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Abstract  1 

Wastewater treatment plant (WWTP) effluents alter stream water chemistry and metabolic 2 

activity. Yet, essential aspects influencing the biogeochemical response of receiving 3 

streams such as hydrology and diel oscillations of light and temperature remain largely 4 

unexplored. We measured day vs night water chemistry and in-stream net nutrient uptake 5 

velocity (Vf) in an intermittent forested stream, upstream and downstream of a WWTP 6 

effluent under contrasting hydrological conditions. The WWTP effluent negatively 7 

influenced stream water chemistry, especially during the dry period. Despite large diel 8 

oscillations in light inputs, day-night differences in nutrient and oxygen concentrations 9 

were small, suggesting that heterotrophic respiration drove stream metabolism with a minor 10 

contribution of gross primary production. The magnitude of Vf was similar between day and 11 

night at the two reaches. Yet, at the downstream reach, in-stream net DIN uptake occurred 12 

more often at night, and values of Vf for ammonia and nitrite indicated enhanced in-stream 13 

nitrification. The two reaches showed a small capacity to retain DIN and soluble reactive 14 

phosphorus from the water column. Positive values of in-stream net nutrient uptake (i.e. 15 

uptake > release) occurred mostly during the dry period, highlighting that in-stream 16 

biogeochemical processing can contribute to improve water quality in streams receiving 17 

point-sources effluents in regions with low water availability.  18 
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1. Introduction 20 

Point sources such as wastewater treatment plant (WWTP) effluents are sources of 21 

particulate and dissolved organic carbon, nutrients, exogenous bacteria, microplastic, and 22 

other emergent contaminants to the receiving streams (Martí et al., 2004; Meng et al., 2013; 23 

Merbt et al., 2015; Carr et al., 2016; Aubertheau et al., 2017). These inputs largely alter 24 

stream water chemistry and ecosystem functioning from organic matter decomposition and 25 

community structure to stream metabolic and biogeochemical activity (Gucker et al., 2006; 26 

Ruggiero et al., 2006; Romero et al., 2019). The impact of sewage effluents on stream 27 

functioning can be especially noticeable in semiarid and Mediterranean regions where 28 

streams have low dilution capacity (Martí et al., 2004; Arnon et al., 2015). Thus, improved 29 

understanding of the impacts WWTP effluent inputs have on stream functioning as a 30 

function of hydrological conditions is crucial for better water resource management of 31 

urban and semi-urban areas in water limited regions. 32 

WWTP effluent inputs can strongly alter the ability of receiving streams to transform, 33 

retain, and remove nutrients from the water column, thus altering their self-purifying 34 

capacity, which is an essential ecosystem service. Excess nutrient loads contribute to the 35 

decreased efficiency of biota to take up dissolved inorganic nitrogen (DIN) and soluble 36 

reactive phosphorus (SRP) (Newbold et al., 2006; Merseburger et al., 2011; Martí et al., 37 

2004). Moreover, the receiving streams can experience large shifts in nutrient cycling. For 38 

instance, streams can become hot spots of nitrification as a consequence of increased 39 

ammonia (NH4
+
) concentrations and large inputs of exogenous nitrifying bacteria from 40 

activated sludge (Mussmann et al., 2013; Merbt et al., 2015; Bernal et al., 2018). Yet, the 41 

potential impact of WWTP effluents on stream water chemistry is highly dependent on the 42 
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hydrological regime and the dilution capacity of the receiving stream (Keller et al., 2013). 43 

Hydrology influences the impact of in-stream biogeochemical processes on stream water 44 

chemistry, especially in low discharge streams, because in-stream self-purifying capacity 45 

rather than dilution becomes an important controlling factor of water quality in the 46 

receiving stream. 47 

Moreover, predominant in-stream biogeochemical processes can shift depending on the 48 

time of the day. During daytime, light activates gross primary productivity and associated 49 

assimilation of DIN and soluble reactive phosphorus (SRP) by stream photoautotrophs 50 

(Heffernan and Cohen, 2010; Cohen et al., 2013). Concordantly, stream nutrient 51 

concentrations can decrease up to 20% during daytime as a consequence of gross primary 52 

productivity and photoautotrophic uptake (e.g., Lupon et al., 2016). The activity of 53 

chemoautotrophs can also exhibit contrasting patterns between day and night. For instance, 54 

Gammons et al. (2011) showed that nitrification rates in an urban stream were higher 55 

during daytime as a consequence of higher water temperatures and higher DO 56 

concentrations, while declines in nitrate concentration associated with denitrification have 57 

been reported either during the day (Laursen and Seitzinger, 2004) or the night (Harrison et 58 

al., 2005) depending on diel oscillations in pH and redox conditions. Therefore, the 59 

biogeochemical processing capacity of WWTP-influenced streams may vary between day 60 

and night as a consequence of diel oscillations of the environmental drivers controlling in-61 

stream biological activity. This day-night differences could have important implications for 62 

water quality in urban streams, especially during low dilution periods when in-stream 63 

biogeochemical processes could become more important. Yet, most of the available studies 64 

have been conducted during daytime, and thus overlook differences in biogeochemical 65 
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processing during nighttime despite evidence that changes in the light regime, dissolved 66 

oxygen concentrations, and temperature can influence in-stream biological activity (e.g. 67 

Heffernan and Cohen, 2010; Gammons et al., 2011).  68 

The objective of this study was to investigate the influence of a WWTP effluent on stream 69 

water chemistry and in-stream biogeochemical processing rates in an intermittent 70 

Mediterranean stream, and how this influence changed depending on stream’s dilution 71 

capacity and time of the day. We compared water physicochemistry between two reaches, 72 

upstream and downstream of the WWTP effluent, and calculated day and night in-stream 73 

net nutrient uptake rates derived from longitudinal changes in nutrient concentration during 74 

two contrasting hydrological periods (dry vs wet). Moreover, we continuously monitored 75 

light inputs and stream water temperature in order to assess whether these environmental 76 

variables influenced the day-night response of the receiving stream to WWTP effluent 77 

inputs. We expected the WWTP effluent to have a large influence on stream water 78 

chemistry, and thus large differences between the upstream and downstream reaches, 79 

especially during the dry period. Moreover, we expected that differences in light and 80 

temperature between day and night would induce changes in in-stream net uptake rates, and 81 

that these changes would be especially noticeable when these environmental drivers 82 

experience high day-night variation. Finally, we expected that differences between day and 83 

night patterns would be magnified during the dry period, when the dilution capacity of the 84 

receiving stream is low and WWTP effluent inputs can have a major impact on stream 85 

water chemistry and on the magnitude of in-stream biogeochemical processing. 86 

2. Material and Methods 87 
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2.1. Study site and sampling design 88 

The study was conducted in La Tordera, a 3
rd

 order stream draining 80 km
2
, which is 89 

located northeast of Barcelona (Spain), in the vicinity of the village of Sta. Maria de 90 

Palautordera WWTP (lat 41°41ʹ3.47ʹʹN, long 2°27ʹ33.19ʹʹW). This is the first of the six 91 

WWTPs discharging along La Tordera mainstream with eventual export to the 92 

Mediterranean Sea. The WWTP lacks tertiary treatment, and therefore supplies relatively 93 

high NH4
+
 and NO3

–
 concentrations to the receiving stream. The discharge of this WWTP 94 

effluent is fairly constant over time averaging 27 L/s (Merseburger et al., 2005). 95 

In order to explore the influence of the WWTP effluent input on stream water chemistry 96 

and in-stream biogeochemical uptake rates, we selected two reaches, which were located 97 

upstream and downstream of the WWTP input. The upstream reach was 750-m long and 98 

ended 800-m upstream of the WWTP effluent input. The downstream site was 850-m long 99 

and started 100-m downstream of the WWTP effluent input. The 2 reaches had similar 100 

streambed substrate composition characterized by rocks (10%), cobbles (60%), gravels 101 

(15%), and fine sediments (15%), and were flanked by a dense canopy of riparian trees and 102 

areas of sparse vegetation (ca. 15% of each reach). Mean annual stream discharge is 267 ± 103 

115 L/s (Merseburger et al., 2005). The hydrological regime upstream of the WWTP 104 

effluent is typical of an intermittent Mediterranean stream and it completely dries for 105 

several weeks during summer. 106 

2.2. Field measurements and laboratory analyses 107 

We sampled every 100 m along the upstream and downstream reaches (7 and 8 sampling 108 

sites, respectively). Samplings were done every 2 months from September 2016 to October 109 
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2017 (n = 8 sampling dates). At each sampling site, we collected stream water (from the 110 

thalweg) with pre-acid-washed polyethylene bottles after triple-rinsing them with stream 111 

water. At each sampling site, we also measured stream water electrical conductivity (EC, in 112 

S/cm) with a WTW 3310 sensor, dissolved oxygen concentration (DO, in mg/L) and 113 

water temperature (T, in ºC) with a YSI ProODO device and wetted width (w, in m).  The 114 

average w for all sampling locations was used to provide a mean value for the reach. 115 

Stream discharge (Q, in L/s) was measured with the cross-sectional method at the top of 116 

each reach that consists of measurements of velocity and depth across a representative 117 

cross-sectional transect (Gordon et al., 2004). 118 

In order to capture differences in in-stream biogeochemical processing between day and 119 

night, physicochemical characterization and longitudinal sampling were conducted twice 120 

during each sampling date, at dawn and during the afternoon. Depending on the sampling 121 

date, the dawn sampling start time ranged from 4:00 am to 6:30 am, while the afternoon 122 

sampling start time ranged from 2:00 pm to 3:30 pm. The upstream and downstream 123 

longitudinal transects were conducted on consecutive days at similar sampling times to 124 

ensure data comparison. On each sampling date, EC, DO, and T were measured at the 125 

WWTP effluent and a water sample was collected for posterior analysis. 126 

Finally, we recorded light inputs and air temperature every 20 min with 5 HOBO pendant 127 

sensors (HOBO Pendant
® 

UA-002-64) along the riparian forest of the 2 study reaches (2 128 

and 3 sensors at the upstream and downstream reach, respectively). The recorded data from 129 

the 5 sensors were averaged to calculate daily photosynthetically active radiation (PAR, in 130 

mols/m
2
/d) and assess diel oscillation of air temperature for the study period.  131 
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Water samples were filtered through pre-ashed GF/F filters (Whatman ®) and kept cold (< 132 

4ºC) until laboratory analysis. Concentrations of NO3
-
, NH4

+
, and nitrite (NO2

-
) were 133 

analyzed following standard colorimetric methods (APHA, 1995) on an autoanalyzer 134 

(FUTURA, Frepillon, France) at the Analytical Technical Services of the Institute of 135 

Marine Sciences (ICM-CSIC).  136 

2.3. Calculation of in-stream net nutrient uptake rates 137 

For each sampling date and stream reach, we calculated in-stream net nutrient uptake rates 138 

from the longitudinal profile in ambient nutrient concentration following the spiraling 139 

method described by von Schiller et al. (2011). For each nutrient, we estimated the net 140 

uptake coefficient per unit of reach length (k, in 1/m) using the 1
st
 order equation: 141 

        
   

     
     ,       (Eq. 1) 142 

where C is stream water ambient nutrient concentration (in mg N/L or mg P/L) at the top of 143 

the reach (top) and at each sampling location along the reach (x, in m). We calculated k as 144 

the slope from the regression between the natural logarithm of stream water nutrient 145 

concentration, corrected by EC, and the downstream distance (x) after linearizing Eq. 1. We 146 

used k to calculate net uptake velocity (Vf, in mm/min), which is considered a proxy of 147 

nutrient demand by biota (Wollheim et al., 2016), as follows:  148 

        ,           (Eq. 2) 149 

where Q is stream discharge and w is average wetted width for the study reach. The net Vf 150 

integrates nutrient uptake and release processes occurring along the reach and can be 151 

positive (uptake > release), negative (uptake < release), or 0 (uptake ~ release) depending 152 
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on the value of k. For each longitudinal sampling, we estimated an upper and lower limit of 153 

Vf based on the 95% confidence interval of k. We assumed that Vf was indistinguishable 154 

from 0 (uptake ~ release) when its confidence interval contained 0 (von Schiller et al. 155 

2011).  156 

2.4. Data analysis 157 

We calculated the dilution factor (DF, in %) to explore the influence of the WWTP effluent 158 

on stream water chemistry and in-stream biogeochemical processing at the downstream site 159 

under contrasting hydrological conditions. For each sampling date, the DF was calculated 160 

with:  161 

         
             

           
       (Eq. 3) 162 

where EC is the electrical conductivity at the top of the downstream reach (down), the 163 

WWTP effluent (WWTP), and 10 m upstream of the WWTP effluent (up). Based on 164 

previous work, we considered DF = 40% as the threshold value to separate sampling dates 165 

between dry and wet periods (Keller et al., 2013; Romero et al., 2019). The 4 sampling 166 

dates conducted from June to early October fall within the dry period (i.e., DF < 40%), 167 

while the 4 campaigns conducted from late October to mid-April fall within the wet period 168 

(i.e., DF > 40%). 169 

We examined the influence of the WWTP effluent on the physicochemistry (Q, T, EC, DO, 170 

and nutrient concentrations) of the receiving stream and how it varies under different 171 

hydrological conditions, by conducting a two-way analysis of variance (ANOVA) using 172 

water body (upstream reach, downstream reach, WWTP effluent) and period (dry vs wet) 173 

as factors. Data collected during night and day were pooled together and mean values 174 
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measured along each reach were used for each sampling date. We used post hoc Tukey’s 175 

test to identify which groups differed from each other (Zar, 2010). We used Shapiro-Wilk 176 

test to check the normality of the residuals and log10(x)-transformed variables to fulfill 177 

normality requirements if needed. We used Spearman  correlations to further explore the 178 

influence of stream discharge on Vf. 179 

Differences between day and night measurements during the study period were explored at 180 

each reach and for each variable (T, EC, DO, mean nutrient concentrations) by applying 181 

Wilcoxon paired tests. Moreover, we used Wilcoxon sum ranked tests to explore 182 

differences in Vf between reaches, periods, and time of the day. For Vf, ANOVA and 183 

Wilcoxon paired tests could not be applied because the data sets contained many zeros. 184 

Finally, we calculated for each nutrient the proportion of Vf > 0, Vf < 0, and Vf = 0 for each 185 

study reach, period, and time of the day. We tested whether the proportions were 186 

statistically different from the others by using contingency-table analyses (Zar, 2010). 187 

Differences between groups of variables were considered statistical significant if p < 0.05. 188 

All statistical analyses were conducted with R (version 3.2.2; R project for Statistical 189 

Computing, Vienna, Austria). 190 

3. Results and Discussion 191 

3.1. Temporal variation of discharge, light and temperature 192 

The upstream reach showed an intermittent hydrological regime, with no running water for 193 

a 13-week period (from the 15
th

 of June to the 13
th

 of September of 2016). In contrast, the 194 

downstream reach was perennial due to the year-round water supplied by the WWTP 195 

effluent (Figure 1a). The two summer field samplings (13
th

 of September of 2016 and 2
nd

 of 196 
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August of 2017) were, thus, conducted only at the downstream site, when the upstream 197 

reach was dried and the dilution capacity of the receiving stream was 0%. During these two 198 

sampling dates, stream Q at the downstream reach averaged 14.7 ± 12.5 L/s [mean ± 199 

standard error], and was mostly driven by the input from the WWTP effluent. This human-200 

induced shift in the hydrological regime is typical of intermittent streams receiving point 201 

sources, and disrupts the temporal patterns of water and solute fluxes (Bruesewitz et al., 202 

2017). Stream Q at the downstream reach was usually lower than discharge at the WWTP 203 

effluent (ca. 27 L/s) likely because the stream was losing water and groundwater inputs 204 

were minimal. This explanation was corroborated by a parallel study in which we installed 205 

8 near-stream piezometers (70-cm deep) along the same study reach. During the dry period, 206 

almost all piezometers dried up suggesting small lateral groundwater inputs to the stream. 207 

During the wet period, however, Q was relatively high and similar between the upstream 208 

and downstream reaches, 461.1 ± 148.7 and 681.2 ± 287.9 L/s respectively (Wilcoxon rank 209 

sum test, n = 4, p > 0.05). The dilution factor at the downstream reach averaged 93.2 ± 2% 210 

(Figure 1b), a value similar to those reported for WWTP-influenced streams in humid 211 

regions (Keller et al., 2013).  212 

Light inputs followed a clear seasonal pattern which was similar between the two study 213 

reaches. Maximum daily PAR was recorded in late winter and spring when it reached > 10 214 

mol/m
2
/day (Figure 1c). This value is well above the 4 mol/m

2
/day threshold below which 215 

in-stream gross primary production is assumed to be light limited (Hill et al., 1995). In 216 

contrast, leaf out of riparian trees during summer and early autumn significantly decreased 217 

light inputs to the stream which drop down to < 5 mol/m
2
/day (Figure 1c). 218 
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Stream water temperature followed the expected seasonal pattern with lower values in 219 

winter and higher in summer, regardless of the stream reach considered. However, seasonal 220 

variation was more accentuated at the downstream reach, where water temperature reached 221 

up to 25 ºC in summer (Figure 1d). These high temperature values were a consequence of 222 

both high water temperature of WWTP effluent inputs (24.9 ± 0.6 ºC, n = 8) (Figure 2a) 223 

and low dilution capacity of the receiving stream (Figure 1b). The two reaches showed 224 

higher temperature during daytime (for the two reaches, Wilcoxon paired test, p < 0.05). 225 

Yet, diel oscillation in stream water temperature was more noticeable from spring to early 226 

autumn, with mean night temperatures 5 ºC lower than daytime.  227 

3.2. Influence of WWTP effluent inputs on stream water physicochemistry  228 

3.2.1. Differences between dry and wet periods 229 

The influence of the WWTP effluent on stream water chemistry was more accentuated 230 

during the dry period when the dilution capacity of the receiving stream was < 40%. Stream 231 

DO concentration dropped below 5 mg/L and was significantly lower than DO measured at 232 

the upstream reach during the same period (Table 1 and Figure 2c). Such oxygen depletion 233 

was likely because of high respiration rates, which could be induced by the accumulation of 234 

organic matter during low flow periods (Arroita et al., 2019). For instance, Ruggiero et al. 235 

(2006) reported a 10-fold increase in ecosystem respiration downstream of a WWTP 236 

effluent input, which was related to several-fold increases in stream DOC concentration.  237 

High water temperatures and high nutrient concentrations also have a positive effect on 238 

heterotrophic activity (Demars et al. 2011; Song et al., 2018; Kominoski et al., 2018), and 239 

thus, these factors may further contribute to enhance oxygen depletion downstream of the 240 

WWTP effluent during the dry period.  241 
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 242 

 243 

During the dry period, the downstream reach showed higher EC, NH4
+
, NO2

-
, and SRP 244 

concentrations than the upstream reach year-round (Table 1). This result is consistent with 245 

previous studies conducted in the same stream (Merseburger et al., 2011). The most 246 

extreme differences were found for NH4
+
 and SRP concentrations that were 100-fold higher 247 

at the downstream reach. For NO2
-
, downstream concentrations could be even higher than 248 

at the WWTP effluent (Figure 2e), suggesting additional sources of NO2
- 

such as 249 

groundwater inputs or in-stream NO2
- 

production. Given that almost all near-stream 250 

groundwater wells dried up during summer and that groundwater NO2
-
 concentrations were 251 

usually < 0.02 mg N/L (unpublished data), in-stream production is the most feasible 252 

explanation for the high NO2
-
concentrations measured at the downstream reach. For EC, 253 

NH4
+
, and SRP, values measured at the downstream reach were similar to those in the 254 

WWTP effluent (Figure 2), confirming that the effluent was the main source of these 255 

solutes during the dry period. In contrast, there were small differences in NO3
-
 256 

concentration between the two reaches highlighting that upstream sources were an 257 

important source of this nutrient (Figure 2f). 258 

During the wet period, the influence of the WWTP effluent on stream water chemistry was 259 

still noticeable, but differences between the two reaches were smaller (Figure 2, right 260 

panels). The concentrations of NH4
+
, NO2

-
, and SRP at the downstream reach were ca. 10-261 

fold higher than at the upstream reach but lower than at the WWTP effluent. (Table 1 and 262 

Figure 2). Yet, DO concentrations were relatively high (> 9 mg/L) and similar between the 263 

two reaches suggesting that the impact of the WWTP effluent inputs on stream metabolic 264 
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activity was lower during the wet period. These results highlight that receiving streams are 265 

less vulnerable to contaminant sources when their dilution capacity is high (> 40%), while 266 

they become more sensitive to point-source inputs as discharge decreases. Similar 267 

conclusions have been draw in other streams experiencing severe drought periods such as 268 

the Bush River in South Carolina (Andersen et al., 2004) and the Aransas river in Texas 269 

(Bruesewitz et al., 2017). 270 

3.2.2. Differences between day and night 271 

We found no differences in either DO or nutrient concentration between day and night at 272 

the upstream, nor at the downstream reach (in all cases Wilcoxon paired test, p > 0.05). The 273 

only exception was SRP at the downstream reach, which was 17% lower during nighttime 274 

(0.75 ± 0.22 vs 0.64 ± 0.17 mg P/L) (Wilcoxon paired test, V = 35, n = 8, p = 0.015). This 275 

diel pattern cannot be attributed to differences in the chemical signature of the WWTP 276 

effluent that showed similar SRP concentrations between day (1.28 ± 0.13 mg P/L, n = 8) 277 

and night (1.31 ± 0.14 mg P/L, n = 8). Moreover, it is uncommon to observe day-night 278 

variations associated with stream metabolic activity for SRP but not for NO3
-
 (Cohen et al., 279 

2013). Further studies are needed for understanding drivers of day-night variation of SRP 280 

concentrations, and potential links with diel oscillations in pH, cations, or metals (e.g., 281 

Nimick et al., 2011). 282 

The lack of day-night variation in DO and stream nutrient concentrations suggests small 283 

changes in in-stream metabolic activity and nutrient cycling between day and night, or at 284 

least, a small influence of those processes on stream water chemistry. Previous studies 285 

suggest that this would be the expected pattern when nutrients are not limited and nutrient 286 

supply exceeds demand (Covino et al., 2018). This could be the case for the downstream 287 
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reach where stream N and P concentrations were high as a consequence of WWTP effluent 288 

inputs. Following the same rationale, one would expect a major impact of in-stream 289 

metabolic and biogeochemical activity on stream water chemistry at the upstream reach, 290 

and thus, measurable changes in stream nutrient concentrations between day and night. For 291 

instance, NO3
-
 concentrations can decrease up to 20% during the day as a consequence of 292 

photoautotrophic uptake in low impacted streams (Lupon et al. 2016; Cohen et al., 2013). 293 

Similarly, stream SRP concentrations can also show marked diel cycles associated with 294 

gross primary productivity as reported in the pristine Florida springs (Cohen et al., 2013). 295 

However, we did not observe this phenomenon, not even during the field campaigns 296 

conducted during the dry period when the role of in-stream processes on stream water 297 

chemistry was likely enhanced because of low lateral inputs. 298 

A plausible explanation for the lack of day-night variations in stream DO concentrations at 299 

the two study reaches is that gross primary productivity was a small component of stream 300 

metabolism, and therefore had a small influence on concomitant nutrient uptake. This 301 

pattern is typical of headwater forested streams with a marked heterotrophic regime as a 302 

consequence of large leaf litter inputs and small light availability (e.g., Acuña et al., 2004; 303 

Lupon et al., 2015; Bernhardt et al., 2018). Yet, additional factors might be limiting the 304 

activity of photoautotrophs at the study stream given that our data set included three dates 305 

during which PAR was high enough (> 4 mols/m
2
/d) to ensure the activity of 306 

photoautotrophs. At the downstream reach, chronic organic matter supply by the WWTP 307 

effluent likely enhanced heterotrophic respiration over gross primary productivity. This 308 

idea is concordant with previous studies showing that heterotrophic respiration often 309 

constitutes the majority of in-stream metabolism in urban streams receiving WWTP 310 
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effluent inputs (Ruggiero et al., 2006; Arroita et al., 2019). Moreover, the lack of day-night 311 

variations in DO and nutrient concentration at the two study reaches suggests that 312 

heterotrophic respiration and in-stream nutrient processing were of similar magnitude 313 

between day and night. Following this line of thought, González-Pinzón et al. (2016) found 314 

similar respiration rates between day and night in a pristine highly heterotrophic stream 315 

which was attributed to the fact that most of the heterotrophic activity occurred in the 316 

hyporheic zone where diel fluctuations of temperature and solar radiations are attenuated. 317 

There are still few studies focused on diel oscillations of DO and nutrient concentrations at 318 

fine-scales in WWTP receiving streams. Research in this direction is needed for shedding 319 

light on how these point sources alter stream metabolism and associated in-stream nutrient 320 

uptake in urban streams. 321 

3.3. Influence of WWTP effluent inputs on in-stream net uptake velocity 322 

3.3.1. Differences between dry and wet periods 323 

For a given nutrient, differences in the magnitude of Vf were small between the two reaches 324 

as well as between hydrological periods within each reach. However, the direction of 325 

longitudinal changes in concentration resulting in positive, negative, or null Vf varied 326 

depending on the nutrient and hydrological period. For NH4
+
, all longitudinal profiles 327 

conducted at the upstream reach showed Vf  ≤ 0 during the dry period (Figure 3a), and 328 

mean values of Vf  were negative (-0.23 ± 0.13 mm/min) (Figure A1). In contrast, in-stream 329 

NH4
+
 uptake at the downstream reach predominated over release because 62% of the 330 

longitudinal profiles (5 out of 8 cases) showed Vf > 0 (Figure 3b), and mean values of Vf 331 

were positive (0.33 ± 0.17 mm/min) (Figure 4a). Yet, differences in Vf for NH4
+
 between 332 

the two reaches were only marginally significant (Wilcoxon test, p = 0.059), likely because 333 
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the variability of Vf was high and the number of samples was low (n = 4 and 8, for the 334 

upstream and downstream reaches, respectively). High temporal variability in in-stream 335 

nutrient cycling has already been documented for Mediterranean streams, and is usually 336 

attributed to large changes in standing stocks of biomass and particulate organic matter 337 

compartments as a consequence of the highly variable hydrological regime (Ruggiero et al. 338 

2006; Martí et al., 2004; Merseburger et al., 2011). 339 

During the wet period, longitudinal profiles conducted at the upstream reach consistently 340 

showed Vf ~ 0 for NH4
+
 (i.e. release ~ uptake) (Figure 3c). At the downstream reach, mean 341 

Vf for NH4
+
 was negative (-1.55 ± 1.23 mm/min, n = 8) (Figure 4a), though the direction of 342 

longitudinal changes in stream NH4
+
 concentration did not show a consistent pattern. 343 

Uptake and release counterbalanced the other (Vf ~ 0) in 63% of the cases, and only 13% of 344 

the cases showed positive values of in-stream net NH4
+
 uptake (Vf > 0) (Figure 3d). This 345 

result contrasts with the prevalence of NH4
+
 uptake observed at the downstream reach 346 

during the dry period, and suggests more diverse pathways of in-stream NH4
+
 cycling 347 

during the wet period at the receiving stream.  Moreover, our results indicate that, despite 348 

chronic N supply, the receiving stream is still able to biologically process NH4
+
 arriving 349 

from the WWTP effluent, especially during the dry period when hydrological conditions 350 

favor solute-biota interactions. Concordantly, Bernal et al. (2018) showed that mature 351 

stream biofilms from the downstream reach are capable to increase both NH4
+
 assimilatory 352 

uptake, and NH4
+
 oxidation rates with increases in NH4

+
 availability. The increase in NH4

+
 353 

uptake during the dry period could also be explained by changes in the bacterial community 354 

composition associated with sustained low flow periods (Romero et al., 2019).  355 
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For NO2
-
, in-stream release usually predominated over uptake (Figure 3), though 356 

differences in the proportion of Vf responses (positive, negative, null) between the upstream 357 

and downstream reaches were statistically significant (contingency-table, p = 0.016). At the 358 

upstream reach, 75% of the longitudinal profiles showed Vf < 0 during the dry period (Figur 359 

e 3a), while this percentage decreased to 15% during the wet period (Figure 3c). In contrast, 360 

in-stream NO2
-
 release was consistent at the downstream reach during the two study 361 

periods, and 63% of the longitudinal profiles showed Vf < 0 (Figure 3b and d). There were 362 

differences in the magnitude of Vf for NO2
-
 between the two reaches, especially during the 363 

wet period when Vf was more negative downstream (-9.2 ± 3.4 mm/min, n =8) than 364 

upstream (-0.6 ± 0.6 mm/min, n = 8) (Wilcoxon rank sum test, p = 0.02). In contrast, there 365 

were no statistical significant differences in the magnitude of Vf between the two reaches 366 

during the dry period, when mean Vf for NO2
-
 equaled -0.25 ± 0.16 mm/min (n = 12). These 367 

results contrast with the expectation that differences in nutrient processing between the two 368 

reaches should be more noticeable under low flow conditions, and suggest that in-stream 369 

NO2
-
 production was a predominant process, and that environmental conditions at the 370 

receiving stream favor in-stream NO2
-
 production even during the wet period.  371 

For NO3
-
, statistically significant longitudinal profiles were rarely observed, meaning that 372 

in-stream uptake and release usually counterbalanced the other (Vf ~ 0). This pattern was 373 

consistent between the two reaches, and could be partially explained by the relatively high 374 

stream NO3
-
 concentrations (~ 2 mg N/L) which likely screened any potential change in 375 

NO3
-
 concentration associated with biological activity. The exception was observed at the 376 

downstream reach during the dry period when 50% of the longitudinal profiles showed in-377 

stream NO3
-
 release (Vf < 0) (Figure 3b), and Vf  for NO3

-
 averaged -0.18 ± 0.07 mm/min (n 378 



18 
 

= 8) (Figure 4c). This result together with the inverse pattern observed for Vf between NH4
+
 379 

and NOx
-
 (i.e., NO2

-
 and NO3

-
) suggests that in-stream nitrification was important along this 380 

reach during the dry period. This finding supports previous studies showing that in-stream 381 

nitrification can represent up to 90% of whole-reach NH4
+
 uptake in this WWTP-impacted 382 

stream (Bernal et al., 2017). The receiving stream becomes a control point for nitrification 383 

because of both high NH4
+
 effluent inputs and colonization of stream biofilms by nitrifying 384 

bacteria from the WWTP active sludge (Mussmann et al., 2013; Merbt et al., 2015; Bernal 385 

et al. 2017). The same pattern has been reported in other WWTP-influenced streams 386 

worldwide (Cebron et al., 2003; Gammons et al., 2011), suggesting that this shift towards 387 

increased nitrification could be a common trend in streams receiving WWTP effluent 388 

inputs. Furthermore, we found that in-stream NO2
-
 release increased with increasing stream 389 

discharge (Figure 4b), highlighting that nitrifiers can be active even during relatively high 390 

flows (i.e. Q > 100 L/s). In contrast, NO3
-
exhibited Vf ~ 0 at the downstream reach during 391 

high discharges (Figure 4c), likely because longitudinal changes in NO3
- 

concentration 392 

associated with in-stream processing were too small compared to the supply of NO3
-
 from 393 

upstream sources. This finding suggests that NO2
-
 could be a better indicator of stream 394 

nitrification than NO3
-
, especially in high N loaded streams, and therefore, it may be 395 

worthwhile to include NO2
-
 measurements in routinely monitoring programs. 396 

Regarding DIN and SRP, changes in concentration along the two reaches were small 397 

regardless of the study period, and in-stream uptake and release counterbalanced the other 398 

in most of the cases. At the upstream reach, all the longitudinal profiles for DIN and SRP 399 

showed no trend (Vf ~ 0), except for one case during the wet period when Vf for SRP 400 

equaled -1.75 mm/min (Figure 3c and Figure A1). These results indicate that the capacity 401 
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of the stream to transitorily retain or permanently remove N and P upstream of the WWTP 402 

effluent inputs was small. At the downstream reach, the stream had a higher capacity to 403 

retain DIN and SRP and exhibited a more complex biogeochemical behavior. For DIN, 404 

58% of the longitudinal profiles showed Vf ~ 0, while 17% showed Vf < 0 (release > 405 

uptake). In 25% of the cases, the downstream reach showed net DIN uptake (Vf > 0). On 406 

average, Vf for DIN at the downstream reach equaled 0.043 ± 0.049 mm/min (n = 16) 407 

(Figure 4d). Noteworthy, the majority of the cases showing Vf ≠ 0 for DIN occurred during 408 

the dry period (Figure 3). For SRP, 87% of the longitudinal profiles showed Vf ~ 0, and 409 

mean Vf at the downstream reach equaled 0.007 ± 0.005 mm/min (n = 16) (Figure 4e). The 410 

cases showing Vf > 0 for SRP (uptake > release) represented 12% of the total, and all 411 

occurred during the dry period (Figure 3b). The fact that cases with Vf ≠ 0 for DIN and SRP 412 

were mostly measured at the downstream reach support the idea that the WWTP effluent 413 

promoted unbalances between nutrient uptake and release in the receiving stream. 414 

Moreover, our results indicate that although the receiving stream had a limited capacity to 415 

retain nutrients, it was still able to retain DIN and SRP to some extent, especially during the 416 

dry period (Figure 4b). 417 

3.3.2. Differences between day and night 418 

There were no differences in the magnitude of Vf between day and night for any of the 419 

study nutrients at the upstream reach (in all cases, Wilcoxon rank sum test, p > 0.05). This 420 

result is concordant with the lack of day-night variation found for DO and nutrient 421 

concentrations, and with the idea that in-stream metabolic activity and biogeochemical 422 

processes occurred mostly in zones where diel oscillations in light and temperature were 423 
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attenuated such as the hyporheos or the dark-side of cobbles (González-Pinzón et al., 2016; 424 

Merbt et al., 2017). 425 

At the downstream reach, Vf < 0 predominated during the day for both NO2
-
 and NO3

-
 426 

(Figure 5). This pattern was consistent over the study period and statistically significant (for 427 

the two solutes contingency-table analysis, p < 0.05). The fact that release of NOx
-
 (NO2

-
 428 

and NO3
-
) predominate over uptake suggests that environmental conditions during daytime 429 

could be more favorable for in-stream nitrification at the receiving stream. This finding is 430 

in line with previous studies reporting higher nitrification during daytime as a consequence 431 

of higher water temperatures and higher DO concentrations (Gammons et al, 2011). 432 

However, in our case, no differences in DO concentrations or in the magnitude of Vf  for 433 

NO2
-
 were detected between day and night. Moreover, previous studies in the same reach 434 

have reported similar NH4
+
 oxidation rates regardless of the time of the day (Bernal et al., 435 

2016). Therefore, the biogeochemical implications of this potential shift in in-stream 436 

nitrification between day and night are likely small in our study stream. 437 

At the downstream reach, there were no day-night variations in the magnitude of Vf, except 438 

for NO3
-
 and DIN that showed positive rates during the night but negative rates during the 439 

day (for the two solutes Wilcoxon rank sum test, p < 0.05) (Table 2). Noteworthy, the cases 440 

showing Vf > 0 for both NO3
-
 and DIN occurred exclusively at night (Figure 5). The net 441 

uptake of NO3
-
 and DIN points toward increases in nighttime denitrification, as previously 442 

reported by Harrison et al. (2005). Nevertheless, the number of cases showing Vf > 0 for 443 

DIN at the downstream reach represented only 37% (3 out of 8) of the total DIN 444 

longitudinal profiles carried out at night. Thus, net DIN uptake was relatively uncommon, 445 

even under suboxic conditions like the ones measured during the dry period at the 446 
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downstream reach. This result suggest that denitrification played a limited role in the N 447 

cycle, challenging the idea that in-stream denitrification in urban streams is high in summer 448 

(Lofton et al., 2007; Ribot et al., 2012). On the contrary, this finding supports previous 449 

research showing that other factors such as carbon availability can limit denitrification in 450 

WWTP-impacted streams (Bruesewitz et al., 2017). In this line of though, experimental 451 

additions of labile carbon in mesocosms and flumes have shown abrupt increases in 452 

denitrification rates in WWTP effluent waters (Ribot et al., 2017; 2019). 453 

 454 

4. Conclusions and Implications 455 

Our results add to the growing body of evidence showing that the hydrology of receiving 456 

streams, and in particular its dilution capacity, is crucial for understanding the impact of 457 

WWTP effluent inputs on stream physicochemistry and biogeochemistry. During wet 458 

periods, the dilution capacity of the receiving stream is usually high (> 40%), and upstream 459 

sources can substantially contribute to dilute WWTP effluent inputs. This dilution pattern 460 

was clearly observed in the receiving stream despite the limited number of samples, and is 461 

consistent with results reported in previous studies in the same reach (Merseburger et al., 462 

2011). However, the dilution of solutes and contaminants becomes a big challenge during 463 

dry periods, a critical point that should be taken into account in environmental regulation 464 

policies.  In order to alleviate the excess of nutrients and other contaminants during low 465 

flows, we propose to consider flexible rather than fixed thresholds for nutrient 466 

concentrations in point-source effluents. If possible, tertiary treatments, additional dilution, 467 
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or a more diffusive input of point-source effluents discharging into the stream would be of 468 

help. 469 

For most of the studied nutrients, we found that uptake and release processes usually did 470 

not counterbalance the other at the receiving stream during the dry period. This result 471 

suggests that the role of in-stream biogeochemical processes at the downstream reach is 472 

magnified during low flows likely because of the limited contribution of upstream and 473 

lateral groundwater sources to stream runoff. During those periods, in-stream nutrient 474 

cycling may become essential for ameliorating nutrient concentrations and export to 475 

downstream ecosystems. In our case, the receiving stream was capable to transform and 476 

modify nutrient concentrations to some extent. The stream became a control point for 477 

nitrification with a high capacity for oxidizing NH4
+
. Yet, its capacity to remove nutrients 478 

from the water column was limited for both DIN and SRP. Noteworthy, we did not find 479 

consistent patterns of in-stream net nutrient uptake at the downstream reach and a particular 480 

nutrient could show Vf > 0, Vf < 0, or Vf ~ 0. This result could be partially explained by the 481 

relatively low number of longitudinal profiles which were conducted under a wide range of 482 

hydrological conditions and during both day and night. Overall, this large variability of in-483 

stream nutrient processing suggests that receiving streams experience complex 484 

biogeochemical pathways as well as large changes in biomass and particulate organic 485 

matter standing stocks. Future empirical studies should be carefully designed in order to 486 

capture this diverse biogeochemical behavior, which is essential if we are to understand the 487 

nutrient processing capacity of streams receiving WWTP effluent inputs.  488 

Sampling at both dawn and afternoon, allowed us to capture limited changes in nutrient and 489 

DO concentrations between day and night. Moreover, we found no statistical differences in 490 
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in-stream net nutrient uptake rates between day and night despite diel oscillations in 491 

temperature and light inputs. The only exception was NO3
-
 and DIN, for which in-stream 492 

net uptake was higher during the night at the downstream reach. Our results contrast with 493 

previous studies showing substantial differences in concentration and dominant 494 

biogeochemical processes between day and night. Despite the limited number of paired 495 

samples (n = 8), similar day-night patterns suggest that primary producers likely played a 496 

small role in the study stream, metabolic activity was mostly driven by heterotrophic 497 

respiration, and biogeochemical activity was mostly occurring in the hyporheos. Moreover, 498 

denitrification likely played a minor role in the N cycle because net DIN uptake was 499 

measured only few times despite both high NO3
-
 and low DO concentrations, especially 500 

during the dry period. The lack of day-night patterns was observed at both the upstream and 501 

downstream reaches, indicating that the intrinsic self-purifying capacity of forested 502 

heterotrophic streams, such as La Tordera, is limited. Therefore, this type of streams may 503 

have a relatively small potential to deal with excess nutrients from point-source inputs, a 504 

handicap that could become especially dramatic during low flow periods or severe 505 

contamination episodes.  Consequently, stream restoration and management strategies 506 

should be aimed to increase the self-purifying capacity of the receiving streams. In highly 507 

heterotrophic streams, as the one studied here, this could be achieved, for instance, by 508 

planting helophytes in islands and stream banks. These long-live stands of primary 509 

producers could take up nutrients from the water column and provide labile carbon from 510 

root exudates and leaf lixiviates to denitrifiers. Moreover, the use of other bioengineered 511 

techniques such as the installation of woodchips and green waste barrels could also enhance 512 

the stream denitrification potential (Warneke et al., 2011). 513 
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Figure captions 515 

Figure 1. Temporal pattern of (A) stream discharge (L/s), (B) the dilution capacity of the 516 

receiving stream (i.e. downstream reach) (C) photosynthetic active radiation (PAR), and 517 

(D) stream water temperature during day (white symbols) and night (colored symbols), for 518 

the field campaigns conducted during the study period at La Tordera stream. In panels (A) 519 

and (D), squares and circles represent upstream and downstream sites, respectively. In (C) 520 

and (D), values are averages and whiskers are standard errors. In (D), whiskers are smaller 521 

than the size of the symbols.  522 

 523 

Figure 2. Box plots showing (A) water temperature (B) electrical conductivity (EC), (C) 524 

dissolved oxygen concentration (DO), and (from D to G) stream nutrient concentrations at 525 

the upstream (UP), WWTP effluent (WWTP), and downstream reaches (DW), for the dry 526 

(left panels) and wet periods (right panels). Upper and lower limits of the box plot represent 527 

the 10
th

 and 90
th

 percentiles, respectively. The line is the median value. Day and night 528 

values are pooled together. For each variable, different letters represent statistical 529 

significant differences between hydrological periods and water bodies (post hoc HSD test 530 

after 2-way ANOVA, p < 0.05).  531 

 532 

Figure 3. Stack bars representing the number of longitudinal profiles  that showed in-533 

stream net nutrient uptake (Vf) > 0 (uptake > release) (red bars), Vf < 0 (uptake < release) 534 

(blue bars), and Vf ~ 0 (uptake ~ release) (gray bars) at the upstream and downstream 535 

reaches during the dry (A and B) and wet periods (C and D). The downstream reach 536 
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received effluent inputs from the WWTP of Sta. Maria de Palautordera. For this 537 

calculation, day and night samplings were pooled together. 538 

 539 

Figure 4. Relationship between stream discharge and in-stream net uptake velocity (Vf) for 540 

the nutrients considered. Triangles pointing up represent day values, while triangles 541 

pointing down represent night values. Black symbols indicate that Vf was statistically 542 

significantly different from zero. Values of Vf > 0 indicate in-stream nutrient uptake > 543 

release, while Vf < 0 indicates in-stream uptake < release. Error bars represent the upper 544 

and lower limits of Vf based on the 95% confidence interval of the net uptake coefficient (k) 545 

(only shown for the statistically significant cases). The spearman coefficient between 546 

discharge and Vf is shown only when significant. A dilution factor of 40% was used as a 547 

threshold for splitting the sampling campaigns between dry and wet. Note that some black 548 

symbols fall close to the zero-line despite being statistically significant. 549 

 550 

Figure 5. Stack bars representing the number of longitudinal profiles during day and night 551 

that showed in-stream net nutrient uptake (Vf) > 0 (uptake > release) (red bars), Vf < 0 552 

(uptake < release) (blue bars), and Vf ~ 0 (uptake ~ release) (gray bars) during the study 553 

period at the downstream reach that received effluent inputs from the WWTP of Sta. Maria 554 

de Palautordera. For this calculation, dry and wet sampling dates were pooled together. 555 

Differences in the relative contribution of Vf >0, Vf < 0, and Vf ~ 0 between day and night 556 

were statistical significant for nitrite and nitrate (contingency-table analysis, p < 0.05). 557 

 558 
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Table 1. Stream water temperature (T), electrical conductivity (EC), dissolved oxygen 

concentration (DO), and stream water nutrient concentration at the reaches located 

upstream and downstream of the WWTP effluent of Sta. Maria Palautordera. Values are 

means and standard errors for the dry and wet period, respectively. For each variable, 

different letters represent statistical significant differences between groups (post hoc HSD 

test after 2-way ANOVA, p < 0.05). 

 

  Upstream Downstream 

  dry wet dry wet 

T (ºC) 17.3 ± 0.3
a
 11.5 ±0.1

a
 22.1 ± 0.3

b
 12.3 ± 0.05

ab
 

EC (S/cm) 204.1 ± 1.3
a
 152.3 ± 0.6

a
 713.9 ± 11.3

b
 247.3 ± 6.1

a
 

DO (mg/L) 8.5 ±0.4
a
 10.5 ±0.1

a
 4.0 ± 0.3

b
 9.4 ± 0.1

a
 

N-NH4
+ 

(mg N/L) 0.014 ±0.001
a
 0.037 ±0.014

a
 1.73 ± 0.23

b
 0.33 ± 0.05

b
 

N-NO2
-
 (mg N/L) 0.002 ± 0.001

a
 0.002 ± 0.003

a
 0.23 ± 0.03

b
 0.03 ± 1.16

c
 

N-NO3
-
 (mg N/L) 1.8 ±0.09

a
 1.7 ±0.13

a
 2.34 ± 0.19

a
 2.7 ± 0.18

a
 

N-DIN (mg N/L) 1.82 ± 0.09
a
 1.77 ± 0.13

a
 4.3 ± 0.27

b
 3.07 ± 0.18

ab
 

SRP (mg P/L) 0.037 ± 0.005
ab

 0.016 ± 0.003
a
 1.16 ± 0.05

c
 0.22 ± 0.021

b
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Table 2. In-stream net nutrient uptake (Vf, in mm/min) measured during day and night at the 

reaches located upstream and downstream of the WWTP effluent of Sta. Maria 

Palautordera. Values are means and standard errors. Number of cases are shown in 

parenthesis. For a given nutrient, Vf > 0 indicates that uptake is higher than release, while Vf 

< 0 indicates that release is than uptake. Vf ~ 0 indicates that uptake and release 

counterbalance the other. Statistical significant differences between day and night are 

shown with different letters only when significant (Wilcoxon rank sum test, < 0.05).  

 

 

  upstream    downstream 

  day (n= 6)   night (n=6)   day (n= 8)   night (n= 8) 

NH4
+  -0.42 ± 0.34   -0.08 ± 0.08   0.38 ± 0.23   -1.61 ± 1.21 

NO2
- -0.19 ± 0.19   -0.1 ± 0.78   -6.04 ± 3.54   -3.24 ± 2.18 

NO3
-  0   0    -0.23 ± 0.9a 

 

0.05 ± 0.9b 

DIN  0   0    -0.05 ± 0.04a 

 

0.14 ± 0.08b 

SRP  -0.29 ± 0.29   0   0.006 ± 0.006   0.007 ± 0.007 
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