NO3-N and SRP but not for NH4-N. The relationships between Vf-net
and accumulated native vegetation in the riparian buffer presented steeper slopes for SRP in
the wet than in the dry season. No significant relationships between NO3-N Vf-net and native
vegetation cover were observed in either season. In contrast, increases in Vf-net with increasing
vegetation cover were observed for NH4-N in the dry season. In periods with expected higher
connectivity, NO3-N and SRP concentrations tended to be lower relative to chloride
concentrations, with a potential effect of native vegetation in the riparian area on SRP
retention. Our results suggest that seasonal connectivity between nutrient-rich river water
and riparian areas is likely to induce changes in the predominant nutrient transformation
processes, thereby favoring either nutrient retention or export in such rivers.
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INTRODUCTION

Anthropogenic impacts, such as land-use change, water
pollution, hydraulic alteration, and geomorphologic
simplification, degrade freshwaters and adversely affect
ecosystem services provided by natural aquatic systems, such
as water supply and nutrient abatement (Dodds et al., 2013).
Streams are not just the “gutters down which run the ruins of
continents” (Leopold et al., 1964); they can effectively process and
retain materials that enter them (e.g., Mulholland et al., 2008).
Humans have exploited the natural self-purification capacity of
streams and rivers for many decades. Wastewater treatment
plants (WWTPs) are core components of sanitation
infrastructure designed to improve wastewater quality before
its discharge into surface waters. Nonetheless, depending on
treatment technology and efficiency, treated effluents can still
be a major source of several contaminants to the receiving aquatic
systems (Meng et al., 2013; Mußmann et al., 2013; Carr et al.,
2016; Aubertheau et al., 2017). Such inputs, for example, can
induce a suite of changes in the water chemistry and ecosystem
functioning in different ways, from shifts in nutrient availability
shaping the biological community’s structure to alterations in
biogeochemical cycles and nutrient export to downstream waters
(Gücker et al., 2006, Gücker et al., 2011; Atashgahi et al., 2015;
Rodriguez-Castillo et al., 2017; Bernal et al., 2020). The impacts of
WWTP effluents can be especially relevant in developing
countries with economic limitations, where the removal of
several particulate/dissolved compounds may not or only
partially occur (Oliveira and von Sperling, 2011). Moreover,
the limited treatment efficiency of WWTPs can be magnified
by relatively large effluent discharges in developing tropical
countries experiencing high urbanization rates due to
population growth and rural-urban migration (UNFPA, 2019).
Thus, improving the understanding of the impacts of potential
pollution point sources (e.g., WWTPs) on riverine functioning is
crucial for better water resource management of urban and peri-
urban areas.

The discharge of WWTP effluents can strongly alter the
capacity of the receiving systems to transform, retain and
remove nutrients, such as nitrogen (N) and phosphorus (P)
(Gücker and Pusch, 2006; Carey and Migliaccio, 2009), thus
altering their self-purifying capacity, which is an important
ecosystem service (Costanza et al., 1997, 2014). Increasing
loads of dissolved inorganic nitrogen (DIN) and soluble
reactive phosphorus (SRP) from WWTPs may alter river
features associated with nutrient retention. Excessive
nutrient availability is associated with the decreased
efficiency of biota to take up nitrate-nitrogen (NO3-N),
ammonium-nitrogen (NH4-N), and SRP (Gücker et al.,
2006; Ruggiero et al., 2006; Merseburger et al., 2011;
Figueroa-Nieves et al., 2016). The internal release of
nutrients due to mineralization or abiotic release processes
and the reduced adsorption capacities of nutrient-saturated
sediments are also associated with the loss of efficiency of
receiving rivers (Wakelin et al., 2008; Acuña et al., 2019).
Receiving rivers can also experience large shifts in nutrient
cycling due to increased concentrations and large inputs of

exogenous microorganisms from treatment processes
(Mußmann et al., 2013; Merbt et al., 2014).

Land use in the riparian zone can play a pivotal role in the
nutrient dynamics of aquatic systems. This area surrounding
streams and rivers constitutes a hot spot for ecosystem processes
because it can control the fluxes of material and energy between
watersheds and rivers (Hoffmann et al., 2009; Peralta-Maraver
et al., 2021). Land use patterns in the riparian zone, for instance,
can explain more of the variation in water quality and ecosystem
processes in comparison to the land use in the whole watershed
(Vidon et al., 2010; Silva-Junior et al., 2014; Tromboni and
Dodds, 2017). Likewise, land cover conversion in the
watershed can overcome the capacity of riparian zones to
protect streams and rivers depending on its intensity and
coverage (Allan, 2004). Additionally, the length of the
vegetated riparian corridor is likely to be more influential on
river water quality than riparian width, as relatively narrow
riparian corridors already can have substantial beneficial
effects (Monteiro et al., 2016; Hilary et al., 2021). The
importance of riparian areas to reduce N and P loads into
aquatic systems relies on two main functions performed by
these areas. First, riparian vegetation can act as a buffer
preventing nutrient loads from non-point sources via
agricultural and urban surface runoff. The consolidation of
riparian buffers (permanently vegetated areas between rivers
and the surrounding landscape) is among the nutrient
mitigation best management practices (Dauwalter et al., 2018;
Krzeminska et al., 2019), also in the context of restoration
initiatives (McMillan et al., 2014; Johnson et al., 2016).
Second, the lateral hydrological connectivity between riparian
areas and the main channel can stimulate riparian
biogeochemical processes that can reduce nutrient loads
transported downstream (Reckendorfer et al., 2013; Vigiak
et al., 2016; Covino, 2017). However, studies exploring the role
of riparian hydrological connectivity on the nutrient abatement
in streams and rivers are still rare and more knowledge is needed,
especially regarding urban areas.

N and P retention mediated by riparian areas can vary widely
and be difficult to predict due to the riparian structure’s inherent
complexity (Hill, 1996; Hoffmann et al., 2009). The influence of
riparian areas to reduce nutrient availability depends on factors
such as the delivery pathway, the form of the delivered nutrient,
the biogeochemical conditions in the riparian area, the level of
hydrological connectivity with the main channel, the presence
and structure of the riparian vegetation, and other environmental
characteristics (Fisher and Acreman, 2004; Mayer et al., 2007;
Roberts et al., 2012; Covino, 2017). Several retention mechanisms
described in the literature are coupled with the presence of
riparian areas. For instance, riparian plant communities can
strongly affect retention performance by influencing runoff
hydrology, evapotranspiration, nutrient uptake, aquatic
metabolism, and soil nutrient recycling (Lupon et al., 2015;
Dodds et al., 2017; Hille et al., 2018). The riparian corridor
structure, in turn, shapes overall stream morphology and
nutrient attenuation by controlling the distribution of
sediments, habitat patches, water flow, transient storage, and
redox conditions (Pinay et al., 2018). The long residence times of
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water column solutes within stream-riparian edges (Schade et al.,
2005) and hyporheic zones (Harvey et al., 2013; Li et al., 2020)
potentially reduces nutrient concentrations (e.g., Gücker and
Boëchat, 2004). The riparian canopy also controls seasonal
changes in stream metabolism by regulating light and organic
matter inputs to the channel (Sabater et al., 2000; Heffernan and
Cohen, 2010; Lupon et al., 2016). Ultimately, soil and redox
characteristics can favor predominant oxic or anoxic processes,
essential for sorption/desorption (Bol et al., 2018; Vidon et al.,
2019). Together, these processes mediate the amount of nutrients
reaching the stream, and consequently, the temporal and spatial
patterns of watershed nutrient exports.

Most of the mechanisms involved in nutrient transformations
and their mediation by riparian areas have been intensively
studied for streams. In theory, the interaction between riparian
vegetation and ecosystem processing in low-order systems would
be more pronounced because such systems are narrower and thus
more directly affected by riparian land cover. However, the effects
of riparian areas on nutrient transformations remain unclear for
higher-order rivers. In larger systems, the riparian areas expand
to floodplains surrounding the river channels. The strength of
connections (via lateral connectivity) influences the efficiency of
nutrient and organic matter retention (McMillan and Noe, 2017).
Hydrologic connections across floodplains can occur via surface
flow (sensu flood pulse concept, Junk et al., 1989) and subsurface
pathways (Ward and Stanford, 1995). Repeated cycles of
connection/disconnection of floodplain areas with the main
river are induced by fluctuations in water level (Tockner et al.,
1999), which can favor organic matter and nutrient retention
(Malard et al., 2002). During high flow periods, the river generally
connects with the floodplain via overbank flow. Subsequently, the
direction of the connection reverses during lower flow states, with
floodplain groundwater sustaining the main channel base flow
(Covino, 2017). This bidirectional movement facilitates the
exchange of substantial amounts of water, sediment, organic
matter, and nutrients among rivers, floodplains, and riparian
systems. Floodplains often show a considerable retention capacity
for particles and a significant denitrification potential in cases of
high organic matter availability and groundwater levels (Fisher
and Acreman, 2004; Hoffmann et al., 2009). However, depending
on the frequency of the fluxes between the floodplain and main
river, the release of substantial amounts of nutrients to the river
can be observed due to N and P mineralization from riparian
sediments (Schönbrunner et al., 2012; Weigelhofer et al., 2015).

Urbanization and especially channelization (e.g., through
concrete walls) have reduced terrestrial/aquatic connectivity
worldwide, thereby depriving rivers of their riparian retention
structures (Beaulieu et al., 2014; Hope et al., 2014). The role of
riparian buffers in controlling non-point sources of pollution
(i.e., agricultural and urban runoff) has been extensively studied
in the last decades, especially in temperate regions, but such
information is still scarce for tropical regions (but see Leal et al.,
2016; Taniwaki et al., 2017; Tromboni and Dodds, 2017; Pissarra
et al., 2019). Further, we identified less information on the
importance of riparian retention mechanisms to mediate
declines of nutrient concentrations in both temperate and
tropical rivers receiving point source pollution (e.g., WWTPs).

This is particularly important for developing countries where
urban development has moved towards riparian areas in the last
decades, in addition to the increasing effluent discharge into
aquatic systems. The importance of riparian areas for
maintaining water quality is a topic especially relevant in
Brazil, where our study was carried out, because the Brazilian
Forest Code (Law Number 12651/2012) has reduced the overall
protection of riparian forests (e.g., in terms of widths), with
potential implications for river nutrients dynamics.

This study aimed to analyze whether NH4-N, NO3-N, and SRP
declines were influenced by hydrological connectivity and
riparian land use in three Brazilian 4th-order rivers receiving
WWTP inputs. We estimated nutrient retention based on
longitudinal nutrient concentration patterns in each river
downstream of WWTPs following the nutrient spiraling
concept (Newbold et al., 1981). We specifically focused on
nutrient retention patterns during periods of high (i.e., rainy
season) and low hydrological connectivity (i.e., dry season) due to
fluctuations in river levels. As we did not directly measure
biogeochemical processes in the riparian areas, we considered
the changes in the conservative (i.e., biologically non-reactive)
solute chloride (Stream Solute Workshop, 1990) as a proxy for
identifying hydrochemical shifts due to the connectivity between
riparian areas and river water. Changes in non-conservative
solutes (i.e., biologically reactive nutrients) relative to
conservative ones, in turn, were attributed to the occurrence of
biogeochemical processes influencing increases or decreases of
nutrient concentrations in the water column. We addressed the
following research questions: 1) does the riparian land use along
the studied reaches act as a potential control of nutrient
abatement in tropical rivers receiving WWTP effluents? and 2)
which nutrient abatement mechanisms are potentially related to
the presence of native vegetation in riparian zones? Our study was
based on the following hypotheses: 1) During periods of high
connectivity between rivers and riparian zones (i.e., the rainy
season with higher river water levels), conservative (i.e., chloride:
Cl−) and non-conservative (i.e., nutrients) solutes should show
divergent development of concentrations due to biogeochemical
nutrient retention occurring in the riparian areas. The riparian
retention mechanisms that potentially emerge from the
connection would affect nutrient concentrations, whereas no
changes in chloride concentrations would be expected. 2) In
contrast, as a consequence of low connectivity in the dry season,
we expected a more similar development of non-conservative and
conservative solute concentrations due to reduced effects of
riparian retention and the dominance of the effects of river
transport processes on longitudinal solute patterns.

MATERIALS AND METHODS

Study Sites
This study was conducted in the municipalities of São Carlos
(Monjolinho and Quilombo rivers) and Vinhedo (Pinheiros
River), both located in the central region of the state of São
Paulo, southeastern Brazil. Over the last centuries, the landscape
in this region has been strongly modified by deforestation,
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agriculture (primarily for sugarcane cultivation), and, more
recently (especially after the 1950s), by industry and
urbanization with potential impacts on the local water
resources (Fracassi and Lollo, 2013; Gomes et al., 2019). We
selected three 4th-order rivers to examine how seasonal riparian
connectivity influenced nutrient retention downstream of
WWTPs. The selected river catchments were representative of
the Cerrado/Atlantic Rainforest biome transition. The elevation
at our study sites ranged from 473 to 686 m.a.s.l. The climate in
both the São Carlos and Vinhedo regions is defined as tropical
with hot and wet summers and dry winters (i.e., Cwa, Köppen-
Geiger’s classification; Kottek et al., 2006). A well-defined dry
season occurs from April to September (fall to winter) and a rainy
season from October to March (spring to summer). Total
precipitation in the São Carlos region usually averages
1,400 mm year−1, with December and August as the wettest
(276 mm) and driest (35 mm) months. In the Vinhedo region,
the total precipitation averages 1,300 mm year−1, with January
(226 mm) and May (45 mm) as the extremes (INMET, 2020).

We selected a reach located downstream the discharge of
treated effluents from a WWTP in each receiving river. The
total length of the reaches ranged from 600 m to 7.4 km

depending on river current velocity and effluent discharge. We
selected 4 to 6 sampling sites sufficiently downstream of each
WWTP to ensure complete mixing between river water and
effluents, allowing us to observe a significant decline in
nutrient concentrations. The Monjolinho and Pinheiros Rivers
had small tributaries that join the studied reach (two and one
tributaries, respectively). However, their contribution to the main
river’s discharge and nutrient and chloride contents was minimal
(unpublished data), and theWWTP effluent was the major source
of nutrients and chloride to these rivers.

We divided reaches below WWTPs into subreaches between
the sampling sites (e.g., from WWTP to station 1, from station 1
to station 2, etc.) and delineated a 100-m buffer strip around the
subreaches to characterize riparian land use (Figure 1). A
riparian width of 100 m was chosen as the minimum width to
accurately map riparian areas due to the resolution of available
land use maps. This land-use characterization included four
categories (i.e., urban area, native vegetation cover, agriculture,
and pasture) and was restricted to the studied reaches below the
respective WWTPs. The land use of the reaches’ entire drainage
areas covered a wide array of urban, peri-urban, and natural
conditions within the riparian areas (Supplementary Table S1).

FIGURE 1 | Reaches of Monjolinho, Pinheiros, and Quilombo rivers located below the WWTP and its respective sampling sites analyzed in this study. Sampling
sites and native vegetation in the 100-m riparian buffer are indicated as yellow dots and green areas, respectively. MJ, Monjolinho; PN, Pinheiros; and QU, Quilombo.
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The analyzed WWTPs had differences regarding the
treatment technology (ARES-PCJ, 2020; SAAE, 2020). The
biological treatment of the Monjolinho WWTP consisted of
different modules of upflow anaerobic sludge blanket (UASB)
reactors. The Santa Eudóxia WWTP discharged its effluents into
the Quilombo River and performed biological treatment by
anaerobic stabilization ponds followed by facultative ponds.
The Pinheirinho WWTP performed biological treatment with
activated sludge with extended aeration, discharging its effluents
into the Pinheiros River. Among the studied WWTPs, only the
Monjolinho WWTP effectively removed nutrients (i.e., tertiary
treatment using dissolved air flotation technology, which
removed, on average, 80% of total phosphorus). Moreover, the
average volumes of treated effluent, removal efficiency, and post-
treatment also differed among WWTPs (Table 1).

Data Collection
The field and sampling activities were carried out in March and
July 2019, and March 2020. Total precipitation in the São Carlos
and Vinhedo regions was 189.0 and 133.2 mm in March 2019,
36.2 and 68.8 mm in July 2019, and 94.8 and 113.0 mm in March
2020, respectively, (INMET, 2020). On each sampling date, we
measured the river discharge upstream of the WWTP effluent
discharge and at the downstream sampling sites. Discharge was
estimated from width, depth, and water velocity measurements.
Water velocity was the average of 10–15 evenly spaced measures
performed in a cross-section of the river using a current meter.
After collection, water samples were kept on ice and transported
to the laboratory, where they were immediately filtered through
fiberglass filters (GF/C Glass Microfiber Membranes, 0.45 μm,
Whatman International, Kent, United Kingdom). Filtered
samples were kept in the freezer at −18°C until analysis.
Nutrient concentration samples were always collected and
analyzed in triplicate via colorimetric methods. We

determined NH4-N concentrations by the phenol hypochlorite
method (Solorzano, 1969), modified for a 7 ml sample volume,
NO3-N concentrations by the ultraviolet spectrophotometric
screening method (American Public Health Association, 2012),
SRP concentrations by the ascorbic acid method (American
Public Health Association, 2012) and Cl− concentrations by
the mercuric thiocyanate method (American Public Health
Association, 2012).

Nutrient Retention Estimates
Nutrient retention for each river was estimated from the
longitudinal patterns in dilution-corrected nutrient
concentration along the study reach downstream the WWTPs
(Martí et al., 2004; Haggard et al., 2005). Nutrient uptake length
(SW) is a standard metric used to describe nutrient retention and
transport. It can be estimated from combined short-term nutrient
and conservative tracer additions (Mulholland et al., 2002).
According to the nutrient spiraling approach (Newbold et al.,
1981), SW is defined as the distance traveled by a nutrient atom
before being removed from the water column by physical-
chemical and biological mechanisms. Short SW indicates high
nutrient retention. However, SW can be strongly influenced by
stream velocity and depth, potentially leading to interpretation
bias, especially in cross-site comparisons. The mass transfer
coefficient or uptake velocity (Vf) normalizes SW for depth (d)
and water velocity (u) (Vf � [u*d]/SW) and is thus more
appropriate for comparing retention efficiency across streams
(Stream Solute Workshop, 1990). Opposite to SW, greater Vf

indicates higher retention.
Nutrient inputs from WWTPs can be substantial so that the

effluent can represent a continuous nutrient source or injected
solute, similar to a nutrient addition experiment. We used
nutrient spiraling metrics and calculations to describe our
results (Stream Solute Workshop 1990), but the interpretation

TABLE 1 | Main characteristics of the wastewater treatment plants (WWTPs) considered in this study.

WWTP Municipality Geographic
coordinates

Receiving
river

Population
equivalent

Flow
rate

Secondary
treatment
technology

Tertiary
treatment

Post-
treatment

Averaged
%

removal

Source

Monjolinho São
Carlos/SP

22°01′44.4″S
47°55′45.5″W

Monjolinho
(MJ) River

213,000 630 L s−1 Upflow
anaerobic
sludge
blanket
(UASB)
reactors

Dissolved
air
flotation,
removing
P

Post
aeration by
cascade
aerator and
disinfection
by
ultraviolet
radiation

91% for
BOD, 70%
for COD,
83% for TP
and 80%
for SS

SAAE (2020)

Santa
Eudóxia

São
Carlos/SP

21°46′36.3″S
47°47′10.3″W

Quilombo
(QU) River

5,000 15 L s−1 Two
anaerobic
lagoons
followed by
a facultative
lagoon
(22,000 m2)

No Post
aeration by
cascade
aerator

90% for
BOD
and COD

SAAE (2020)

Pinheirinho Vinhedo/SP 23°00′19.5″S
46°59′08.0″W

Pinheiros
(PN) River

65,000 132 L s−1 Activated
sludge with
extended
aeration

No No 90% for
BOD
and COD

ARES-PCJ (2020)

Note. BOD, biochemical oxygen demand; COD, chemical oxygen demand; TP, total phosphorus; SS, suspended solids.
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is different from a typical nutrient addition experiment due to the
permanent nature of the nutrient source. The longitudinal
pattern in ambient concentrations downstream of the WWTP
inputs reflects the net result of removal (e.g., biotic assimilation,
denitrification, sorption) and release (e.g., mineralization)
processes under long-term conditions, where nutrient levels
are elevated beyond typical nutrient-saturated conditions
(Haggard et al., 2001; Gibson and Meyer, 2007). Therefore,
like in other studies on WWTP effects on nutrient spiraling
(e.g., Haggard et al., 2001; Martí et al., 2004; Gibson and Meyer
2007; Figueroa-Nieves et al., 2016), we calculated the net nutrient
retention metrics SW-net and Vf-net.

To estimate these metrics, we sampled water at several sites
downstream of the WWTP (4–6 sampling sites). Lagrangian
sample collection was performed within 2 h to ensure minimal
variation in effluent volume and composition during sampling.
We also collected samples from theWWTP output (i.e., effluents)
and upstream of the effluent release. All water samples were
analyzed for NH4-N, NO3-N, SRP, and Cl−. Considering that
WWTP effluents can be a major source of Cl− (i.e., a conservative
solute) to the stream, we used the downstream changes in Cl−

concentrations to correct nutrient concentrations for dilution
along the reach (Stream Solute Workshop, 1990).

The percentage of water dilution (D) along the reaches from
the longitudinal decline in Cl− concentrations was estimated
through Eq. 1 (Martí et al., 2004):

D � 100 − [Clx
Cl1

* 100] (1)

where Clx and Cl1 are Cl
− concentrations at the sampling site x

and at the top of the reach (where the effluent has completely
mixed with the stream water).

The SW-net for each reach below the WWTP was estimated
through Eq. 2.

Cx � C1 * e
−k.x (2)

where Cx is the nutrient concentration at distance x from the top
of the study reach; C1 is the nutrient concentration at the top of
the study reach; and k is the first-order uptake coefficient. We
used simple linear regression (α � 0.05) of ln (dilution-corrected
nutrient concentrations) versus downstream distance to estimate
k. The negative inverse of the slope (–1/k) represents SW-net.

While the value of SW-net represents the retention of the whole
study reach below the WWTP (i.e., considering all sampling
sites), we calculated Vf-net for each sampling site (Eq. 3).

vf � Q
w.SW−net

(3)

where Q is discharge and w is the average wetted width at each
sampling site (Stream Solute Workshop 1990).

Statistical Analysis
We evaluated the relationship between non-conservative (NH4-
N, NO3-N, SRP) and conservative (Cl

−) solutes in the wet and dry
seasons to identify changes in the river chemistry due to the
potential hydrological connectivity with the riparian areas.

Separate analyses of covariance (ANCOVA) were carried out
for each nutrient to identify significant differences between
seasons. We tested whether both the first-order uptake
coefficient (k, Eq. 2) and net nutrient uptake lengths (SW-net)
were related with both the nutrient concentrations upstream the
WWTP and the response ratio ln (downstream/upstream), where
upstream and downstream are the mean nutrient concentrations
upstream the WWTP and at the first sampling station
downstream the WWTP (i.e., C1 in Eq. 2), respectively (as
also performed by Figueroa-Nieves et al., 2016). We also
evaluated the relationship between Vf-net (representative of
each sampling site) and the accumulated upstream percent
cover of native vegetation in the 100-m buffer (total % of
vegetated riparian area from the WWTP to the sampling
station of interest) (Supplementary Figure S1). For this
analysis, we conducted simple linear regressions and compared
the response for each nutrient in both seasons with ANCOVA.
All variables used in the linear models were ln-transformed, and
the residuals were graphically checked to evaluate the premises.
Results at p < 0.05 were considered significant. These analyses
were carried out with the rstatix R package (Kassambara, 2021) in
R (R Core Team, 2020).

RESULTS

The river discharge (including sites upstream of the WWTP)
varied from 0.2 to 7.5 m³ s−1 across all sampling sites, whereas
river water velocity varied from 0.31 to 0.75 m s−1 (Table 2).
Ambient nutrient concentrations (i.e., upstream of the WWTP
outfall) were generally higher in the Monjolinho and Pinheiros
Rivers than in the Quilombo River (Figure 2). Also, WWTP
inputs raised nutrient levels more strongly in Pinheiros than in
Monjolinho, whereas almost no effects were observed in the
Quilombo River (Figure 2). Nutrient (non-conservative
solutes) concentrations were positively related to chloride
(conservative solute) in both the wet (high connectivity) and
the dry (low connectivity) seasons (Figure 3). The relationship
between NH4-N and Cl− did not differ between seasons, both in
relation to slopes (F1,38 � 3.24, p > 0.05) and intercepts
(F1,39 � 0.253, p > 0.05), suggesting negligible hydrological
connectivity effects on NH4-N concentrations. In contrast,
significant seasonal differences in slopes were observed for
NO3-N (F1,38 � 5.54, p � 0.024) and SRP (F1,38 � 5.19,
p � 0.028). Concentrations of both NO3-N and SRP were
higher relative to chloride in periods of low connectivity (dry
season) than in periods of high connectivity (29 and 46% higher,
respectively), suggesting effects of riparian hydrological
connectivity on decreased ambient concentrations for both
nutrients.

Values for SW-net downstream the WWTP differed between
nutrients and seasons for the three analyzed rivers (Table 3). In
Monjolinho, similar values were found for NH4-N (ranging
between 5.15 and 6.41 km) in the two seasons, but values for
NO3-N in the dry season (17.24 km) were almost twice those in
the wet season (Table 3). Moreover, in the dry season, SW-net for
SRP was 2.48 km in the Monjolinho River, but in the wet season,
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no significant relationship was found between nutrient
concentrations and distance from the WWTP, indicating no
retention of this nutrient. In the Pinheiros River, consistent
decreases were found for all nutrients, with similar values for
NH4-N and NO3-N SW-net in both seasons, whereas SRP SW-net

values were more than two times higher in the dry than in the wet
season (Table 3). In contrast, no significant relationships were
found for the studied nutrient forms in the Quilombo River. We
observed that the effect of WWTP effluents on the increased
nutrient concentrations was more apparent in some rivers than in

TABLE 2 | Concentrations of NH4-N, NO3-N, SRP, and chloride, as well as morphometric and flow variables during three samplings across our rivers. For nutrients, we
presented values for ambient (upstreamWWTP) and effluent (at WWTP outfall) concentrations. For chloride, the ambient (amb), effluent, and the observed median values
along the reach are shown. For discharge (Q), water velocity (v), and wetted width (w), the medians for all sampling sites are shown in each case.

River Month
(season)

Ambient nutrient
concentrations (µg L−1)

Effluent nutrient
concentrations (µg L−1)

Chloride concentrations
(mg L−1)

Morphometric and
flow variables

NH4-N NO3-N SRP NH4-N NO3-N SRP amb Effluent reacha Q (m3 s−1)a v (m s−1)a w (m s−1)a

MJ Mar19 (wet) 5,072 6,850 364.6 20,966 11,050 10.4 14.5 53.5 22.0 2.73 0.64 12.0
Jul19 (dry) 3,183 3,283 258.2 44,110 3,558 18.0 95.5 8.50 22.1 2.42 0.75 7.2
Mar20 (wet) 4,822 2,160 11.2 43,025 2,000 5.20 9.66 138.6 10.5 3.62 0.46 15.0

PN Mar19 (wet) 1,175 5,630 11.2 21,028 4,995 1,180 11.4 50.0 24.4 0.45 0.42 6.3
Jul19 (dry) 145.4 5,240 19.5 10,175 5,430 406.7 15.4 59.5 28.3 0.25 0.31 7.1
Mar20 (wet) 1,390 4,533 251.1 6,690 9,997 190.3 12.0 48.0 26.0 0.49 0.68 6.0

QU Mar19 (wet) 37.8 890 12.8 20,311 4,448 3,813 3.05 49.0 2.10 7.50 0.53 11.4
Jul19 (dry) 2.52 685 1.41 38,504 5,098 356.3 4.05 50.0 1.80 3.70 0.52 10.0
Mar20 (wet) 24.4 1,000 326.7 15,180 4,237 605.7 1.00 59.0 1.00 4.38 0.60 8.0

aMedian of samples collected along the reach.

FIGURE 2 | Variation of mean dilution-corrected nutrient concentrations upstream and downstream WWTPs (indicated by a dotted line) in the (A)Monjolinho, (B)
Pinheiros, and (C) Quilombo river, sampled in periods of high (closed symbols) and low (open symbols) hydrological connectivity.

FIGURE 3 | Relationships between ambient (A) NH4-N, (B) NO3-N, and (C) SRP concentrations and chloride during periods of high (closed circles) and low (open
circles) hydrological connectivity at the sampling sites below WWTP inputs. Lines are fitted linear regressions for high (continuous lines) and low (dashed lines)
connectivity periods.
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others and varied depending on upstream conditions (Figure 4).
There was a negative relationship between the first-order uptake
coefficient (k) and NO3-N concentrations upstream of the
WWTP, indicating background effects on the longitudinal
pattern of concentrations (Figure 4A). We also found a
negative relationship between k and the response ratio
(downstream/upstream) for SRP (Figure 4B), indicating that
both first-order uptake coefficient, and therefore SW-net,
depended on how much the WWTP increased background
SRP levels. Variation in k was not related to either NH4-N
response ratio or upstream NH4-N concentrations. Likewise,
WWTP effluents had little impact on nutrient concentrations
for the Quilombo River, so that estimates of SW-net could not be
calculated for that river. Consequently, we did not consider the
data from this river for further analyses.

We found different relationships between Vf-net and the
accumulated percent cover of riparian vegetation in the
Monjolinho and Pinheiros rivers for the analyzed nutrient
forms (Figures 5A–C). In the dry season, significant increases
in Vf-net with increasing vegetation cover were observed for NH4-
N, although no significant relationships were found in the wet
season (Figure 5A). During the wet season, NH4-N Vf-net values

were higher in areas with lower riparian vegetation cover
(Figure 5A, left side), but as vegetation increased, velocities
showed similar values compared to the dry season. There were
no significant relationships between NO3-N Vf-net and
accumulated percent cover of riparian vegetation in either
season, but Vf-net values were higher in the wet than in the
dry season (Figure 5B) (F1,15 � 18.3, p < 0.001). Since SW-net for
SRP could not be estimated in the Monjolinho River in the wet
season, we compared these relationships considering only
sampling sites where effective nutrient retention occurred in
both seasons (i.e., k < 0), though riparian vegetation cover in
these cases was <33% (Figure 5C, left side). No significant
differences in slopes (F1,11 � 0.048, p � 0.831) were found, but
SRP Vf-net values were higher in the wet than in the dry season
(F1,12 � 88.7, p < 0.001). These trends in Vf-net influenced the
dilution-corrected concentrations of some nutrients so that
concentrations declined with increasing vegetation cover along
the 100-m buffer (Figures 5D–F). Decreases in NH4-N
concentrations with increasing vegetation did not differ
between seasons in relation to slopes (F1,23 � 2.25, p � 0.147)
or intercepts (F1,24 � 0.255, p � 0.618), with a large variation
during the wet season (Figure 5D). In contrast, there were

TABLE 3 | Linear regression results to estimate net nutrient uptake lengths (SW-net) based on the first-order uptake coefficient (k). NC � no significant change in concentration
observed along the studied reach.

River Sample Season NH4-N NO3-N SRP

k R2 SW-net k R2 SW-net k R2 SW-net

MJ Mar19 Wet −0.156 0.30 6.41 −0.177 0.45 5.65 −0.054 0 NC
MJ Jul19 Dry −0.167 0.42 5.99 −0.058 0.78 17.24 −0.404 0.57 2.48
MJ Mar20 Wet −0.194 0.54 5.15 −0.124 0.89 8.06 0.007 0 NC
PN Mar19 Wet −0.523 0.72 1.91 −0.443 0.86 2.26 −0.895 0.74 1.12
PN Jul19 Dry −0.433 0.78 2.31 −0.415 0.93 2.41 −0.330 0.62 3.03
PN Mar20 Wet −0.670 0.86 1.49 −0.385 0.80 2.60 −0.871 0.92 1.15
QU Mar19 Wet 0.222 0.09 NC 0.005 0 NC 0.730 0 NC
QU Jul19 Dry 0.002 0 NC 0 0.01 NC 0 0 NC
QU Mar20 wet 2.366 0 NC 0.599 0.26 NC 1.057 0 NC

FIGURE 4 | Relationship between the first-order uptake coefficient (k) and (A) upstream NO3-N concentrations and (B) SRP response ratios (downstream/
upstream). Lines indicate linear regressions.
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significant differences in the slopes of the relationship for NO3-N
(F1,23 � 25.46, p < 0.001), with a strong relationship in the dry
season but no significant relationship in the wet season
(Figure 5E). Finally, considering all data points for SRP, there
were differences in slopes between seasons (F1,23 � 8.13,
p � 0.009), with a steeper relationship in the dry season
(Figure 5F).

DISCUSSION

This study showed that nutrient uptake downstream WWTPs
could vary depending on the local environmental conditions and
sampling period since one of the studied rivers did not present net
uptake at all (i.e., Quilombo), whereas another river (Monjolinho)
presented SRP uptake only in the dry season. This variation in
nutrient uptake below WWTPs has been previously described in
other studies. For example, Martí et al. (2004) found that from
one-third to half of the studied streams in Catalonia presented no
significant retention, whereas Figueroa-Nieves et al. (2016) found
that net retention occurred in only about 13% of their studied
streams in Puerto Rico. Our data showed that background
concentrations (sampled upstream the WWTP) directly
influenced NO3-N retention, with higher concentrations
resulting in higher retention. In contrast, SRP downstream
change was related to how much the WWTP increased
background levels. For example, background concentrations
were lower in the Quilombo River compared to the other

rivers, and the WWTP did not raise nutrient concentrations
enough to result in a nutrient uptake response. However, in the
Monjolinho River, the WWTP did not raise background SRP
concentrations significantly either, but the lack of significant SRP
retention observed during the wet season was probably related to
the connectivity of riparian areas and the main river channel, as
discussed below.

Effects of Temporary Surface Water
Connections With Riparian Areas on the
Water Chemistry of Receiving Rivers
Although we acknowledge the limitation of this study regarding
the small number of independent replicates (i.e., three tropical
receiving rivers sampled in different seasons), we emphasize the
significance of our data as the effects of point source pollution on
nutrient processing in tropical rivers are still understudied.
Additionally, our results showed nutrient concentration
changed in the studied rivers between periods with different
surface water connections to riparian areas. Especially for NO3-N
and SRP, these changes were likely to arise from changes in
biogeochemical processes due to the mixing effects between the
main river and riparian waters during periods of higher
hydrological connectivity (Lamers et al., 2006). While we did
not investigate the processes underlying the observed
hydrochemical changes, the different patterns observed
between conservative and non-conservative solutes supported
the hypothesis of altered biogeochemical processes due to

FIGURE 5 | Relationships of net uptake velocities (Vf-net) of (A) NH4-N, (B) NO3-N, and (C) SRP, as well as dilution-corrected concentrations of (D) NH4-N, (E) NO3-N,
and (F) SRPwith the accumulated percent cover of native vegetation in the 100-m buffer during periods of high (closed circles) and low (open circles) hydrological connectivity
at the sampling sites below the WWTP inputs. Lines are fitted linear regressions for high (continuous lines) and low (dashed lines) connectivity periods.

Frontiers in Environmental Science | www.frontiersin.org September 2021 | Volume 9 | Article 7099229

Finkler et al. Hydrological Connectivity Influences Nutrient Retention

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


connection. We found that in periods with expected higher
connectivity (i.e., the wet season), NO3-N and SRP
concentrations tended to be lower relative to chloride. This
suggests that the investigated river-riparian systems may
influence the observed declines in NO3-N and SRP contents
during the wet season with the potential effect of riparian
native vegetation on the retention process. During increases in
water level due to precipitation events, river water initially floods
riparian areas and is later exchanged in both directions. As the
water level decreases, the riparian area and the main channel
disconnect and become discrete compartments. The inherent
characteristics of riparian areas differ from those of the main
channel and may induce new biogeochemical processes which
potentially modify the water chemistry in these zones. The main
channel and riparian waters are then mixed again as a new
connection arises in the short-term (i.e., hours or days) with
consequential increases or decreases in nutrient availability of
river water (Tockner et al., 1999). As we did not directly measure
temporary water connectivity, for example, using water level
variation data, we used the relationships between nutrients
and chloride to assess hydrological connectivity indirectly (e.g.,
Weigelhofer et al., 2015). However, the riparian zone was indeed
flooded and interacting with our rivers as overbank flow and the
flooding of extensive floodplain areas during the rainy season was
visually confirmed in the field. The potential mechanisms that
occurred from this connection and might have influenced the
observed declines in nutrient concentrations are shortly discussed
below. We emphasize that further investigations are needed to
confirm the potential processes influencing nutrient retention in
riparian-river systems subject to high loads of nutrients, with
focus on the main drivers of the biogeochemical mechanisms that
emerge due to temporary water connection.

We observed SRP Vf-net increase with increasing native
vegetation cover in the 100-m buffer during periods of both
high and low hydrological connectivity, with higher values during
the wet season. Additionally, SRP concentrations also decreased
compared to chloride during the wet season. Together these
results suggest that the vegetated riparian areas of the studied
rivers potentially contribute to declines in SRP concentrations in
the water column. Our results contrast with previous studies that
have linked P mineralization (i.e., the release of inorganic
phosphorus from sediments) in floodplain waterbodies to
greater organic matter/nutrient contents, aerobic conditions,
and moisture in riparian waters (Noe et al., 2013; Weigelhofer
et al., 2015). In our receiving rivers, we expected that increases in
nutrient and DOC (dissolved organic carbon) availability in the
floodplain due to the surface water connection would increase
SRP in the water column due to mineralization, especially during
the wet season when connections are likely to occur. We suggest
that the positive effect of vegetated riparian areas, decreasing SRP
concentrations, could be associated with other retention
processes such as sedimentation, assimilation, or adsorption.
Since most phosphorus travels downstream bound to
sediments or organic matter, the importation of the main
river’s water into the floodplain may enhance the trapping of
sediment, which has already been noted as an important
mechanism of retention in riparian areas (Monteiro et al.,

2016; Vigiak et al., 2016). In addition, total phosphorus within
the floodplains can also be taken up, especially by herbaceous
vegetation (Lyons et al., 2001), or be mineralized to SRP and later
attached to clay particles through adsorption (Hoffmann et al.,
2009). Floodplain sediments are typically effective in retaining
total phosphorus but may have little effect on net dissolved
phosphorus retention due to potential saturation, which will
depend on factors such as cation exchange capacity or redox
potential (House, 2003). The sediment-bound phosphorus
trapped by riparian areas may slowly be leached into the
stream, especially once the soil becomes P-saturated
(Schönbrunner et al., 2012), though the river may still be
protected from extreme nutrient pulses. Although we observed
a potential positive effect of riparian areas on reducing
phosphorus in the water column, riparian areas have the
potential to act as a short-term sink for phosphorus, but in
the long term, their effectiveness can be limited (Sharpley
et al., 2013), especially in rivers receiving high P loads. Long-
term management of phosphorus pollution should thus require
effective on-site management of its sources (e.g., by controlling
WWTP or urban runoff inputs).

We detected significant decreases in NO3-N concentration
relative to chloride during the wet season compared to the dry
season. However, we did not observe increases in NO3-N Vf-net

with increases in the accumulated native vegetation in the 100-
riparian buffers, suggesting partial effects of riparian areas on
NO3-N retention. While we did not directly estimate
denitrification rates, previous studies have recognized this
process as the main pathway of permanent N-removal in both
floodplains (Roley et al., 2012) and rivers receivingWWTP inputs
(Lofton et al., 2007; Ribot et al., 2012), as the complete
denitrification process releases nitrogen gas to the atmosphere.
In riparian areas, denitrification drivers may include NO3-N
availability (Gift et al., 2010) and soil moisture due to its
influence on redox conditions, as well as organic matter
content (Groffman and Crawford, 2003). Indirect drivers of
floodplain denitrification potentially include the duration of
inundation and the type of riparian vegetation (McMillan
et al., 2014). We, therefore, expected that the temporary influx
of nutrient-rich waters into the floodplain would influence NO3-
N removal via denitrification since high loads of effluent NO3-N
and organic carbon are likely to be supplied by WWTPs in
addition to the nearly anoxic conditions in these zones. The
lack of significant relationships between NO3-N Vf-net and the
presence of natural vegetation in the 100-m riparian buffer
(Figures 5B,E) did not permit to attribute such declines in
NO3-N concentrations to denitrification mediated by riparian
native vegetation. However, we still observed potential effects of
hydrological connectivity on declines of NO3-N concentrations
during the wet season (Figure 3B). One possibility to explain
such relationship is the temporary mixing between the main
river’s water and floodplain that may supply the water column
with labile dissolved organic carbon produced in riparian soils
(e.g., via primary production or benthic microbial
mineralization; Preiner et al., 2008; Stanley et al., 2012)
which is a more bioavailable form of carbon for
denitrification (Pulou et al., 2012; Ribot et al., 2019).
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Likewise, the evidence of steeper declines of NO3-N
concentrations during the dry season suggests the potential
denitrification across our rivers in both seasons since this
process depends on low DO availability and high NO3-N
concentrations, which are expected in periods with low
discharges and river water volume. Further studies are
necessary to confirm these processes and more deeply
explore the biochemical mechanisms involved in NO3-N
removal.

In our study, we observed a potential influence of the riparian
areas on the retention of both NO3-N and SRP during periods of
expected surface water connection (i.e., the wet season), but no
influence was observed on NH4-N retention. The lack of
significant differences between NH4-N concentrations and
chloride in the wet and dry seasons suggests that the lateral
hydrological connectivity with riparian areas did not affect NH4-
N retention. In rivers receiving effluents, nitrification (i.e., NH4-N
oxidation) has been noted as an important mechanism of NH4-N
retention (Krasner et al., 2009; Mußmann et al., 2013; Merbt et al.,
2014). In turn, nitrification is not expected in riparian areas due to
predominant anaerobic conditions and the ammonification
process within this zone (Wolf et al., 2013). However, we
found significant effects of the accumulated riparian native
vegetation on increases in NH4-N Vf-net during periods with
low hydrological connectivity (i.e., the dry season), suggesting an
influence of riparian vegetation on nutrient retention. Riparian
vegetation has already been described as an important driver of
nutrient retention in natural streams as leaf litter during early fall
and winter may increase water transient storage zones and
promote the interaction between stream biota and fresh
organic matter, affecting processes such as ecosystem
respiration (Silva-Junior et al., 2014) and nitrification (Bernal
et al., 2012). However, the effects of leaf litter on water quality in
urbanized rivers are not fully understood (but see Duan et al.,
2014). Likewise, more studies are needed for understanding the
interactions between riparian vegetated areas and receiving rivers
that may influence NH4-N retention.

Implications for River and Land Use
Management
Our study encompassed rivers receiving WWTP inputs and
spanning a gradient of land use in the riparian area. We
observed that WWTP inputs had a considerable effect on river
nutrient processing with potential implications for downstream
nutrient exports, which has already been observed in other
studies (Martí et al., 2004; Gücker et al., 2006; Figueroa-Nieves
et al., 2016; Bernal et al., 2020). In our study, the retention
mechanisms that potentially emerged from the surface water
connection with riparian areas determined the role of these areas
as sources or sinks of nutrients (Tockner et al., 1999). However,
further investigations are necessary to confirm the potential
processes governing nutrient retention, focusing on the
controls of the main mechanisms that occur due to the
temporary hydrologic connection in riparian-river systems
subject to high loads of nutrients and carbon. In contrast,
previous studies have already demonstrated the significant

effects of land use in the watershed on nutrient concentrations
across the river networks with urbanization related to increased
nutrient concentrations, potentially due to urban runoff and
illegal/unregulated sewage discharges (Tromboni and Dodds,
2017). Additionally, vegetation in riparian areas may act as a
buffer preventing nutrient inputs from reaching the river network
(see Meynendonckx et al., 2006; Dosskey et al., 2010; Lupon et al.,
2017), or as a hotspot for nutrient processing controlled by the
hydrological connectivity with the main river (Covino, 2017), as
also suggested by our results. The benefits provided by the
vegetation in riparian zones in maintaining water quality (by
inducing new biogeochemical processes of nutrient retention and
buffering nutrient loads from the drainage area) are thus
noteworthy in rivers subject to both point and non-point
sources of pollution, such as the ones we considered in our
study. Despite their direct influences on nutrient processing, as
riparian systems become more established with increasingly
stable and robust vegetation, the quality and quantity of soil
carbon increases, accelerating microbial activity and nutrient
removal (McMillan and Noe, 2017). Nowadays, the
conservation of riparian vegetation is especially critical in
Brazil as the most recent Forest Code implies reductions in
the legal requirements for maintaining both permanent
protection areas and legal reserve areas. Important changes in
the legal framework also include the exclusion of the permanent
protection area class “hill tops” and the reduction of buffer strip
width for small rivers.

Our results are also important from a water resources
management perspective because they may contribute to
global nutrient exportation models in larger watersheds
(Kroeze et al., 2012). In general, such models usually focus on
non-point pollution sources such as urban and agriculture runoff
influencing retention and transport of nutrients along river
networks (but see Mayorga et al., 2010). However, studies
have indicated that point sources (e.g., WWTPs effluents) may
also be a relevant driver of nutrient availability and quality
impairment in rivers (Carey and Migliaccio, 2009; Hutchins
et al., 2018). Furthermore, understanding the importance of
riparian areas for river nutrient concentrations can be equally
relevant to global nutrient exportation models. The inclusion of
habitat-specific biochemical reactions such as those occurring in
riparian systems may enhance the reliability and sensitivity of
estimates, incorporating actual process-based data to predict the
fate and transport of solutes affecting overall water quality (e.g.,
Hassanzadeh et al., 2019; Pissarra et al., 2019).

Despite the potential benefits of river-riparian connectivity
indicated by our results, these connections have been impaired in
many landscapes and rivers as a consequence of numerous
circumstances in the last decades (Kondolf et al., 2006). For
instance, flow regulation (i.e., by upstream dams and reservoirs)
has severely decreased flow variability in many systems. In
addition, channelization has eliminated the lateral connectivity
of rivers, especially in urban and agricultural areas. Minimized
flow variability and channelization are expected to create partially
positive effects, especially in urban areas subject to social and
economic losses due to flooding events, but deprive rivers of this
biogeochemically reactive connection. In addition, climate
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change has increasingly altered the frequency of extreme and
severe events such as drought or heavy rainfall leading to the
modification of hydrological regimes of rivers worldwide.
Changes in extreme weather events may pose stronger
threats to ecosystem functioning than global trends and shifts
in average conditions (Jentsch and Beierkuhnlein, 2008). Under
this scenario, the likelihood of the river reconnecting to the
riparian area becomes increasingly improbable in both small
and high order systems (Wollheim et al., 2008; Wohl and
Beckman, 2014) with implications at the ecosystem level. For
instance, many aquatic systems require high flow events with
overbank flooding to transport sediment, maintain high
groundwater levels, and sustain floodplain surface-water
bodies (see flood pulse concept; Junk et al., 1989).
Disconnecting rivers and riparian areas can lead to the loss
of retention capacity with substantial implications for the
downstream transport of water, sediment, organic material,
and nutrients, particularly in watersheds with various
pollution sources along the drainage network. In summary,
the disconnection of rivers and riparian areas coupled with
climate change can become a challenge for restoring riparian
areas and rivers receiving inputs from WWTPs. Restoration
strategies should aim to reconstruct this critical reactive
connection as well as flow dynamics (Palmer and Ruhi, 2019)
in rivers worldwide to increase their capacity to retain nutrients
and maintain other ecosystem functions.

Our study suggested that high nutrient loads from WWTP
effluents could be either attenuated or exacerbated depending on
the type of land cover in the riparian zones. Biogeochemical
processes such as denitrification and P release, for example, may
be influenced by nutrient and DOC inputs which are directly
associated with the technologies used in the WWTP
(i.e., secondary and tertiary treatment). Direct measurements
of denitrification rates and other mechanisms are fundamental
next steps to confirm the importance of riparian zones for
nutrient retention in the studied tropical rivers. The different
patterns observed in our study for NH4-N versus NO3-N and SRP
concerning hydrological connectivity also indicated that the
treatment technology could influence the processing of N in
the receiving systems. For example, anaerobic biological
treatment (e.g., UASB reactors) tends to release more NH4-N,
whereas aerobic treatment (i.e., activated sludge) tends to release
more NO3-N to the receiving watercourses (Metcalf and Eddy,
2016). Additionally, water bodies may have a relatively low
capacity to deal with excess nutrients from point-source inputs
(e.g., Gücker and Pusch 2006), and downstream export of
nutrients could become especially relevant during low flow
periods or severe nutrient discharge episodes. Similarly,
WWTP management strategies should aim to increase the
self-purifying capacity of the receiving rivers, considering
environmental aspects, ethics, and legal constraints.

In summary, we argue that riparian areas are potentially
related to decreasing nutrient concentrations downstream of
WWTPs. Hydrological connectivity appeared to play a role in
nutrient dynamics as the temporary water connection may
import river compounds to be processed into the riparian
areas. Both the riparian biogeochemical properties and

characteristics of river water can determine the role of riparian
areas as a sink or sources of nutrients to the water column and the
consequential retention or export of nutrients. Furthermore, the
consequences of such temporary connections may exceed those
of pure mixing effects between riparian and main channel water
and may even lead to long-term downstream eutrophication due
to internal loading effects in both riparian and river systems. To
understand the implications of hydrological connectivity for the
water quality of highly impacted water bodies, especially those
receiving effluents, further studies are needed focusing on the
impact of river water pulses on benthic biogeochemical
processes and the coupling with the water column in riparian
systems.
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The SupplementaryMaterial for this article can be found online at:
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Supplementary Figure 1 | Experimental design and procedures of the present
study. (A) Details of the spiraling metrics (SW-net and Vf-net, net uptake length and
net uptake velocity, respectively) calculated below each WWTP; and (B) estimation
of land use in the riparian area between sampling sites. See the Methods section for
more details. Qn: discharge at the sampling site n; 1 to n: sampling sites; x:
downstream distance from the WWTP; Cx: nutrient concentration at sampling
site of interest; C1: nutrient concentration at the first sampling site below WWTP;
k: first-order uptake coefficient; Sw-net: net uptake length; Vf-net n: net uptake
velocity at the sampling site n, wn: wetted width at the sampling site n; ARPn:
accumulated percent of upstream land use in the 100-m buffer (from WWTP to the
sampling site of interest) at the sampling site n.
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