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 18 

Abstract 19 

Emergent macrophyte species selection is critical for the effectiveness of nature-based engineered 20 

solutions aiming to address excess nutrient concentrations in freshwater ecosystems. Yet, the 21 

mechanisms with which macrophytes enhance nutrient retention need to be further understood. 22 

Here, we compared nutrient retention among 12 artificial flumes fed with effluent from a 23 

wastewater treatment plant and subjected to four treatments: absence of macrophytes (Control), 24 

and presence of three different macrophyte species (Iris pseudacorus L., Phragmites australis L., 25 

and Schoenoplectus lacustris L.). We estimated net and gross nutrient uptake based on longitudinal 26 

profiles of ambient concentrations and on pulse injections of ammonium (NH4
+) and soluble 27 

reactive phosphorus (SRP). Further, we investigated the influence of subsurface hydrological 28 

retention, attributed to the architectural differences in the roots of these macrophytes, on nutrient 29 

retention. Results showed a species-specific effect of macrophytes on nutrient retention and 30 

confirmed root-associated subsurface hydrological retention as a driving factor. Schoenoplectus 31 

showed both high net and gross NH4
+ uptake, therefore being the most effective species to address 32 

N loading, compared to Iris and Phragmites. This work contributes to improve our mechanistic 33 

understanding of the role of emergent macrophytes on nutrient retention in aquatic environments. 34 

1. Introduction 35 

Urbanization and agriculture are responsible for elevated nutrient concentrations in aquatic 36 

ecosystems.1, 2 Effluents from wastewater treatment plants, as well as agricultural and stormwater 37 

runoff, deteriorate the ecological status of the receiving water by degrading water quality. Nature-38 

based engineered practices to address problems associated with elevated nutrient concentrations, 39 
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largely represented by constructed wetlands and stormwater biofiltration systems, use emergent 40 

macrophytes in the context of phytoremediation, as an alternative approach to conventional water 41 

treatment technologies (e.g. air stripping towers, break-point chlorination method).3, 4  42 

Emergent macrophytes contribute to nutrient removal by assimilating nutrients into plant tissues, 43 

and by facilitating microbially-mediated nutrient removal.5, 6 In particular, rooted macrophytes 44 

create ideal environmental conditions in the rhizosphere for microbial assimilation and coupled 45 

nitrification-denitrification. First, because the root surface serves as microbial habitat; and second, 46 

because root-tips release oxygen and labile carbon into the interstitial water.6, 7 Macrophyte species 47 

selection can be critical for the successful implementation of constructed wetlands and biofiltration 48 

systems aiming nutrient mitigation.8, 9 A good understanding of how plant morphological traits 49 

influence nutrient retention from freshwater systems would lead to optimum water treatment 50 

results by considering appropriate species selection. Yet, this type of investigation is usually 51 

overlooked, and most studies only report the influence of vegetation presence on nutrient retention, 52 

or in the case of comparative studies, the difference in retention effectiveness among species.10-12 53 

However, some studies have confirmed the hypotheses that increased root surface area and root 54 

oxygen release can enhance microbial activity, identifying these hypotheses as mechanisms that 55 

ultimately promote nutrient retention. Such hypothesis-driven studies have confirmed the 56 

influence of different plant morphological traits on nutrient retention, such as the number of 57 

adventitious roots, root surface area, fibrous type root architecture, total plant biomass, above 58 

ground biomass, root biomass, maximum root length, and total root length.9, 13-17 Still, even after 59 

identification of plant traits that correlate with nutrient retention, generalization of the results to 60 

guide species selection for nature-based water treatment technologies is still constrained by 61 

methodological limitations (i.e. poor replication and high variability of experimental conditions).11 62 
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Therefore, identification of the controlling factors and underlying mechanisms with which 63 

different macrophyte species contribute to nutrient retention requires further investigation. 64 

Currently, this lack of information limits the capacity to successfully restore impaired aquatic 65 

ecosystems.17 66 

Moreover, macrophyte root architecture influences subsurface solute transport.18 Solute 67 

transport with increased hydrological retention (i.e. long water residence time and large regions of 68 

slower water velocity than the average channel, termed transient storage) provides sufficient 69 

contact time between bioreactive sediments and solutes for biogeochemical processing, critical for 70 

nutrient retention.19, 20 Therefore, one would expect that plant-induced changes in subsurface 71 

hydrology could influence nutrient retention. However, results about the influence of hydrology 72 

on nutrient retention are equivocal21, 22 most likely because the extent of transient storage is not 73 

always proportional to its metabolic activity.23 Although difficult to quantify, the contribution of 74 

different transient storage regions to a system’s metabolic activity can vary substantially. 23 This 75 

is a critical question for understanding the potential benefits of phytoremediation technologies, 76 

which have not been empirically investigated yet.  77 

Here, we seek to examine whether subsurface hydrological retention attributed to the presence 78 

of different macrophyte species can cause ecologically relevant changes in nutrient retention, and 79 

to identify the most effective species to enhance nutrient retention. To do so, we used three 80 

macrophyte species with contrasting nutrient requirements24 and root architecture-mediated 81 

influence on subsurface solute transport.18 We hypothesized that macrophyte roots would 82 

influence pore water chemistry by altering subsurface flow. We expected that nutrient uptake 83 

metrics, used as an index of nutrient retention, would be positively related with hydrological 84 

metrics describing hydrological retention. This work contributes to improve our mechanistic 85 
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understanding of the role of emergent macrophytes in nutrient loads mitigation in aquatic 86 

environments. 87 

2. Methods 88 

2.1 Experimental setting 89 

The study was conducted at an outdoor research facility with 12 artificial flumes (length: 12 m, 90 

width: 0.6 m, depth: 0.4 m) containing a 25-cm-thick layer of granitic gravels and fed with treated 91 

municipal wastewater (http://www.urbanriverlab.com; Ribot et al.25). The inlet and outlet of the 92 

flumes are 40-cm-long sediment free spaces to facilitate the water inflow and outflow (Figure 1). 93 

Inflow rates were adjusted at 5.02 ± 0.01 L min-1, resulting in a continuous subsurface flow through 94 

the gravel bed. To sample subsurface water along the flumes, we installed five PVC wells per 95 

flume (L: 50 cm, diameter: 2.5 cm) into the gravel at 1, 3, 5, 7, 9 m from the inlet. The wells were 96 

perforated over the last 15 cm from the well bottom.  97 

 98 
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 99 

Figure 1. a) Scheme of a vegetated flume at the Urban River Lab experimental platform. Flumes 100 

were fed with WWTP effluent at an inflow rate of 5 L min-1, resulting in a continuous subsurface 101 

flow through the gravel bed. Five PVC wells were placed along each flume to collect subsurface 102 

water. b) Diagram summarizing the sampling strategy at each flume.   103 

The experimental setting consisted of three flumes without macrophytes (Control), and flumes 104 

with emergent macrophytes (three flumes for each of the three studied species; that is Iris 105 

pseudacorus L. (common yellow flag, hereafter as Iris), Phragmites australis L. (common reed, 106 

hereafter as Phragmites), and Schoenoplectus lacustris L. (formerly known as Scirpus lacustris 107 

L., common club-rush, hereafter as Schoenoplectus)). The selected macrophyte species are 108 

autochthonous, perennial, with contrasting root system architecture and evapotranspiration 109 

capacity,18 and are commonly used in constructed wetlands and river restoration projects.3 Iris is 110 
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characterized by high % volume of rhizomes to volume of soil, Phragmites by low % volume of 111 

fine roots and rhizomes, and Schoenoplectus by high % volume of fine roots.18 The three replicates 112 

per each treatment were randomly distributed among the 12 available flumes on the facility to 113 

ensure random exposure to the environmental conditions. Saplings were planted in February 2015, 114 

at a density of 6.7 shoots m-2. By the time of the study (July 30th – August 27th, 2015) the vegetation 115 

covered approximately 90% of the surface of each flume.  116 

In a previous study we showed that these species differentially increased hydrological retention 117 

along the flumes (Table 1).18 Hydrological retention was described by hydrological transient 118 

storage (M1/tpeak), which is the ratio between the mean water arrival time (M1) and the time of the 119 

preferential flow path (tpeak), the maximum observed water residence time (RTmax), and the slope 120 

of the tail of the power-law residence time distribution which is described by the time-fractional 121 

exponent (0 < γ < 1). Values of γ close to 0 correspond to stronger power-law tails and are 122 

indicative of longer residence times. The hydrological metrics used derived from statistical 123 

moments and temporal metrics analyses on conservative tracer breakthrough curves 26.  124 

Table 1. Subsurface solute transport parameters in flumes without macrophytes (Control) and with 125 

presence of Iris, Phragmites, and Schoenoplectus  a  126 

 

M1/tpeak  

(unitless) 

RTmax 

(h) 

γ 

(unitless) 

Control 1.42 ± 0.09 14.15 ± 2.58 0.78 ± 0.04 

Iris 1.93 ± 0.19 25.25 ± 3.08 0.69 ± 0.05 

Phragmites 2.42 ± 0.19 34.37 ± 2.58 0.70 ± 0.02 
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Schoenoplectus 3.66 ± 0.34 47.78 ± 6.6 0.59 ± 0.04 

a Values are means ± standard error. Data reported in Nikolakopoulou et al.18 Schoenoplectus 127 

was formerly known as Scirpus. 128 

2.2 Measurement of nutrient uptake 129 

 We estimated net uptake rate coefficient per unit of distance (knet, m
-1) and gross uptake 130 

rate coefficient per unit of time (kgross, min-1) for ammonium (NH4
+) and soluble reactive 131 

phosphorus (SRP), as indices of nutrient retention, based on the nutrient spiraling concept. 132 

Sampling for nutrient retention consisted in longitudinal samplings of subsurface water from the 133 

wells and the inlet and outlet (seven locations in total), followed by solute pulse injections. Given 134 

the low flowrates in the flumes in order to ensure subsurface flow, constant rate additions that 135 

would provide comparable knet and kgross estimates, were not feasible, as several hours would be 136 

needed for the systems to reach steady-state conditions. Nevertheless, the assessment of both knet 137 

and kgross, even in different units, allows a more complete understanding of the influence of each 138 

macrophyte species on N and P cycling.27 Nutrient spiraling methods for the estimation of nutrient 139 

retention have been commonly used by stream ecologists. Estimation of knet, based on the 140 

longitudinal trend of nutrient concentrations across several sampling points, provides more robust 141 

results than the mass-balance approach (i.e. Inflow – Outflow), which is commonly used for the 142 

evaluation of wastewater treatment performance systems. 27 Further, estimation of kgross using 143 

nutrient injections considers both biogeochemical and transport conditions of a system, resulting 144 

to reliable results, since nutrient concentrations and solute transport are tightly coupled.28 We 145 

performed longitudinal samplings and solute injections in sets of three flumes. Each set of flumes 146 

was sampled twice resulting in a total of 24 longitudinal samplings and 24 solute injections. 147 
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 knet was estimated from the longitudinal samplings. Water samples were collected using a 148 

100 ml syringe with an attached silicone tube. kgross was estimated using a pulse co-injection of 1 149 

L solution containing 12 g of NH4Cl, 0.875 g of NaH2PO4H2O, and 80 g NaCl at the inlet of each 150 

flume. Temperature-corrected electrical conductivity (EC, μS/cm) was measured continuously at 151 

the outlet of each flume at 30 sec intervals. EC was considered a proxy for Cl- concentration and 152 

the change in EC during time (breakthrough curve, or BTC) was used to characterize the transport 153 

of the conservative tracer. EC measurements started 30 minutes before the injection until EC 154 

returned to background conditions (approx. 7h after the pulse injection). Simultaneously, water 155 

samples were collected at the outlet of each flume to characterize the BTC of the reactive tracers.  156 

To account for fluctuations in the solute concentrations of the inflow water, we measured EC at 157 

30 s intervals and collected water samples hourly at the inlet of one flume. For all EC 158 

measurements we used portable 3310 Profiline EC meters (WTW; Germany). Concentration of 159 

dissolved oxygen (DO) was monitored continuously at 10 min intervals using ProODO DO meters 160 

(YSI; USA) deployed at the outlet of each flume, and at the inlet of one flume. All water samples 161 

were immediately filtered through ashed Whatman GF/F glass-fiber filters (0.7 μm pore size) into 162 

10 mL plastic tubes and stored frozen until nutrient analysis.  163 

All water samples were analyzed for concentrations of elemental nitrogen as nitrate + nitrite 164 

(NO3
-+NO2

-) and as NH4
+, and of SRP using the cadmium reduction,29 salicylate–nitroprusside,30 165 

and the acidic molybdate31 methods, respectively. Water samples from longitudinal profiles were 166 

analyzed with an automatic continuous flow analyzer (Futura AMS Alliance; Italy). Samples from 167 

solute pulse injections were analyzed using a Technicon autoanalyzer (Technicon; USA) for NO3
-168 

+NO2
- and a spectrophotometer (PharmaSpec UV-1700 Shimadzu; Japan) for NH4

+ and SRP. 169 

Inflow water samples from longitudinal profiles were further analyzed for Total dissolved nitrogen 170 
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(TDN) on a Shimadzu (Tokyo, Japan) TOC-VCSH analyzer. Dissolved organic nitrogen (DON) 171 

was estimated by subtracting dissolved inorganic nitrogen (DIN) from TDN concentrations. 172 

2.3 Parameter Estimation  173 

We estimated knet from longitudinal profiles of nutrient concentrations at ambient levels; and as 174 

such it reflects the balance between uptake and release processes occurring along the flumes, which 175 

determines whether a system currently acts as a net sink or source of nutrients. kgross was estimated 176 

from a mass balance approach to infer the capacity of the system to uptake the mass of added 177 

nutrients from the solute injections.27 The method of solute injections allows measurement of 178 

nutrient uptake, while precluding the effect of remineralization on the results, and thus is 179 

considered appropriate for gross uptake characterization 32-34.   180 

2.3.1 Net uptake rate coefficient 181 

 knet for NH4
+, NO3

-+NO2
-, and SRP was calculated based on changes in subsurface water 182 

nutrient concentrations along the flumes following Merseburger et al.:35  183 

𝐶𝑥 =  𝐶𝑖𝑛 𝑒𝑘𝑛𝑒𝑡 𝑥                  (1) 184 

where Cx and Cin are ambient concentrations of NH4
+, NO3

-+NO2
-, or SRP (mg N or P L-1) at 185 

distance x (m) from the inlet and at the inlet, respectively. We calculated knet as the statistically 186 

significant slope (p < 0.05) of the linear relationship between the natural logarithm of nutrient 187 

concentrations and distance along the flume. We considered flumes with knet > 0 to act as net 188 

nutrient sinks (i.e., gross uptake > release), whereas flumes with knet < 0 were considered to act as 189 

net nutrient sources (i.e., gross uptake < release). We assigned knet = 0 to flumes with no significant 190 

linear regression, considering that uptake and release processes balanced each other. 191 

2.3.2 Gross uptake rate coefficient 192 
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Three of the 24 nutrient BTCs were excluded from the analysis because of sample contamination 193 

resulting in a final dataset of 21 BTCs. We used the nutrient BTCs measured at the outlet and the 194 

temporal variation of nutrients at the inlet to compute kgross for each nutrient injected (NH4
+, SRP) 195 

following the approach by Wilcock et al.36 We used a mass-based approach to estimate kgross as it 196 

is considered more accurate than approaches using only nutrient concentration.37  197 

For each nutrient, we compared the observed mass of injected nutrient retrieved at the outlet of 198 

the flume (Mobs), with the expected mass of injected nutrient at the outlet if nutrient transport along 199 

the flume behaved as a conservative tracer (Mexp). We calculated Mobs as: 200 

                                               Mobs = 𝑄𝑜𝑢𝑡  ∫ 𝐶𝑜𝑢𝑡 𝑑𝑡                      (2)
7

0
 201 

where Qout is discharge at the outflow calculated from the background-corrected BTCs of EC 202 

using the dilution gauging approach.38 Cout is the nutrient concentration measured at the outlet over 203 

the 7-hour course of the BTC.36 Mexp was calculated as the sum of the mass of nutrient entering 204 

through the inflow (Min) and the mass of nutrient injected (Mcarboy): 205 

                                                 𝑀𝑒𝑥𝑝 = 𝑀𝑖𝑛 + 𝑀𝑐𝑎𝑟𝑏𝑜𝑦                      (3) 206 

Min is the sum of the nutrient mass of the inflow water over the 7 hours of the solute injection: 207 

                                                  Min = 𝑄𝑖𝑛  ∫ 𝐶𝑖𝑛 𝑑𝑡                      (4)
7

0
 208 

where Qin is the discharge of the inflow water and Cin is the nutrient concentration at the inlet. 209 

We calculated kgross by linearizing the following first-order equation:  210 

𝑀𝑒𝑥𝑝 =  𝑀𝑜𝑏𝑠 𝑒𝑘𝑔𝑟𝑜𝑠𝑠 𝑡𝑝𝑒𝑎𝑘                   (5) 211 

where tpeak is the time from the start of the injection until the arrival of the peak of the 212 

conservative tracer at the outlet of the flume. Additionally, the relative kgross of N to P was 213 

calculated as the ratio between kgross-NH4
+ and kgross-SRP. 214 
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2.4 Statistical analysis 215 

Differences in inflow water across treatments were tested using analysis of variance (ANOVA) 216 

and the post-hoc Tukey’s test, or non-parametric Kruskal–Wallis test and post-hoc Dunn’s test, 217 

when assumptions for normality and homoscedasticity were not met. The same non-parametric 218 

method was used to detect differences in knet among treatments. We compared kgross, kgross-219 

NH4
+/kgross-SRP ratio, and outflow DO concentration across treatments using the log likelihood 220 

ratio test in a linear mixed model. Treatment was considered a fixed factor, and flume a random 221 

effect. Post-hoc Tukey’s test was used for pairwise comparisons. To explore how root-induced 222 

changes in subsurface hydrology influenced nutrient uptake rate coefficients (knet and kgross) we 223 

used Spearman correlations. Finally, we used Spearman correlations to examine if variation in 224 

background nutrient concentrations of the inflow water influenced nutrient uptake in the flumes. 225 

All statistical analyses were carried out using R, version 3.3.139 setting α = 0.05. 226 

3. Results  227 

3.1 Physicochemical characterization of inflow water in the flumes 228 

All flumes received inflow water with high EC, ranging from 2161 to 2416 μS/cm, and high 229 

temperature, ranging between 27.2 and 28.5 °C. The concentration of NH4
+, NO3

-+NO2
-, SRP, and 230 

TDN of the inflow water differed among dates when samplings and solute injections were 231 

conducted at the different treatments (Kruskal–Wallis, p < 0.0001; Table 2). Flumes with Iris 232 

received the highest NH4
+ concentration, while flumes with Phragmites the lowest (10% of the 233 

concentration that Iris flumes received). Inflow water of Control flumes and flumes with 234 

Schoenoplectus had higher NO3
-+NO2

- concentration than water of flumes with Iris and with 235 

Phragmites. Concentration of SRP in inflow water was the highest in Control flumes and flumes 236 

with Schoenoplectus. TDN inputs were highest in the Control and in flumes with Schoenoplectus 237 
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and lowest in flumes with Phragmites, however the proportion of DON in TDN was similar across 238 

treatments (ANOVA, p > 0.05). No statistically significant differences were found across 239 

treatments in inflow DON, and in DO concentration in the flumes’ inflow or outflow (ANOVA, 240 

linear mixed model, p > 0.05). DO concentration averaged 6.02 and 0.57 mg L-1 in the inflow and 241 

outflow respectively, revealing substantial DO consumption as subsurface water moved along the 242 

flumes. No significant relationships were found between the nutrient uptake rate coefficients and 243 

the nutrient concentrations of the inflow water (Spearman correlations, p > 0.05). Chemical 244 

properties of outflow are presented in Table S1. 245 

Table 2. Chemical properties of inflow water and outflow DO concentration in the flumes for each 246 

treatment during the experiment a  247 

In
fl

o
w

 

Variable Control Iris Phragmites Schoenoplectus 

NH4
+ (mg N L-1) 0.46 ± 0.03 a 1.59 ± 0.02 b 0.16 ± 0.00 a 0.63 ± 0.04 a 

NO3
-+NO2

- (mg N L-

1) 
3.57 ± 0.08 a 2.02 ± 0.01 b 1.77 ± 0.04 b 3.78 ± 0.10 a 

SRP (mg P L-1) 0.68 ± 0.02 a 0.18 ± 0.00 b 0.44 ± 0.01 ab 0.77 ± 0.03 a 

DON (mg N L-1) 3.81 ± 0.98 4.45 ± 0.81 1.67 ± 0.16 3.93 ± 0.49 

TDN (mg N L-1) 8.22 ± 1.03 a 8.94 ± 0.08 ab 4.34 ± 0.09 b 9.28 ± 0.90 a 

DO (mg L-1) 6.15 ± 0.04 5.93 ± 0.02 6.11 ± 0.02 5.89 ± 0.04 

O
u
tf

lo
w

 

DO (mg L-1) 0.45 ± 0.11 0.58 ± 0.06 0.57 ± 0.01 0.67 ± 0.03 

a Values are means ± standard error for the different days that each treatment (Control, Iris, 248 

Phragmites, Schoenoplectus) was sampled. Data of NH4
+, NO3

-+NO2
-, SRP, and DO was obtained 249 

during 7 h of monitoring at each flume inlet. Data of TDN was averaged from two inflow water 250 
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measurements per flume (n = 6 per treatment) during the longitudinal sampling. DON was 251 

estimated as TDN – DIN (as measured from the longitudinal sampling). Values of NH4
+, NO3

-252 

+NO2
- presented here are not to be compared with TDN and DON values, since they derive from 253 

different samplings. For each variable, lowercase letters denote statistically significant differences 254 

across treatments, whereas absence of letters denotes no statistically significant differences (p > 255 

0.05). 256 

3.2 Net nutrient uptake  257 

 We observed statistically significant differences across treatments for knet-NH4
+ (Figure 2, 258 

Kruskal–Wallis; p < 0.05), whereas no significant differences were found for knet-NO3
-+NO2

- and 259 

knet-SRP (Figure 2, Kruskal–Wallis; p > 0.05). Regarding knet-NH4
+, all three vegetated treatments 260 

(Iris, Phragmites, and Schoenoplectus) showed a positive mean value indicating that uptake 261 

predominated over release. In contrast, in Control flumes knet equaled to zero, indicating that 262 

uptake and release processes counterbalanced each other. Flumes with Schoenoplectus showed the 263 

highest knet-NH4
+, followed by flumes with Iris, both treatments were statistically different from 264 

the Control. Treatment with Phragmites showed the lowest knet-NH4
+ among the treatments with 265 

presence of vegetation, which was not statistically different from the Control. Anecdotally, mean 266 

knet-NO3
-+NO2

- was positive in flumes with Phragmites, while it was negative in the rest of 267 

treatments. For SRP, knet was positive in flumes with Phragmites and Schoenoplectus, and negative 268 

in Control and Iris flumes.  269 

 270 
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 271 

Figure 2. Mean and standard error of net uptake rate coefficients (knet) for NH4
+, NO3

-+NO2
-, and 272 

SRP among different flume treatments (Control, Iris, Phragmites, and Schoenoplectus; n = 6 per 273 

treatment). p-values result from a non-parametric Kruskal–Wallis test, and multiple comparisons 274 

from a Dunn’s post hoc test; α = 0.05. Uppercase letters denote statistically different means across 275 

treatments, whereas absence of letters denotes no statistically significant differences (p > 0.05). 276 

Positive and negative values of knet indicate whether the flumes acted as net nutrient sinks or 277 

sources, respectively. knet = 0 indicates that uptake and release along the flumes counterbalance 278 

each other.  279 

3.3 Gross nutrient uptake  280 

 Gross uptake rate coefficients statistically differed across treatments for both NH4
+ and 281 

SRP (Figure 3a, linear mixed model, p < 0.05). For NH4
+, flumes with Phragmites and 282 

Schoenoplectus showed higher mean kgross values than Control and Iris flumes. Particularly flumes 283 

with Schoenoplectus showed the highest kgross-NH4
+. kgross-SRP was similar in flumes with 284 

Phragmites and Schoenoplectus and higher than in the Control flumes, which showed the lowest 285 

kgross. In Iris, kgross-SRP showed no statistically significant differences from the rest of treatments. 286 

Overall, kgross-NH4
+ seemed to be higher than kgross-SRP regardless of flume treatment. 287 
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Additionally, the ratio between kgross-NH4
+ and kgross-SRP was similar among all treatments (linear 288 

mixed model, p > 0.05).  289 

  290 

 291 

Figure 3. Mean and standard error of gross uptake rate coefficients (kgross) for NH4
+ and SRP 292 

among different flume treatments (Control, Iris, Phragmites, and Schoenoplectus). p-values result 293 

from the log likelihood ratio test in a linear mixed model; fixed effects: treatment, random effects: 294 

flume; Tukey’s post hoc; α = 0.05. Uppercase and lowercase letters denote statistically different 295 

means for NH4
+ and SRP, respectively (nControl = 6, nIris = 3, nPhragmites = 6, and nSchoenoplectus = 6). 296 

3.4 Relationships between nutrient uptake and hydrological characteristics 297 

 The relationship between subsurface hydrological characteristics and nutrient uptake 298 

considering data from all flume treatments together differed among the nutrients (NH4
+, NO3

-299 

+NO2
-, SRP) and the hydrological and uptake metrics considered. Both knet and kgross of NH4

+ and 300 

SRP yielded positive correlations with M1/tpeak and RTmax, revealing monotonic associations 301 

between these variables (Figure 4, Spearman correlations, p < 0.05). However, kgross of each 302 

nutrient had a stronger association with the hydrological metrics than knet, as shown by Spearman’s 303 

ρ ranging from 0.80 to 0.95 for kgross, and from 0.60 to 0.63 for knet. kgross of both NH4
+ and SRP 304 
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yielded negative correlations with the time-fractional exponent (γ), while only knet-NH4
+ was 305 

correlated with γ. Between uptake metrics of NH4
+, kgross had a stronger association with γ than 306 

knet, as indicated by higher absolute value of Spearman’s ρ. No significant correlation was found 307 

between knet-NO3
-+NO2

- and any of the considered hydrological metrics. 308 

 309 

 310 

Figure 4. Relationships between uptake rate coefficients (knet, kgross) of NH4+ and SRP and 311 

different hydrological metrics, used as descriptors of subsurface solute transport along the flumes, 312 

considering data from all different flume treatments together (i.e, Control, Iris, Phragmites, and 313 

Schoenoplectus). Data from hydrological metrics for each flume come from 21. Values of 314 

M1/tpeak reflect extent of water transient storage along the flumes, RTmax is the maximum water 315 

residence time, and γ describes the slope of the tail of the power law residence time distribution n 316 

= 12 in all cases (from the 12 flumes studied). The locally estimated scatterplot smoothing is 317 

showed with solid and dashed curves for NH4+ and SRP respectively, only when Spearman’s 318 

correlation between hydrologic and nutrient uptake coefficients were statistically significant (α = 319 

0.05). 320 
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4. Discussion 321 

4.1 Influence of macrophytes species on nutrient retention  322 

 Macrophytes have a species-specific influence on the capacity for NH4
+ and SRP retention 323 

from subsurface water, demonstrated by differences in kgross across flumes with Iris, Phragmites 324 

and Schoenoplectus. Additionally, net NH4
+ uptake, which accounts for both gross uptake and 325 

release processes, varied among treatments suggesting that macrophyte species also influence 326 

decomposition and mineralization processes.  Nevertheless, comparison of nutrient uptake metrics 327 

between vegetated and unvegetated flumes showed that the influence of macrophytes on nutrient 328 

retention varies among species, since not all vegetated treatments were statistically different from 329 

the Control. Possible negative influence of the NaCl additions on the plants’ ability to retain 330 

nutrients should be excluded, since the average EC elevation induced by the additions (388 μS/cm) 331 

was within the range of the natural EC fluctuation of the inflow water (from 70 until 770 μS/cm) 332 

the dates of the additions. These findings are in line with other studies reporting differences in 333 

nutrient retention among macrophyte species24, 40-42 and suggest that selection of macrophyte 334 

species in water management or stream restoration planning is critical to enhance nutrient 335 

retention.  336 

 In the vegetated flumes, knet-NH4
+ was higher than knet-NO3

-+NO2
- uptake suggesting that 337 

the former N form is more actively retained than the latter supporting the idea that NH4
+ is the 338 

most biologically active dissolved inorganic N species in freshwater ecosystems.43, 44 Interestingly, 339 

flumes with Iris and Schoenoplectus showed higher net uptake capacity to retain NH4
+ than the 340 

Control, and acted as a net sink of NH4
+ (knet > 0), while no treatment was remarkably efficient for 341 

knet-NO3
-+NO2

- (in all cases knet ~ 0). Accumulation of N in plant biomass can be substantial in the 342 

studied macrophytes,24 yet microbial processes (assimilation, nitrification, and denitrification) 343 
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associated with the rhizosphere are considered the major mechanism contributing to N uptake.45, 344 

46 The fact that relative gross uptake (i.e., kgross NH4
+/kgross SRP) was similar among all treatments, 345 

regardless the presence of macrophytes, supports the idea that gross nutrient retention is mostly 346 

attributed to microbial processes in the flumes. Hence, differences in knet-NH4
+ among vegetated 347 

treatments suggest differential extents of the relative contribution of either nitrification (NH4
+ 348 

uptake) or denitrification (NO3
-+NO2

- uptake) to N cycling. Macrophytes can influence the 349 

predominance of nitrification over denitrification and vice versa by root-mediated oxygen 350 

diffusion into sediments and root release of carbon exudates, respectively.4, 47 Our finding that in 351 

flumes with Schoenoplectus and Iris, positive net NH4
+ uptake co-occurs with negative net NO3

-352 

+NO2
- uptake suggests that nitrification is a relevant N cycling process. This result coincides with 353 

studies showing higher root-mediated oxygen release by Schoenoplectus than by Phragmites 354 

roots,48 conditions that favor nitrification since it is a predominantly aerobic process. However, 355 

oxygen release in the rhizosphere of Iris has been found lower than in Phragmites,49 indicating 356 

that net NH4
+ uptake might be ascribed to other processes than nitrification, such as microbial 357 

assimilation, or anaerobic NH4
+ oxidation (anammox). In addition to high efficiency for NH4

+ 358 

retention, Schoenoplectus flumes showed the highest gross uptake of NH4
+ as well, indicating high 359 

retention capacity for this N form. Together, these results point at Schoenoplectus as a species 360 

appropriate for management of freshwater ecosystems receiving high N loads.  361 

 Combined results from net and gross uptake evidence differential pathways of nutrient 362 

retention and cycling among the studied macrophyte species. For instance, flumes with Phragmites 363 

showed high kgross-NH4
+ and low knet-NH4

+, revealing high release of this N form back to the water 364 

column. Similar conditions of low net nutrient retention, but high retention capacity have been 365 

previously observed in headwater streams.27 In contrast, flumes with Iris were net sinks of NH4
+ 366 
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despite showing low kgross-NH4
+, similar to those in Control flumes. This pattern suggests that 367 

release processes were relatively low in Iris flumes. Net uptake of SRP in flumes with Iris and 368 

Phragmites was close to zero, despite these two treatments showed differences in gross uptake. 369 

This result indicates that nutrient retention capacity associated with the two macrophytes species 370 

is different, yet their net influence on nutrient export is equally low. To our knowledge, there are 371 

no previous studies using nutrient spiraling metrics (e.g. knet, kgross) to assess the influence of 372 

macrophytes on nutrient transport along subsurface freshwater flowpaths. Therefore, we do not 373 

have previous data to compare our results with. However, some studies reporting the efficiency of 374 

these macrophyte species to retain nutrients, estimated by a mass balance approach between inflow 375 

– outflow nutrient loads, have contrasting results in relation to the relative differences in net and 376 

gross uptake among the treatments observed in our study.42, 50, 51 We attribute these differences to 377 

the temporal variability in nutrient uptake, due to the variability in plant and microbial activity, 378 

suggesting that an estimation of the temporal variability of net and gross uptake could contribute 379 

to better characterize the role of macrophytes species in nutrient retention in freshwater 380 

ecosystems.52 Yet, this study highlights that nutrient uptake processes in subsurface water 381 

associated with presence of macrophytes can be of equal importance to release processes, which 382 

would result in negligible influence of these plants on nutrient export. Therefore, it is important to 383 

consider both net and gross nutrient uptake for an accurate assessment of the contribution of 384 

macrophytes to the performance of water treatment systems.  385 

4.2 Influence of hydrology on nutrient retention 386 

Consistent to our hypothesis, root-architecture induced differences in subsurface solute 387 

transport18 had a significant influence on both net and gross nutrient retention of NH4
+ and SRP. 388 

Nevertheless, solute transport had a stronger influence on gross than on net nutrient retention. This 389 
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could be explained by the different biogeochemical processes involved in net and gross uptake. 390 

While gross uptake of NH4
+ and SRP includes both assimilatory and dissimilatory uptake process 391 

leading to removal of nutrients from water, net uptake includes additional processes that release 392 

nutrients to water (e.g. remineralization, desorption). Each biogeochemical process involved in net 393 

nutrient uptake is controlled by complex interactions among different factors that affect the 394 

bioreactivity of the system, such as the physiology of plants and microbial assemblages, the 395 

physical and chemical characteristics of the substrate, nutrient and organic matter availability, 396 

redox conditions, light, temperature, and hydrological retention.53 Since gross uptake is not 397 

influenced by nutrient release processes that can take place over time scales beyond the duration 398 

of the solute injections,34 the influence of hydrology on gross uptake is stronger than that observed 399 

for net uptake. However, our findings also suggest that hydrological retention associated with 400 

different macrophytes species is not a relevant factor controlling the interplay between uptake and 401 

release processes of NO3
-+NO2

- along the flumes. In other words, the increase in NO3
-+NO2

- 402 

uptake that hydrological retention may cause is not enough to determine the predominance of 403 

uptake over release processes; and thus, ultimately NO3
-+NO2

- export. Overall, our results indicate 404 

that hydrological retention influence the NH4
+ and SRP uptake in the study treatments, with higher 405 

uptake in flumes with higher hydrological retention. Given that species-specific root architecture 406 

can influence hydrological retention, this plant trait could be used as a surrogate to infer the 407 

potential of macrophytes to contribute to NH4
+ and SRP retention from the water column.  408 

This study highlights differential nutrient retention performance among systems with different 409 

macrophyte species and provides mechanistic understanding of differences in their performance. 410 

These findings can guide the implementation of best management practices for stormwater 411 

management aiming at water quality improvement as well as for tertiary treatment of effluent water 412 
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from WWTP. In particular, biofiltration systems (e.g. wet vegetated swales), a common 413 

stormwater management practice targeting pollution retention, are expected to address the episodic 414 

nutrient loading associated with stormwater runoff. In this context, the use of macrophyte species 415 

that effectively enhance nutrient retention can contribute to buffer excess nutrient inputs to 416 

freshwater ecosystems. Additionally, in recent years, the hyporheic zone (i.e. the biogeochemically 417 

active zone of the streambed beneath or next to the main channel, where surface water mixes with 418 

groundwater), has been identified as a critical zone to be restored to address stream impairment.54 419 

Yet, there are few restoration practices that aim at modifying the streambed to change solute 420 

transport along the hyporheic zone.55, 56 The present study complements our previous findings by 421 

showing that different macrophyte species do not only influence differently hydrological 422 

subsurface flows,18 but also that subsurface hydrological flowpaths, especially through 423 

rhizospheres from aquatic macrophytes, can influence NH4
+ and SRP uptake. Therefore, the ability 424 

of macrophytes to harness the hyporheic zone should be considered in future restoration practices 425 

to select appropriate species that favor nutrient retention.  426 
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