
1. Introduction
Intense agricultural development and urbanization have dramatically increased nitrogen (N) load to riv-
er ecosystems (Peierls et al., 1991; Seitzinger et al., 2005). Excess N in rivers triggers toxic algal blooms, 
coastal hypoxia, biodiversity loss, and human diseases (Huisman et  al.,  2018; Jones et  al.,  2014; Nieder 
et al., 2018). There is considerable biogeochemical uptake of N during transport in rivers with up to three 
fourth of the total N load taken up before reaching the ocean (Billen et al., 2013; Galloway et al., 2003; 
Seitzinger et  al.,  2002). However, the efficiency of N uptake decreases as its concentration increases in 

Abstract The Tracer Additions for Spiraling Curve Characterization (TASCC) model has been 
rapidly adopted to interpret in-stream nutrient spiraling metrics over a range of concentrations from 
breakthrough curves (BTCs) obtained during pulse solute injection experiments. TASCC analyses 
often identify hysteresis in the relationship between spiraling metrics and concentration as nutrient 
concentration in BTCs rises and falls. The mechanisms behind these hysteresis patterns have yet to be 
determined. We hypothesized that differences in the time a solute is exposed to bioactive environments 
(i.e., biophysical opportunity) between the rising and falling limbs of BTCs causes hysteresis in TASCCs. 
We tested this hypothesis using nitrate data from Elkhorn Creek (CO, USA) combined with a process-
based particle-tracking model representing travel times and transformations along each flow path in the 
water column and hyporheic zone, from which the bioactive zone comprised only a thin superficial layer. 
In-stream nitrate uptake was controlled by hyporheic exchange and the cumulative time nitrate spend in 
the bioactive layer. This bioactive residence time generally increased from the rising to the falling limb of 
the BTC, systematically generating hysteresis in the TASCC curves. Hysteresis decreased when nutrient 
uptake primarily occurred in the water column compared to the hyporheic zone, and with increasing 
the distance between the injection and sampling points. Hysteresis increased with the depth of the 
hyporheic bioactive layer. Our results emphasize that good characterization of spatial heterogeneity of 
surface-subsurface flow paths and bioactive hot spots within streams is essential to understanding the 
mechanisms of in-stream nutrient uptake.

Plain Language Summary Human activities negatively impact water quality by supplying 
excessive nutrients to streams. To investigate the capacity of streams to take up nutrients from the water 
column, scientists usually add nutrients to stream reaches, calculate the fraction of added nutrients that 
is taken up, and identify the environmental conditions controlling nutrient uptake. A common idea is 
that nutrient uptake increases with increasing water residence time because of increased contact time 
between solutes and organisms. Yet, water residence time only partially explains the temporal and spatial 
variability of nutrient uptake, and the reasons behind this variability are still not well understood. We use 
a mathematical model to test a simple idea: the organisms responsible for the uptake of nitrate, a major 
form of dissolved nitrogen, are confined within a thin layer in the stream sediments. We define the time 
spent within this bioactive layer as the “bioactive residence time.” Greater bioactive residence time for 
nitrate corresponds with higher nitrate uptake along the whole reach. Our model successfully reproduces 
nitrate uptake patterns observed during nitrate addition experiments, suggesting that bioactive residence 
time is important for nutrient uptake. Our study sheds new light on how streams can improve water 
quality by decreasing nutrient loads.
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streams (Mulholland et al., 2008). With a persisting trend of elevated N (Glibert, 2017), there is a pressing 
need to understand the mechanisms that control whole-stream N uptake.

The streambed zone where surface and subsurface water and solutes mix, known as the hyporheic zone, 
is a hot spot for reach-scale N uptake (Valett et al., 1996). Large surface area for biofilm development and 
reduced water velocities in the hyporheic zone increase the opportunity for microbial communities to take 
up and transform solutes (Battin et al., 2008; Krause et al., 2017; Peralta-Maraver et al., 2018). This combina-
tion of contact time and biological activity defines the biophysical opportunity for nutrient transformation 
(Battin et al., 2008). However, heterogeneity in hyporheic flow paths (Stonedahl et al., 2010) and microbial 
activity (Battin et  al.,  2016) complicates the direct measurement of biophysical opportunity afforded by 
the hyporheic zone at the ecosystem scale. Instead, reach-scale estimates of nutrient uptake are usually 
derived by adding nutrients and conservative tracers to the stream and measuring concentrations that pass 
downstream locations. Patterns in nutrient concentrations over time at the downstream stations obtained 
are referred to as tracer breakthrough curves (BTCs) and can be combined with nutrient spiraling theory to 
produce estimates of spiraling metrics such as uptake length and areal uptake rates (Newbold et al., 1981; 
Tank et al., 2008).

One commonly used method to estimate spiraling metrics is based on continuously adding solutes at a con-
stant rate and determining the downstream decline of nutrient tracer relative to conservative tracer once 
steady-state conditions have been established throughout the study reach (Stream Solute Workshop, 1990; 
Webster & Valett, 2007). This method assumes that the added solutes are uniformly distributed along the 
entire study reach, so that nutrient molecules traveling along the reach are exposed to similar biophysical 
opportunity. In this case, the estimated spiraling metrics are specific to the geometric mean concentration 
at plateau, and proportionally incorporate nutrient uptake along all stream flow paths, except those with 
residence time greater than the duration of the experiment or that travel past the downstream observation 
stations in the subsurface. The pulse addition technique is an alternative method to conduct whole-stream 
tracer additions to estimate nutrient spiraling metrics. In this case, tracers are released instantaneously, gen-
erating spatial and temporal gradients of concentrations along the reach while solutes travel downstream.

More recently, the Tracer Additions for Spiraling Curve Characterization (TASCC) approach attempts to 
extract information from the range of nutrient concentrations observed on the rising and falling limbs of a 
BTC produced by a pulse injection (Covino et al., 2010). The TASCC method treats each sample observed 
in the BTC as an instantaneous assessment of uptake through the reach and calculates spiraling metrics for 
each concentrations observed in the BTC (Covino et al., 2010). Because of its convenience for interpreting 
reach-scale uptake kinetics over a range of nutrient concentrations from a simple experiment design, the 
TASCC method has become increasingly popular and has been applied to study reach-scale uptake of ni-
trate, ammonium, phosphate, and dissolved organic carbon (e.g., Brooks et al., 2017; Diemer et al., 2015; 
Piper et al., 2017; Seybold & Mcglynn, 2018; Snyder & Bowden, 2014; Tromboni et al., 2018). However, con-
cerns have been raised that the TASCC does not fundamentally describe the kinetics of nutrient uptake, and 
therefore that the resulting calculated uptake metrics are misleading (Day & Hall, 2017; Rodriguez-Cardona 
et al., 2016; Trentman et al., 2015).

The TASCC method assumes that instantaneous uptake rates are uniquely related to observed BTC con-
centrations, which implies that tracers at each BTC concentration have experienced the same hydrologic 
and biophysical conditions as they travel along the study reach. However, recent field applications of the 
method have found consistent and often pronounced hysteresis in the TASCC relationship between uptake 
rate metrics and nutrient concentration (Brooks et al., 2017; Day & Hall, 2017; Gibson et al., 2015; Koenig 
et al., 2017; Rodriguez-Cardona et al., 2016; Trentman et al., 2015). In fact, the rising limb of BTC is dom-
inated by rapid flow paths in the water column, whereas the falling limb of the BTC becomes increasingly 
dominated by deeper and slower flow paths through the hyporheic zone and slow-moving surficial dead 
zones (Boano et al., 2014). Such a broad range of flow paths and residence times yields very different expo-
sures of the transported nutrients to bioactive environments, so that similar concentrations in the rising and 
falling limbs of the BTC may have experienced very different biophysical opportunities (Briggs et al., 2014; 
Marzadri et al., 2012; Zarnetske et al., 2011). Prior researchers have hypothesized that the hysteresis in the 
relationship between spiraling metrics and nutrient concentration results from the bias in travel time be-
tween the rising limb to the falling limb of the BTC (Gibson et al., 2015; Trentman et al., 2015). However, a 
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mechanistic understanding of these differences is lacking, which compromises our ability to quantitatively 
determine the importance of hyporheic exchange and associated microbial activity in controlling nutrient 
uptake within and across river systems.

In this study, we explored how biophysical opportunity (i.e., the time a solute is exposed to bioactive en-
vironments) for nitrate (NO3

−) uptake varied along the BTC using a new particle-tracking model that ex-
plicitly represents travel paths, residence times, and biogeochemical transformation rates of injected mass 
through the stream and hyporheic zone (Li et al., 2017). We used this spatially explicit model to quantify 
the biophysical opportunity for transformation of NO3

− mass throughout the BTC. We hypothesized that 
hysteresis between spiraling metrics and nutrient concentrations observed in TASCC studies arise from 
differences in biophysical opportunity along the BTC. To test this hypothesis, we used the particle-tracking 
model to reproduce TASCC spiraling metrics for NO3

− (i.e., uptake length, uptake velocity, and areal uptake 
rate) from whole-stream NO3

− and NaCl tracer pulse injections conducted in Elkhorn Creek (CO, USA). 
Then, we explicitly related simulated TASCC spiraling metrics to biophysical opportunities associated with 
the range of flow paths that injected nutrients followed through the study reach. Finally, we explored how 
reach characteristics contribute to hysteresis patterns in TASCC curves.

2. Methods
2.1. Field Injection Experiment

The study site, Elkhorn Creek, is a second-order mountain stream located in the mountains of the Front 
Range of Colorado. This headwater stream is characterized by cobbles and sand patches in the streambed, 
and woodlands in the riparian area (Belcher,  2015; Fairchild et  al.,  2017; Nelson & Kondratieff,  1988). 
We chose a 213  m reach above a road crossing at the lower reach of Elkhorn Creek (40°41ʹ59.877ʺN, 
105°26ʹ29.368ʺW) as our study reach for the injection experiment. Riparian and stream characteristics were 
relatively homogeneous in this reach, natural dams were absent, and tributaries were negligible.

We conducted a whole-stream pulse injection of NaCl (as a conservative tracer) and NaNO3 on July 17, 
2012, which was a dry year with low summer stream flows. Stream water background nutrient concentra-
tions were 4.4 µg NO3-N L−1, 4.6 µg NH4-N L−1, and 8.3 µg PO4-P L−1. We added NH4Cl (5 g) and KH2PO4 
(15.1 g) in the same solution to ensure that the response of stream biota to increases in NO3

− concentration 
during the solute addition experiment was not limited by other essential nutrients. To measure the con-
servative tracer BTC, we measured specific conductance in situ every 15 s with a multiparameter YSI 6920 
V2 water probe (YSI Incorporated) deployed in a well-mixed area of the stream at the end of the reach. To 
measure the NO3

− BTC, we collected water samples at the same downstream location where the YSI probe 
was deployed every 30 s using 60-mL syringes. To correct measured BTCs for background concentrations, 
we collected water samples and measured specific conductance immediately prior to the solute pulse in-
jection. All of the water samples were immediately filtered through ashed Whatman GFF glass fiber filters 
with 0.7-µm pore size. The filtrate was collected in 20-mL scintillation vials, stored on dry ice in the field, 
and then stored in the laboratory at −20°C until analyzed. Water samples were analyzed for NO3

− concen-
tration using the colorimetric method with an Astoria autoanalyzer (Astoria-Pacific, Inc.) following U.S. 
Environmental Protection Agency (EPA) Method 353.2. We converted the field-measured specific conduct-
ance to NaCl concentration by creating a standard curve in the laboratory. The level of analytical detection 
for the study tracers was 1.0 mg L−1 NaCl and 2 µg NO3-N L−1, respectively.

We measured stream discharge (0.067 m3 s−1) from the NaCl BTC using the dilution gauging method (Day 
& Day, 1977). Reach length (213 m) and water depth (0.09 m, average of 100 measurements) were meas-
ured using a meter tape. Stream velocity was estimated from dividing the reach length by the time to peak 
in the BTC (0.22 m s−1) and stream width (3.47 m) was calculated based on discharge, depth, and velocity. 
River slope (0.0035) was estimated using a 1  arc-second digital elevation model (DEM; U.S. Geological 
Survey, 2015). Following the solute pulse injection, the streambed sediment size distribution was measured 
using a gravelometer. Reach characteristics are summarized in Table S1. Streambed sediment size, reach 
length, river depth, and river slope were directly used to parameterize the particle-tracking model (Sec-
tion 2.2). Tracer BTCs (above detection limit, background-corrected) were used to tune the particle-tracking 
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model to characterize the transport and uptake of NO3
− at Elkhorn Creek (Section 2.3). River discharge and 

width were used in combination with particle-tracking results to estimate spiraling metrics (Section 2.3).

2.2. Particle-Tracking Model

Reach-scale dynamics of the conservative tracer and NO3
− were simulated using a previously developed par-

ticle-tracking model for coupled transport and reaction between rivers and hyporheic zones (Li et al., 2017). 
This model is able to represent a wide range of transport rates, residence times, and covariation between 
local flow and reaction conditions. The model is defined in two dimensions, longitudinal (downstream) and 
vertical. The vertical dimension, spanning the stream surface-subsurface continuum, is confined between 
the water surface and the maximum depth of subsurface mixing. Within this two-dimensional domain, the 
model tracks large numbers of discrete mass elements (“numerical particles”), each of which represents an 
equal fraction of the injected mass. The particles are subject to preassigned vertical distributions of veloc-
ity, hydrodynamic mixing, and reaction rate within the surface stream-hyporheic continuum in the study 
reach. The model tracks the position and mass of each particle through the study reach, assigns transport 
and transformation rates based on particle position at every time step, and updates particle position and 
remaining mass after every time step.

Solute transport is determined using the random walk theory (Delay et al., 2005; Kinzelbach, 1988) that 
underlies the classic advection-dispersion equation (Fischer, 1979):

       Δ Δ 2 Δx xx t t x t u t D t (1)

    


   


Δ Δ 2 Δy
y

D
y t t y t t D t

y
 

where x is downstream position, y is vertical position, t is time, Δt is the time step,  xu y  is the vertical dis-
tribution of downstream velocity across the surface stream-hyporheic continuum,   is a random variable 
with standard normal distribution,  xD y  is the vertical distribution of the longitudinal mixing coefficient, 
and  yD y  is the vertical distribution of the vertical mixing coefficient, comprising the vertical turbulent 
diffusion coefficient in the water column and the vertical dispersion coefficient in the hyporheic zone (Fig-
ure S1). All the parameters in Equation 1 except Δt are updated in every time step. This two-dimension-
al framework inherently captures longitudinal advection, longitudinal dispersion caused by shearing of 
downstream velocity and vertical mixing, and long-time scale storage processes associated with slow hy-
porheic transport. It has been shown that longitudinal dispersion caused by shearing does not adequately 
describe longitudinal dispersion in real systems, mainly because of the transverse variability of velocity and 
mixing across the stream (Fischer, 1966, 1967). Therefore, we used  xD y  to account for longitudinal mixing 
variability not inherently captured by the two-dimensional framework.

Nitrate uptake is determined by calculating the amount of transformation in each numerical particle in 
each time step. Each numerical particle has the same initial NO3

− mass (m). Following previous nutrient 
spiraling models (Newbold et al., 1981; Wollheim, 2016), we assumed that NO3

− is subject to a first-order 
uptake process:

       ΔΔ 1 k tm t t m t e (2)

where k is the first-order rate constant for NO3
− uptake. The random walk in Equation  1  defines that 

each virtual particle is subject to motion governed by downstream velocity xu , longitudinal mixing xD , and 
vertical mixing yD , while NO3

− uptake is governed by the first-order rate constant k, which is a reasonable 
assumption when uptake scales linearly with concentration and there is no evidence of nutrient saturation 
such in the case of unimpacted streams (Newbold et al., 1981; Stream Solute Workshop, 1990).

Velocity and mixing profiles were determined from reach characteristics. Downstream velocity was repre-
sented by a classic log-law profile in the open channel (Beavers & Joseph, 1967; Manes et al., 2011; Mendoza 
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& Zhou, 1992) and an exponential transition to Darcy flow in the subsurface (Nagaoka & Ohgaki, 1990; 
Zhou & Mendoza, 1993)

    
    

 
0

0
0x s

u y yu y ln u
a y

 (3)

      0 My
x d s du y u u u e 

where u  is shear velocity, a is von Karman constant, 0y  is a length scale characterizing the effect of the 
porous bed on in-stream velocity, su  is the slip velocity at the sediment-water interface, du  is the seepage 
velocity of underlying porewater flow (underflow), and M is the decay rate of velocity with depth in the 
hyporheic zone. Shear velocity was estimated as  u gHS , where g is the gravitational acceleration, H is 
the stream depth, and S is the stream slope (Fischer, 1979). Underflow velocity was estimated using Darcy's 

law 


d
KSu  (Elliott & Brooks, 1997a, 1997b) where K  is hydraulic conductivity estimated from the 10th 

percentile of grain diameter ( 10D )  2
10100K D  (Hazen, 1911; Rosas et al., 2014), and   is the porosity of 

the riverbed. We assumed   0.25, which is a typical porosity value for gravel-bed streams (Navaratnam 
et al., 2018). We assumed the longitudinal mixing coefficient to be constant in the open channel and negligi-
ble in the subsurface. The assumption of no longitudinal mixing is justified because the vertical variation of 
downstream velocity in the subsurface has a much greater effect on longitudinal transport than longitudinal 
diffusion. The vertical mixing coefficient differed between the open channel and the subsurface, following 
the conventional parabolic profile for turbulent mixing in open channel flow (Fischer, 1979) and then tran-
sitioning to an exponential pattern for the porewater mixing conditions in subsurface flow

  
  

     
20 1y

x

y yD y u
H u

 (4)

      0 My
y d s dD y D D D e 

where  50d xD D u  is vertical mixing coefficient in the subsurface flow where Darcy's law applies (Bear, 1972), 
and sD  is the vertical mixing coefficient at  0y .

Nitrate uptake was assumed to occur only in the subsurface, where the majority of microbial activity takes 
place in headwater streams (Battin et al., 2016; Fischer et al., 2005). For modeling purposes, we considered 
that NO3

− uptake occurred in a sediment layer of thickness   below the sediment-water interface. We ac-
knowledge that this assumption may not fully represent the natural heterogeneity of the bioactive layer. 
Yet, this simplification is reasonable given that NO3

− biogeochemical reactions are often confined to the top 
layer of streambed sediment (Arango et al., 2007; Christensen et al., 1990; Herrman et al., 2008; Lefebvre 
et al., 2004; Roley et al., 2012; Stelzer et al., 2011). The first-order reaction rate constant (k) and reactive layer 
thickness ( ) were determined by fitting the particle-tracking model to the NO3

− measured along the BTC 
during the pulse injection (Section 2.3).

2.3. Model Application and Simulations

To characterize solute transport and NO3
− uptake in Elkhorn Creek, we tuned particle-tracking model pa-

rameters that were not directly measured in field. The best combination of parameters was automatically 
selected based on the obtained weighted mean square error of the fit. We first tuned the transport param-
eters 0y , su , M, xD , and sH , the latter being the depth of hyporheic zone that the injected tracer reached 
during the experiment. To do so, we fitted the model to the measured conservative BTC. Then, we tuned the 
biogeochemical parameters (k  and  ) by fitting the model to the measured NO3

− BTC. The time step in the 
simulations was set at ∆t = 1 s.

We used independent measurements and well-established theory to constrain the values of all unknown 
parameters. The 0y  and su  parameters were constrained to yield mean in-stream velocity u greater than the 
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velocity corresponding to the arrival of BTC peak ( pu ) because tracer mass represents not only in-stream 
velocities but also slower velocities near the sediment-water interface (Li et al., 2017). We constrained M 
between 100 and 250 m−1 according to reported ranges for gravel-bed streams (Nagaoka & Ohgaki, 1990). 
To constrain values of xD , we considered that xD  accounts for up to 2/3 of the total longitudinal dispersion 

, totxD  which was calculated following Fischer (1979), and kept within a factor of 4 (Fischer, 1979). Based 

on those considerations, possible values of xD  could range from 0.08 to 8 m2 s−1. We constrained sH  to be 
positive, and   to be less than fitted sH .

We fitted simulated BTCs by minimizing the weighted mean square error (WMSE) as follows:

 
    


 

2

,obs
1

1WMSE ,sim
N

i i
i

w C C i
N (5)

where , obsiC  and , simiC  are observed and simulated BTC values at time it , respectively, N  is the total number 

of observations, and iw  is the weighting function for fitting. In order to properly fit BTC tails, the weighting 

function was taken as 
, obs

1
i

i
w

C
 (Chakraborty et al., 2009). The model obtained is approximate but useful 

to represent controls on the rates and time scales of downstream transport, hyporheic exchange, and travel 
times in the stream and hyporheic zone.

To explore whether exposure to the bioactive layer enhances the uptake of NO3
− along the reach, we used 

the best-fit particle-tracking model to quantify the residence time of NO3
− in the water column, subsurface, 

and bioactive layer along the BTC. We recorded the trajectory of each simulated NO3
− mass packet after 

each time step, and calculated the cumulative time that NO3
− spent in the bioactive layer (bioactive residence 

time), in the subsurface zone (subsurface residence time), and in the water column (water column residence 
time) between the injection location (x = 0) and the BTC sampling location (x = 213 m). The total travel time 
in the reach (the BTC observation time) is the sum of the water column and subsurface residence times. To 
calculate biophysical opportunity, we recorded the remaining mass of NO3

− after each time step. The frac-
tion of mass removed between the injection location and BTC sampling location indicates the cumulative 
biophysical opportunity along each individual NO3

− travel path through the study reach. The distribution of 
mass uptake over all of the NO3

− travel paths indicates the range of biophysical opportunities in the reach.

We explored the relationship between changes in biophysical opportunity along the BTC and the emergence 
of hysteresis patterns in TASCC curves. To do so, we first reproduced the TASCC curves obtained from 
empirical data, and calculated the NO3

− spiraling metrics (i.e., uptake length, areal uptake rate, and uptake 
velocity) as described in Covino et al.  (2010). The TASCC method allows to explore changes in nutrient 
uptake rates associated with changes in-stream nutrient concentration by calculating dynamic uptake rates 
for each grab sample collected at the end of the reach along the BTC. At each observation time ti in the BTC, 
we calculated

 ,
,

,
ln

w i
N i

Cl i

LS
C
C

 (6)

where wS  is uptake length, L is the reach length, ClC  is the in-stream conservative tracer concentration, and 
NC  is the in-stream NO3

− concentration. wS  (m) is calculated assuming that added NO3
− decreases exponen-

tially with distance downstream (Newbold et al., 1981; Wollheim, 2016), and represents the characteristic 
distance that NO3

− has traveled downstream before being removed from the water column. Then, we used 
the TASCC approach to dynamically calculate areal NO3

− uptake rates U (μg m−2 s−1)

 mean,

,

i
i

w i

QC
U

WS (7)

where Q is discharge and W is stream width. meanC  is calculated as the squared root of the product of in-
stream and conservative NO3

− concentrations at the end of the reach (Covino et al., 2010). The conservative 
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NO3
− concentration is the concentration that would be expected at the 

end of the reach if this tracer would travel conservatively without experi-
encing any biogeochemical transformation. For each time step, the con-
servative NO3

− concentration is calculated as the product of ClC  and NC  
of the injectate solution. U represents the average rate of NO3

− uptake per 
streambed area. Finally, we calculated NO3

− uptake velocity fV  (m s−1)

,
mean,

i
f i

i

UV
C (8)

where fV  (m s−1) is the uptake velocity, which represents the net flux of 
NO3

− to the streambed and is often equated to the efficiency of NO3
− up-

take. Then, we related the TASCC spiraling metrics calculated for each 
observation time of the BTC to the distribution of bioactive, subsurface, 
and water column residence times in the reach resulting from the mod-
el. Finally, to better understand how reach conditions contribute to hys-
teresis in TASCC curves, we conducted forward modeling simulations 
considering different reach lengths (100, 200, 400 m) and bioactive layer 
depths (  = 1.3, 2.5, 3.8, and 5 cm). These   values correspond to 25%, 
50%, 75%, and 100% of the hyporheic depth, respectively. All data analysis 
and simulations were done with Matlab (versions 2018a, 2018b, 2019a, 
2019b).

3. Results
3.1. Simulation of BTCs and TASCC Concentration-Uptake 
Relationships

There was a good match between measured and fitted BTC values 
(WMSE  =  0.0015), an indication that the particle-tracking model suc-
cessfully characterized conservative transport and NO3

− transport and 
uptake in Elkhorn Creek (Figure  1a). Mismatches in TASCC metrics 
observed at very low concentrations likely resulted from taking the 
logarithm of very small concentrations, which tipically amplifies di-
vergences between measured and simulated values. Moreover, values 
of the fitted parameters (Table S2) were within the range of measured 
values expected from previous studies. The fitted mean in-stream veloc-
ity  0.28u  m s−1, slip velocity  0.056su  m s−1, decay rate of velocity 
over depth  130M   m−1, and in-stream longitudinal dispersion coef-
ficient  0.2xD   m2  s−1 were consistent with known characteristics of 
gravel-bed mountain streams. The fitted hyporheic depth (  0.05sH  m) 
was relatively small compared to the measured stream depth (0.09  m) 
(Table S2), though this result is reasonable considering that this was a 
gaining headwater reach where groundwater is expected to compress 
the hyporheic zone. The fitted first-order reaction rate constant of NO3

−  
(  0.005k  s−1) and the resulting uptake velocity averaged over observa-
tion times (   58 10fV  m s−1) were close to empirical values measured 

over the BTC curve ( k   =  0.0046  ±  0.001  s−1,    58.9 0.2 10fV   m  s−1) (mean  ±  SE), and fall within 

the range reported from other headwater streams (Marzadri et  al.,  2017; Mulholland et  al.,  2008; Ribot 
et al., 2017).

The measured and simulated TASCC curves matched well, especially for the falling limb of BTCs (Figure 1). 
There was considerable hysteresis in the relationship between spiraling metrics and tracer concentration 
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Figure 1. (a) Tracer breakthrough curve (BTC) of NO3
− compared with a 

conservative tracer. Note that BTCs are plotted in log-log space. (b, c, and 
d) Relationships between NO3

− concentration and NO3
− uptake length  

( wS ), uptake velocity (Vf), and areal uptake rate (U), respectively. Spiraling 
metrics ( , , and )w fS V U  are calculated following the TASCC procedure 
(Equations 8–10 in Covino et al., 2010). Hysteresis appears in all spiraling 
curves (b, c, and d). Crosses represent measured values and solid lines 
represent model simulations. In the four panels, data from the rising and 
falling limbs of the BTC are highlighted with blue and red, respectively. 
The parameters used for these simulations can be found in Table S2. 
Dashed areas represent the 95% confidence interval of the relationship 
between NO3

− concentration and measured TASCC metrics. The bioactive 
layer depth (δ) was set to 2.5 cm. TASCC, Tracer Additions for Spiraling 
Curve Characterization.
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along the BTC (Figures 1b, 1c, and 1d). At a given concentration, the ris-
ing limb showed longer Sw and lower U than the falling limb of the BTC.

3.2. Simulated Water Residence Time and Nitrate Uptake

The time that NO3
− spent in the bioactive layer of the hyporheic zone 

varied widely because of the wide variety of flow paths through the reach 
(Figure  2a). On average, bioactive residence time and subsurface resi-
dence time were less than the water column residence time during the 
rising limb of the BTC (Figures 2b and 2c), indicating that the NO3

− mass 
observed in the rising limb of the BTC primarily traveled in the water 
column and did not interact with the hyporheic zone. During the falling 
limb, average residence time in the bioactive layer and the subsurface 
increased with observation time (Figure 2b).

The water column residence time was almost constant over a wide range 
of observation times because water column velocity only varied to a small 
extent, while bioactive and subsurface residence time increased substan-
tially over observation time due to the orders-of-magnitude reduction in 
velocity and mixing with depth in the subsurface (Figure 2b). The bioac-
tive residence time still showed a slight increase with observation time 
in the tail of the BTC, but the residence time of water within the deeper 
subsurface increasingly dominates the total residence time of water with-
in the reach during the falling limb of the BTC. On average, the mean 
residence time of the injected tracer was 58% ± 15% in the surface water, 
26% ± 17% in the nonreactive hyporheic zone, and 16% ± 2% in the bio-
active hyporheic layer (Figure 2c).

In the particle-tracking model, NO3
− uptake was limited to the bioactive 

layer. Therefore, the fraction of NO3
− mass removed during transport 

through the reach increased with bioactive residence time (Figure  3). 
Higher bioactive residence time leads to higher biophysical opportuni-
ty because NO3

− that spent more time in the bioactive layer was taken 
up to a greater extent. Nitrate that arrived at the downstream sampling 
station during the rising limb of the BTC primarily traveled through the 
fastest flow paths, which were primarily in the water column. Thus, NO3

− 
underwent minimal exchange with the bioactive layer of the hyporheic 
zone during the rising limb, and had little opportunity to be taken up 
(Figures 2 and 4a). Nitrate that arrived near the peak of the BTC traveled 
through flow paths that penetrated deeper into the subsurface, meaning 
more time spent in the bioactive layer, and thus higher biophysical oppor-
tunity for uptake (Figures 2 and 4b). Nitrate that arrived during the fall-
ing limb of the BTC spent a longer period of time in the bioactive layer, 
as this region had lower velocities than the water column (Figures 2a and 
4c). Nitrate arriving at the end of the tail in the BTC typically exchanged 
with subsurface regions below the bioactive layer, and therefore may not 
necessarily spent more time in the bioactive layer than NO3

− that arrived 
earlier on the falling limb.

3.3. Bioactive Residence Time and Hysteresis in TASCC Curves

Model simulations indicated that the increase in bioactive residence time 
throughout the BTC, and hence the increase in biophysical opportunity 
for NO3

− uptake, explains hysteresis in NO3
− spiraling metrics between 

the rising and falling limbs of the BTC (Figures 1b and 1c). This increase 
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Figure 2. Temporal pattern of the residence time in the water column, 
subsurface, and bioactive regions determined by the particle-tracking 
model. Results corresponding to the rising and falling limbs of the BTC 
are indicated in blue and red, respectively. (a) Distribution of bioactive 
residence time for injected NO3

−. Each point represents a simulated 
NO3

− mass packet. (b) Average residence time and (c) average fraction 
of time spent in the water column, subsurface, and bioactiver layer. In 
panels (b and c), the solid line corresponds to the bioactive layer (included 
within the subsurface zone), the dashed line to the entire subsurface, and 
the dotted line to the water column. The total residence time is the sum 
of surface and subsurface residence times. In panel (c), the fraction of 
time in the bioactive layer is the ratio between the residence time in the 
bioactive layer and the total residence time. The parameters used for these 
simulations can be found in Table S2. The bioactive layer depth (δ) was set 
to 2.5 cm.

Figure 3. Relationship between the fraction of NO3
− mass taken up and 

the time spent in the bioactive layer, simulated with the particle-tracking 
model. Nitrate uptake was calculated as the fraction of mass removed 
between the injection location and the breakthrough curve sampling 
location along each travel path.
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in biophysical opportunity caused Sw to decrease with observation time (Figure 5a). Consequently, Sw cal-
culated at a given concentration was consistently longer in the rising limb than in the falling limb, causing 
clockwise hysteresis in the relationship between Sw and mean concentration in the TASCC curves (Fig-
ure 1b). Similarly, Vf and U increased from the rising to the falling limbs of BTC (Figure 5b and 5c), causing 
a counter-clockwise hysteresis in the relationship between these two variables and mean geometric concen-
tration in the TASCC curves (Figure 1c and 1d).

3.4. Effect of Bioactive Layer Depth and Reach Length on TASCC Curves

The hysteresis in the TASCC curves varied as a function of bioactive layer depth and reach length. Deep-
er bioactive layers favored longer bioactive residence times, yielding greater biophysical opportunity for 
NO3

− uptake and lower NO3
− concentrations being transported downstream (Figures 6a and 6b). Moreover, 

increasing the depth of the bioactive layer produced greater differences in bioactive residence time between 
the rising and falling limbs of the BTC (Figure 6b), amplifying hysteresis in the relationship between U 
and mean concentration. Thus, at each NO3

− concentration, the difference in U between the rising and the 
falling limbs became larger as the bioactive layer became thicker (Figure 6c).

Nitrate concentrations decreased with reach length because longer reaches had longer bioactive residence 
time, and thus greater biophysical opportunity for NO3

− uptake (Figures 7a and 7b). Moreover, the dis-
tribution of residence times in the bioactive layer became more similar in longer reaches, leading to less 
difference in bioactive residence time between the rising and falling limbs of the BTC (Figure 7b). While the 
shortest reach showed nearly an order-of-magnitude difference in biophysical opportunity for NO3

− uptake 
between the rising and falling limbs of the BTC, the longest reach showed less than a factor of two differ-
ence. Consequently, hysteresis in the relationship between U and mean NO3

− concentration decreased in 
longer reaches (Figure 7c).
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Figure 4. Example tracer trajectories through the reach during (a) the early rising limb, (b) near the peak, and (c) the late falling limb of the breakthrough 
curve. The superficial water column, the bioactive and nonbioactive hyporheic zone (HZ) are highlighted in panel (a). Note that the trajectories are not drawn 
to scale.
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4. Discussion
We used a process-based particle-tracking model to explore mechanisms 
influencing reach-scale NO3

− uptake in a second-order mountain stream. 
Our approach includes detailed trajectories of the injected tracer through 
the water column and subsurface, and explicitly defines the bioactive re-
gion of the hyporheic zone where NO3

− uptake occurs. Thus, this type 
of modeling better captures hyporheic heterogeneity than more conven-
tional spiraling models which typically describe integrated reach-scale 
behavior and are not capable to distinguish among physical, chemical, 
and biological controlling processes (Boano et al., 2014; Cardenas, 2015). 
The model successfully simulated the BTCs of NO3

− and a conservative 
tracer in Elkhorn Creek, and produced parameter estimates within the 
expected range of empirical values for this type of stream. We used these 
results to illustrate how biophysical opportunity varies across BTCs and 
explore the implications of this variability for reach-scale NO3

− uptake. 
We also used the model to investigate whether differential uptake across 
the wide range of flow paths through the reach yields hysteresis in the 
relationship between nutrient concentration and uptake rate in TASCC 
analysis, which is commonly observed but remains poorly explained.

4.1. Biophysical Opportunity Influences Hyporheic Nitrate 
Uptake

Our simulations indicate that longer NO3
− residence time within the bi-

oactive layer yields a greater decrease in NO3
− mass at the whole-reach 

scale, as expected from prior studies exploring biophysical opportunity 
for microbial metabolism in rivers (Battin et al., 2008; Knapp et al., 2017; 
Li et al., 2017). Thus, bioactive residence time—the total time spent in the 
bioactive region of the hyporheic zone—emerges as a crucial factor con-
trolling reach-scale NO3

− uptake. The key processes governing bioactive 
residence time, and thus the biophysical opportunity for hyporheic NO3

− 
uptake, are the rate of hyporheic exchange and the local residence time 

distribution in the bioactive region. The bioactive residence time provides insights into the key hydrological 
time scales that actively contribute to whole-reach NO3

− uptake. The bioactive residence time is only a small 
fraction of the total subsurface residence time because the region where microbial activity occurs is spatial-
ly limited. Therefore, common water transient storage zone metrics such as average hyporheic residence 
time may not be appropriate estimators of biophysical opportunity, because storage or time spent in the 
hyporheic zone per se does not necessarily contribute to nutrient uptake. This is consistent with the “active 
volume” notion for hyporheic denitrification (Harvey et al., 2013), which underscores the importance of the 
bioactive fraction of the hyporheic zone. The applicability of this concept for NO3

− is supported by recent 
field observations and modeling (Knapp et al., 2017; Li et al., 2017).

The residence time of the injected pulse of NO3
− mass in the benthic bioactive layer produces clockwise 

hysteresis in the relationship between Sw and NO3
− concentration, and counter-clockwise hysteresis in the 

relationship between U and NO3
− concentration. These results indicate that increasing bioactive residence 

time from the rising limb to the falling limb of BTCs can cause the hysteresis observed for spiraling metrics 
in TASCC analyses. Many other biologically important solutes (e.g., NH4

+, PO4
3−, and dissolved organic car-

bon) are also processed within the hyporheic zone. Because hyporheic exchange and slow subsurface water 
transport are mostly captured in the late-time segments of BTCs, the strong relationship between bioactive 
residence time and BTC observation time we found for NO3

− should be a common phenomenon. In fact, 
clockwise hysteresis between Sw and nutrient concentration has been found in most NO3

− TASCC curves, as 
well as in the few TASCC applications to NH4

+ (Gibson et al., 2015; Rodriguez-Cardona et al., 2016). How-
ever, the extent of hysteresis varies among solutes as well as among individual reaches (Arce et al., 2014; 
Brooks et al., 2017; Covino et al., 2012, 2010; Gibson et al., 2015; Johnson et al., 2015; Jones et al., 2015; 
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Figure 5. Measured (crosses) and simulated (solid lines) NO3
− spiraling 

metrics, (a) uptake length (Sw), (b) uptake velocity (Vf), and (c) areal 
uptake rate (U), as a function of observation time over the breakthrough 
curve (BTC). Blue color corresponds to the rising limb of the BTC, and 
red color corresponds to the falling limb of the BTC. Spiraling metrics 
were calculated following the TASCC procedure (Equations 8–10 in 
Covino et al., 2010). The parameters used for these simulations are shown 
in Table S1. Dashed areas represent the 95% confidence interval of the 
relationship between NO3

− concentration and measured TASCC metrics. 
The bioactive layer depth (δ) was set to 2.5 cm. TASCC, Tracer Additions 
for Spiraling Curve Characterization.
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Rodriguez-Cardona et al., 2016; Tromboni et al., 2018). For instance, Cov-
ino et al. (2010) interpreted the lack of hysteresis patterns between NO3

− 
spiraling metrics and concentration as no effect of travel time on nutrient 
uptake for two headwater streams in the Rocky Mountains (MO, USA). 
In contrast, Gibson et al. (2015) found substantially lower uptake lengths 
during the falling limb of the BTC in 16 streams in the Castkill Moun-
tains (NY, USA). This hysteresis behavior has been essentially interpreted 
as a consequence of differential hydrological flowpaths between the ris-
ing and the falling limb of BTC, with channel processes dominating dur-
ing the rising limb, and increased contribution of transient storage and 
slower water areas to nutrient uptake during the falling limb (Trentman 
et al., 2015). As highlighted in our simulations, different combinations of 
hydrological and biogeochemical conditions can explain the variability 
in hysteresis patterns. When solutes are transformed primarily in the wa-
ter column, uptake processes are much more spatially uniform and the 
bioactive residence time approaches the water column residence time. 
When biogeochemical processes occur at the sediment-water interface, 
such as in benthic biofilms and algal mats, some degree of hysteresis in 
the TASCC curves is expected because of transport limitations around 
the sediment-water interface. The highest degree of hysteresis is expect-
ed when processes occur primarily within the hyporheic zone, because 
of the limited surface-subsurface water exchange and slow subsurface 
transport. Therefore, compounds that are more rapidly taken up, such 
as NH4

+, are expected to exhibit less hysteresis than compounds that are 
taken up more slowly, which persist for a longer time in the bioactive 
environment and thus are expected to be transformed deeper in the hy-
porheic zone.

Nutrient spiraling metrics and the magnitude of hysteresis patterns will 
ultimately depend on the amount and distribution of active biomass, 
the community structure, and the redox gradients that control the dis-
tribution of different types of metabolism in the benthic and hyporheic 
regions (Battin et al., 2016; Boano et al., 2014; Triska et al., 1989). How-
ever, the heterogeneity of hyporheic flow paths and spatial distribution 
of bioactive hot spots can complicate the measurement of biophysical 
opportunity in many stream reaches. These constraints can be partial-
ly solved by considering the bioactive residence time as an integrated 
reach-scale measure of biophysical opportunity to estimate whole-reach 
nutrient uptake. In this case, the fraction of nutrients taken up within the 

reach can be simply calculated as  out bio

in
1 kC e

C
, where inC  and outC  represent nutrient concentration or 

mass coming into and out of the reach, respectively. This estimation of nutrient uptake assumes first-order 
kinetics and requires measurements of the depth of the bioactive layer, reaction rate constant within the 
bioactive layer (k), and the bioactive residence time ( bio). The later can be estimated by taking subsurface 
water samples, for instance with USGS MINIPOINT samplers from different depths during pulse injection 
experiments. The analysis of the biogeochemical vertical profiles obtained from these subsurface samples 
allows identifying, or at least constraining, the depth over which relevant transformations take place, and 
assess the travel time of conservative tracer to this depth in the subsurface (Harvey & Fuller, 1998; Harvey 
et al., 2012, 2013).

We found that a deeper bioactive layer leads to larger hysteresis in the relationship between uptake rate and 
nutrient concentration. In systems with deeper bioactive regions, the bioactive residence time becomes a 
greater fraction of the subsurface residence time, which means that both the bioactive residence time and 
the fraction of total travel time spent in the bioactive region increase more rapidly with observation time. 
Nonhomogeneous biogeochemical activity through the vertical profile typically produces variability in the 
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Figure 6. (a) Nitrate breakthrough curves (BTC) at the study reach 
simulated with the particle-tracking model for different bioactive layer 
depths. The conservative BTC is shown in black for reference. (b) Bioactive 
residence time for all travel paths as a function of BTC observation time. 
Solid curves represent the best fit using function  log ,by ax c  where 
a, b, and c are fitting parameters, x is observation time, and y is bioactive 
residence time. (c) Areal NO3

− uptake rate (U) calculated following the 
TASCC procedure (Equation 8 in Covino et al., 2010) as a function of NO3

− 
concentration measured over the BTC. The parameters used for these 
simulations are shown in Table S2. TASCC, Tracer Additions for Spiraling 
Curve Characterization.
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relationship between mass uptake and bioactive residence time (Harvey 
et al., 2013; Knapp et al., 2017; Li et al., 2017). For instance, denitrifica-
tion has often been observed to occur primarily in a relatively narrow 
layer near the sediment-water interface, at depths ranging from 2–5 to 
10–12 cm (Harvey et al., 2013; Zhou et al., 2014). Yet, in some cases, de-
nitrification can retain half of its maximum value up to ∼25-cm deep in 
the sediments (Fischer et al., 2005). The influence of these local trans-
formation rates on whole-reach denitrification will be different because 
the delivery of NO3

− from the stream to the hyporheic zone decreases 
substantially with depth, and thus a high denitrification rate confined 
in a shallow layer has a larger effect on whole-reach NO3

− uptake than 
the same rate in a deeper layer. Most field studies do not measure the 
depth-distribution of denitrification, and instead measure the average 
denitrification rate in the topmost layer of sediments, typically 5-cm deep 
but ranging from 1- to 18-cm deep (Garcia-Ruiz et al., 1998; Laverman 
et al., 2015; Reisinger et al., 2016; Sheibley et al., 2003a, 2003b). Our re-
sults indicate that misidentification of the specific bioactive layer depth 
will lead to biased estimation of the local and whole-stream uptake rates.

We found that hysteresis between NO3
− concentrations and spiraling 

metrics diminishes in longer reaches, indicating that the extent of hyster-
esis is influenced by the characteristics of the particular study reach and 
the travel time of the injected solute. Slower in-stream velocity will pro-
vide a similar effect as a longer reach: increased time for injected solutes 
to equilibrate between different flow paths that present different biophys-
ical opportunities for nutrient transformation and uptake (Meerschaert 
& Sikorskii, 2012). This phenomenon likely explains the different extent 
of hysteresis observed in the original TASCC study, where river reaches 
with faster velocity and shorter lengths showed greater hysteresis (Cov-
ino et  al.,  2010). Finally, additional biogeochemical processes, such as 
coupled nitrification and denitrification, are expected to add complexi-
ty to reach-scale NO3

− uptake compared to the assumption of first-order 
uptake considered in the present study. Bioactive residence time is still 
expected to be important in these cases, as delivery to and time spent 
within regions of more active nutrient uptake presents a general control 
on reach-scale uptake rates (Aubeneau et al., 2015; Boano et al., 2014). 
However, spatial and temporal variability within a reach can obscure un-
derlying controls of nutrient uptake. Some studies have reported consid-
erable noise in uptake rates of NH4

+, NO3
−, and PO4

3− calculated from 
TASCC approach (Arroita et al., 2017; Diemer et al., 2015), in which case variability may hide the existence 
of any hysteresis pattern.

4.2. Bioactive Residence Time: Implications for Interpreting Nutrient and Carbon Uptake in 
Riverine Systems

We showed that hysteresis in the relationship between spiraling metrics and nutrient concentration ob-
served when applying the TASCC approach to BTCs from solute pulse additions can arise from the differ-
ential biophysical opportunities experienced by water parcels traveling through a stream reach. The TASCC 
approach does not differentiate the biophysical conditions experienced by solutes arriving at different times 
along the downstream BTC. In this sense, TASCC considers that the nonlinearity of nutrient concentration 
vs. uptake rates is an evidence for nonlinear uptake kinetics analogous to Michaelis-Menten kinetics. This 
could be the case if all tracer experiences the same biophysical opportunity per unit time, as expected in 
well-mixed systems where the injected nutrient is homogeonously exposed to biological activity. Howev-
er, our simulations suggest that in pulse tracer injections, biophysical opportunity varies along the BTC 
because biological activity occur primarily in benthic and hyporheic habitats, and the injected solute does 
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Figure 7. (a) Nitrate breakthrough curves (BTC) simulated with the 
particle-tracking model for different reach lengths. The conservative BTC 
is shown in black for reference. (b) Bioactive residence time as a function 
of observation time. Dots represent NO3

− in all travel paths. Solid curves 
represent the best fit using function  log by ax c, where a, b, and c 
are fitting parameters, x is observation time, and y is bioactive residence 
time. (c) Areal NO3

− uptake rate (U) was calculated following the TASCC 
procedure (Equation 8 in Covino et al., 2010) as a function of NO3

− 
concentration measured over the BTC. For these simulations, the bioactive 
layer depth (δ) was set to 2.5 cm. TASCC, Tracer Additions for Spiraling 
Curve Characterization.
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not homogenously mix throughout the study reach (including surface, interfacial, and subsurface regions). 
Hence, the application of the TASCC method in naturally heterogenous reaches can produce systematic 
errors in estimates of nutrient uptake kinetics.

To date, studies using the TASCC approach have considered different methods to address hysteresis, since 
nonlinearities in the relationship between nutrient concentration and spiraling metrics can complicate the 
characterization of ambient nutrient uptake kinetics. The original TASCC study proposed two approaches 
for estimating U from BTC data. The first approach used a time-invariant method of converting uptake 

length to uptake rate estimates (  mean

w

QCU
wS

). This approach uses the average water residence time in the 

reach to estimate nutrient uptake at each given observational time through the BTC, thus completely over-
looking the fact that solutes arriving at the start and end of the BTC have spent different amounts of time 
within the study reach. Covino et al. (2010) recognized this inconsistency and proposed a modification to 

the calculation of U in order to account for solutes arriving at different times,  mean
t

w

HLCU
TS

, where L is 

the reach length and T is the observation time. To compare with tU , the areal uptake rate in Section 2.3 can 

be rewritten as  mean

w

HLCU
TS

 where   is the arrival time associated with the mean in-stream velocity. tU  is 

essentially the areal uptake rate using the observed travel time rather than the mean reach travel time.

The use of tU  can completely eliminate hysteresis in the concentration-uptake curve when bioactive resi-
dence time increases linearly with observation time in the BTC. This would occur in the theoretical case of 
spatially homogeneous reactions spanning the entire surface-subsurface hydrological continuum, or when 
stream length is long enough that all injected solutes become well mixed through the surface-subsurface 
continuum. When solutes are primarily transformed in the top layer of streambed sediments, the time-nor-
malized approach will generally reduce but not eliminate the hysteresis between tU  and nutrient concentra-
tion. Furthermore, when nutrients are primarily taken up in the water column or just at the sediment-water 
interface, the fraction of time nutrients spent in the bioactive region decreases substantially with observa-
tion time as solutes are delivered into the subsurface beyond the bioactive region. Similarly, when in-stream 
storage is dominated by water column features with small bioreactivity, such as pools and lateral eddies, 
the time-normalized approach will reverse the direction of the hysteresis patterns and potentially amplify 
its extent. Either situation could explain the remarkable clockwise hysteresis observed in the relationship 
between tU  and NH4

+ concentration in the 14 injection experiments conducted by Koenig et al. (2017). In 
another application of the TASCC method to NH4

+ uptake, the relationship between time-normalized up-
take velocity and observation time for the falling limb of most of the study reaches was convex, which sug-
gests a prevailing clockwise hysteresis (Day & Hall, 2017). Therefore, even when uptake is estimated using 
the observed travel time, hysteresis in the relationship between concentration and U can confound attempts 
to discriminate relationships arising from water residence time from nonlinear nutrient uptake kinetics.

A second approach to coping with hysteresis in TASCC applications has been to use just the falling limb rath-
er than the entire BTC when regressing uptake metrics against nutrient concentration (Brooks et al., 2017; 
Day & Hall, 2017; Gibson et al., 2015; Trentman et al., 2015). However, our results highlight that estimating 
ambient spiraling metrics from different sections of the hysteresis loop will bias the results toward the 
biogeochemical opportunity experienced by the subset of injected solute traveling those flowpaths. The 
patterns observed during the rising limb will be mostly influenced by the biological activity occurring in 
the water column, while patterns observed during the falling limb will become increasingly influenced by 
benthic and hyporheic processes. This difference could explain longer Sw calculated from the rising limb 
than from the falling limb of BTC in many NO3

− injection experiments (Gibson et al., 2015). Further, the 
concave shape of the upper portion of the hysteresis loop for U can be misinterpreted as a saturating func-
tion in which uptake rate decreases with concentration. However, our analysis stresses that such hysteresis 
can perfectly emerge from first-order kinetics when biophysical opportunities differ across a range of flow 
paths. Thus, the spatial heterogeneity of benthic and hyporheic transport and microbial activity can easily 
be misinterpreted as nonlinearity in the underlying biochemical processes.

The present study highlights how spatial heterogeneity of surface-subsurface flow paths and biological ac-
tivity interact to create tremendous variability in the biophysical opportunity experienced by solutes as they 
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travel through streams. We show that the exposure time of bioreactive solutes to bioactive layers, especially 
located within the streambed sediments, can constrain the uptake of nutrients at whole-reach scale. More-
over, we demonstrate that differential biophysical opportunity generates nonlinear relationships between 
nutrient concentration and whole-reach estimates of nutrient uptake even when the underlying biochem-
ical processes follow first-order kinetics. These results reinforce the conclusion that both hydrological and 
biogeochemical conditions control whole-reach nutrient uptake. Analytical approaches that incorporate 
both of these ecosystem components are required if we are to understand the capacity for nutrient uptake 
across streams. Overall, our study highlights that the combination of traditional nutrient addition experi-
ments with novel analytical approaches and modeling frameworks explicitly incorporating both hydrolog-
ical and biogeochemical processes can become a powerful tool for unraveling factors controlling whole-
reach nutrient uptake and its variability across riverine systems.

Data Availability Statement
The data set and Matlab scripts used in this study are available at 10.6084/m9.figshare.12154599.
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