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Abstract Modeling and experimental studies demonstrate that ambient groundwater reduces hyporheic
exchange, but the implications of this observation for stream N-cycling is not yet clear. Here we utilize a
simple process-based model (the Pumping and Streamline Segregation or PASS model) to evaluate Ncycling over two scales of hyporheic exchange (ﬂuvial ripples and rifﬂe-pool sequences), ten ambient
groundwater and stream ﬂow scenarios (ﬁve gaining and losing conditions and two stream discharges), and
three biogeochemical settings (identiﬁed based on a principal component analysis of previously published
measurements in streams throughout the United States). Model-data comparisons indicate that our model
provides realistic estimates for direct denitriﬁcation of stream nitrate, but overpredicts nitriﬁcation and coupled nitriﬁcation-denitriﬁcation. Rifﬂe-pool sequences are responsible for most of the N-processing, despite
the fact that ﬂuvial ripples generate 3–11 times more hyporheic exchange ﬂux. Across all scenarios, hypo€hler Number emerge as primary controls on stream N-cycling; the forrheic exchange ﬂux and the Damko
mer regulates trafﬁcking of nutrients and oxygen across the sediment-water interface, while the latter
quantiﬁes the relative rates of organic carbon mineralization and advective transport in streambed sediments. Vertical groundwater ﬂux modulates both of these master variables in ways that tend to diminish
stream N-cycling. Thus, anthropogenic perturbations of ambient groundwater ﬂows (e.g., by urbanization,
agricultural activities, groundwater mining, and/or climate change) may compromise some of the key ecosystem services provided by streams.

Plain Language Summary Humans generate vast quantities of bioavailable nitrogen for agricultural production, and much of the excess ends up in rivers and streams. As the nitrogen ﬂows downstream,
some of it is naturally removed by streambed sediments through a process known as hyporheic exchange.
In this paper, we set out to answer the question: how does the movement of groundwater into (or out of) a
stream affect the removal of nitrogen by hyporheic exchange? Multiscale and multi-physics model simulations suggest that groundwater movement across the streambed can ‘‘shut down’’ the physical and biological processes that remove stream nitrogen. Hence, stream-groundwater interactions may play an important
role in modulating the human and environmental impacts of nitrogen pollution.

1. Introduction

C 2017. American Geophysical Union.
V
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Humans more than doubled the annual terrestrial input of bioavailable nitrogen over the past century, from
155 Tg N y21 in 1900 to 345 Tg N y21 in 2000 [Galloway et al., 2004; Seitzinger et al., 2006]. This number is
projected to increase another 18–48% (from 408 to 510 Tg N y21) by the year 2030 [Bouwman et al., 2005].
Much of this anthropogenic nitrogen ﬁnds its way to rivers and streams through point and nonpoint source
pollution, including return ﬂows from irrigated agriculture, runoff from conﬁned animal feeding operations,
septic tank leachates, and partially treated municipal wastewater discharges, to name a few [Jongbloed and
Lenis, 1998; Carey and Migliaccio, 2009; Moree et al., 2013]. As nitrate loading increases, streams less efﬁciently remove nitrate by biological assimilation and denitriﬁcation [Bernot and Dodds, 2005; Mulholland
et al., 2008] and disproportionately more nitrate escapes to downstream receiving waters where it threatens
both human and ecosystem health [Smith et al., 1999; Powlson et al., 2008; Canﬁeld et al., 2010]. An alarming
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example is currently playing out in the Gulf of Mexico, where nitrate discharged from the Mississippi and
Atchafalaya Rivers is responsible, at least in part, for a seasonal hypoxic region (or ‘‘dead zone’’) the size of
the U.S. State of Connecticut [Coppess, 2016].
As nitrogen is transported downstream upwards of 70% is removed from the stream by biological assimilation and denitriﬁcation [Peterson et al., 2001; Galloway et al., 2004; Birgand et al., 2007], and much of this
ecosystem service is thought to occur in the hyporheic zone [Groffman et al., 2005; Bohlke et al., 2009;
Zarnetske et al., 2011, 2012; Kiel and Cardenas, 2014] and riparian zone [McClain et al., 2003]. The hyporheic
zone is often deﬁned as the portion of the streambed where hydrological ﬂow paths start and terminate at
the stream [Gooseff, 2010; Boano et al., 2014]. The cycling of water, oxygen, and nutrients between the
stream and hyporheic zone (‘‘hyporheic exchange’’) drives a number of biological processes that inﬂuence
stream water quality, including stream nitrate concentrations [Huettel et al., 2014; Rode et al., 2015]. Water
and solutes are ‘‘pumped’’ into and out of the sediment by static and dynamic pressure variations over the
sediment-water interface [Thibodeaux and Boyle, 1987; Grant and Marusic, 2011; Boano et al., 2014]. Water
and mass move from the stream to the sediment in high-pressure regions (downwelling zones) and from
the sediment to the stream in low-pressure regions (upwelling zones). Hyporheic exchange can also occur
due to variations in streambed hydraulic conductivity [Herzog et al., 2015], bed form migration [Rutherford
et al., 1993; Elliott and Brooks, 1997a, 1997b; Ahmerkamp et al., 2015], and bioirrigation [Vaughn and Hakenkamp, 2001; Meysman et al., 2006a, 2006b].
The pumping of water through submerged ripples and rifﬂe-pool sequences, in particular, appears to dominate hyporheic exchange ﬂuxes and nutrient turnover in many streams [Gomez-Velez and Harvey, 2014;
Gomez-Velez et al., 2015]. Because hyporheic exchange across ripples and rifﬂe-pool sequences occurs over
different time scales (minutes-to-hours versus hours-to-days, respectively) [Boano et al., 2014], these two
bed form scales could also serve different functional roles relative to N-cycling; e.g., producing nitrate at
one scale and consuming nitrate at another, depending on the local balance between transport and respiration rates [Groffman et al., 2005; Zarnetske et al., 2011, 2012; Azizian et al., 2015].
At the reach scale, the net removal (or generation) of stream nitrate can be quantiﬁed with the nitrate
uptake velocity (vf, units m s21), deﬁned here as the ﬂux of nitrate out of the streambed divided by the
nitrate concentration in the stream [Stream Solute Workshop, 1990; Wollheim et al., 2006]. The nitrate uptake
velocity is favored over other metrics of nitrate attenuation (e.g., the uptake length scale) [Peterson et al.,
2001], because it isolates the inﬂuence of biological processes on nitrate removal in the streambed [Wollheim et al., 2006]. In a review of nitrate pollution in agriculturally impacted streams, Birgand et al. [2007] concluded that the uptake velocity ‘‘is a powerful concept that should be henceforth commonly used in studies
of nitrogen removal’’ (pg. 469). For the sign convention adopted here, the nitrate uptake velocity is negative
(or positive) when the streambed is a sink (or a source) of nitrate, respectively.
There is an urgent need for modeling tools that can provide realistic estimates for the nitrate uptake velocity in support of regulatory, ecological, and sustainability goals, including implementation of total maximum
daily loads for nitrogen impaired streams [French et al., 2006], stream restoration efforts to improve the
retention and removal of bioavailable nitrogen [Craig et al., 2008], and long-term forecasts of the effects of
land-use and climate change on water resources at the watershed scale [Grathwohl et al., 2013]. To this end,
several process-based models for vf have been proposed, but these: (1) do not consider the multiscale
nature of hyporheic exchange ﬂows and, in particular, the impact of ambient groundwater ﬂow on hyporheic exchange; (2) rely on simpliﬁed conceptualizations of mixing within streambed sediments (e.g., a wellmixed box); (3) neglect important steps in the N-cycle (e.g., nitriﬁcation and ammoniﬁcation); and/or (4)
adopt pseudo-ﬁrst-order kinetic descriptions of denitriﬁcation [Stream Solute Workshop, 1990; Runkel, 2007;
Yang and Wang, 2010]. The ﬁrst limitation is particularly concerning given that groundwater resources are
increasingly under stress from urbanization, agricultural activities, groundwater mining, and climate change
[Walsh et al., 2005; Green et al., 2011; Askarizadeh et al., 2015]. The effects of ambient groundwater ﬂow on
in-stream ecosystem services are largely unknown [Boulton et al., 2010; Grathwohl et al., 2013; Wondzell,
2015].
In this paper, we develop and test a simple and scalable process-based model for estimating the nitrate
uptake velocity that addresses the limitations identiﬁed above. In particular, our model accounts for: (1)
hyporheic exchange at multiple scales together with ambient groundwater ﬂow in gaining or losing
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streams; (2) the broad residence time distributions characteristic of hyporheic exchange; (3) key biogeochemical reactions associated with N-cycling, including respiration, ammoniﬁcation, nitriﬁcation, and denitriﬁcation; and (4) the nonlinear nature of the pertinent biogeochemical reaction rates, including Monod
kinetics for aerobic respiration and denitriﬁcation, and second-order kinetics for nitriﬁcation. Using this
modeling framework, we systematically evaluate how changing ambient groundwater ﬂow is likely to affect
N-cycling in the hyporheic zone of streams, and compare our predictions to previously published reachscale measurements of nitrate removal.
The paper is organized as follows. We begin by presenting our modeling framework, which we refer to as
the Pumping and Streamline Segregation or PASS model (section 2). Information needed to implement the
PASS model is then described, including (1) a biokinetic model for the evolution of nitrate concentration
with travel time through the hyporheic zone (section 3); (2) physical models for the hyporheic exchange of
water through ripples and rifﬂe-pool sequences (section 4); and (3) physical models for the residence time
distributions associated with these two bed form scales (section 5). These results are then combined
through the PASS modeling framework to predict nitrate uptake velocities for a variety of scenarios related
to stream chemistry, bed form scale, stream discharge, and ambient groundwater ﬂow (section 6). We end
with a discussion of how these nitrate uptake velocity predictions might be scaled-up to watersheds (section 7), and model limitations and future directions (section 8).

2. Pumping and Streamline Segregation (PASS) Model for Nitrate Uptake
2.1. PASS Model Formulation
Numerous studies have documented that advection is the dominant mechanism by which mass is
exchanged across the sediment-water interface in permeable streambeds, deﬁned as streambeds with permeability >10212 m [Grant and Marusic, 2011; Kessler et al., 2013a, 2013b; Boano et al., 2014; Huettel et al.,
2014]. Here we conceptualize this advective exchange as ﬂow through a bundle of small diameter tubes
(referred to as hyporheic zone tubes or HZTs) that collectively represent the various ﬂow paths stream water
takes as it moves through the hyporheic zone (Figure 1). Biogeochemical reactions in the sediment cause
nutrient and oxygen concentrations to evolve continuously along the HZTs; e.g., sediment-associated microbial bioﬁlms consume oxygen, causing the oxygen concentration in a water parcel to decline with travel
time through the hyporheic zone [Zarnetske et al., 2011, 2012; Kessler et al., 2013a, 2013b]. As a water parcel
exits the HZT and returns to the stream, its ﬁnal nitrate concentration (denoted here by the function
CHZT2NO23 ðs; ’’chemistry’’Þ, units mol m23) will depend on the water parcel’s travel time through the hyporheic zone (s, units s) conditioned on subsurface biogeochemical reactions that consume and produce
nitrate (denoted here by the shorthand ‘‘chemistry’’). Provided there is no mixing of mass across or within
HZTs (i.e., mass transport occurs only by advection through the HZT, discussed further in section 2.2), mass

Figure 1. Hyporheic exchange and ambient groundwater ﬂux inﬂuence nitrogen cycling in the hyporheic zone of a stream. Here, ambient
groundwater ﬂux has both vertical (gaining or losing) and horizontal (underﬂow) components. Hyporheic zone tubes (HZTs) with different
residence times (denoted by the labels s1 through s4 ) represent the various ﬂow paths stream water takes as it undergoes hyporheic
exchange through submerged bed forms. Two submerged bed form scales are illustrated here: rifﬂe-pool sequences (wavelength 10 m)
and ﬂuvial ripples (wavelength 10 cm). As water travels through a HZT, microbial respiration of organic carbon consumes oxygen and
creates anoxic conditions favorable for denitriﬁcation, as indicated by the transition in color from blue to red.
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balance over a single submerged and periodic bed form yields the PASS model for nitrate uptake velocity
[Rutherford et al., 1993, 1995; Grant et al., 2014; Azizian et al., 2015; Tonina et al., 2015]:


 HZT2NO2 21
vf 5qH C
(1a)
3
 HZT2NO2 5
C
3

1
CS2NO23

1
ð

CHZT2NO23 ðs; ‘‘chemistry’’Þ3E ðsÞds

(1b)

0

Variables appearing in these equations include: (1) the volume of stream water pumped through the hyporheic zone per streambed area per time (‘‘hyporheic exchange ﬂux’’, qH, units m s21); (2) the residence time
distribution (RTD) of water in the hyporheic zone E ðsÞ (units s21), where E ðsÞds represents the fraction of
hyporheic exchange ﬂux with a HZT travel time within ds of s [Levenspiel, 1972; Hill, 1977]; (3) the stream
nitrate concentration CS2NO23 (units mol m23); and (4) the normalized ‘‘breakthrough’’ concentration of nitrate
 HZT2NO2 , unitless). The last quantity is calculated from the ratio of the ﬂow-weighted
in an upwelling zone (C
3
nitrate concentration returning to the stream in an upwelling zone (integral term in equation (1b)) and the
stream nitrate concentration CS2NO23 [Grant et al., 2014; Azizian et al., 2015; McCluskey et al., 2016].
To illustrate how the PASS model captures the physics and chemistry of N-cycling in the hyporheic zone,
consider the hypothetical example where all water leaving the hyporheic zone has a single residence time,
denoted here by the variable s . In this event, the RTD reduces to the Dirac delta function, E ðsÞ5dðs2s Þ,
and the PASS model simpliﬁes:

FN ðs Þ5

vf 5qH ½FN ðs Þ21

(2a)

CHZT2NO23 ðs ; ‘‘chemistry’’Þ
CS2NO23

(2b)

Following Zarnetske et al. [2012], the variable FN represents the fraction of nitrate remaining after a water parcel spends a time s traveling through the hyporheic zone. From equation (2a), we can identify several limits
of interest. First, if all nitrate is removed (e.g., by denitriﬁcation), then the fraction of nitrate remaining is zero
(FN 50). In this ‘‘mass transfer limit’’, or MTL, nitrate uptake by the streambed depends solely on the hyporheic
exchange ﬂux: vf;MTL 52qH . Alternatively, for values of fractional removal less than unity (0 < FN  1), the
nitrate uptake velocity depends on the magnitude of both qH and FN , a condition we refer to as reactionlimited nitrate uptake. An extreme example is when FN 51, and hyporheic exchange plays no functional role
relative to nitrate generation or removal (vf 50). Finally, in sediments that are net nitrifying (i.e., the generation
of nitrate by nitriﬁcation exceeds the removal of nitrate by other processes, FN > 1), the nitrate uptake velocity will be positive (vf > 0) and its magnitude will depend both on the hyporheic exchange ﬂux qH and the
extent to which the nitrate concentration increases during passage through the hyporheic zone.
Which of these limits apply to a particular stream may depend on the magnitude of the dimensionless
€hler Number (Da, unitless), deﬁned here as the ratio of the characteristic travel time of water underDamko
going hyporheic exchange (sT ) and the timescale for mineralization of organic carbon within the streambed
€hler Number is large
(sR ): Da5sT =sR . The MTL condition, for example, is most likely to occur when the Damko
(Da  1), because long transport timescales together with short mineralization timescales are associated
with anaerobic conditions in the sediments and nitrate removal by denitriﬁcation [Boano et al., 2010; Mazadri et al., 2011; Zarnetske et al., 2011, 2012; Kessler et al., 2013a, 2013b; Azizian et al., 2015]. On the other
€hler Number, the sediments may
hand, for intermediate (Da  1) or small (Da
1) values of the Damko
serve as a reaction-limited sink of nitrate (2qH < vf  0) or as a net source of nitrate through the nitriﬁcation of ammonium (vf > 0) [Zarnetske et al., 2012]. The ammonium, in turn, may be downwelled from the
stream or generated in situ by the respiration of sediment organic carbon (i.e., ammoniﬁcation) [Cook et al.,
2006; Azizian et al., 2015]. In practice, hyporheic exchange exhibits a broad range of residence times (not a
single residence time, as assumed in the hypothetical example above), and thus the integral form of the
nitrate uptake velocity (equation (1)) must be used in place of equation (2).
2.2. The Segregated Streamline Hypothesis
The PASS model assumes that all HZTs are completely segregated; i.e., there is no mixing of mass across or
within HZTs. The concept of complete segregation can be traced back to chemical engineering reactor
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design, where a distinction is made between
macromixing and micromixing within a
chemical reactor [Rawlings and Ekerdt, 2013].
Parameters (Units)
Value
In the present context, macromixing refers to
Alluvium characteristics
531024
Kh (m s21)
the diversity of ﬂow paths water parcels take
S
0.02
as they pass through the hyporheic zone,
1025
qU (m s21)
21
26
26
represented here by the RTD function E ðsÞ.
qV (m s )
0; 65:8310 ; 623310
h
0.3
Micromixing, on the other hand, refers to the
Rifﬂe-pool dimensions
exchange of mass between individual water
Period (m)
10
parcels during their residence times, and
Amplitude (m)
0.5
Ripple dimensions
falls along a spectrum from complete segregaH (m)
0.02
tion (adopted here) to maximum-mixedness
k (m)
0.15
[Rawlings and Ekerdt, 2013]. In the complete
a
0.16
m
3/8
segregation limit, mixing across HZTs occurs at
Stream ﬂow
High stream
Low stream
the last possible moment as water exits the
characteristics
discharge
discharge
17.47
7.40
Q (m3 s21)
hyporheic zone and returns to the stream. In
1
0.7
ds (m)
the maximum mixedness limit, mixing occurs
1.95
1.15
U (m s21)
as soon as possible while accounting for the
fact that water parcels cannot be mixed for
longer than their residence time. A key result
of this theory is that the magnitude (and sign) of error introduced by adopting a particular micromixing model
depends on the order of the underlying reaction. For example, the micromixing model has no effect on substrate conversion if the underlying reaction is ﬁrst-order [Rawlings and Ekerdt, 2013]. Micromixing can also be
thought of in terms of idealized reactors; e.g., the complete segregation limit is equivalent to assuming that a
water parcel behaves like a batch reactor as it travels along a HZT. Importantly, different types (and combinations) of idealized reactors can be used to characterize the inﬂuence of micromixing on chemical transformations. Elucidating the most appropriate such model for the hyporheic zone is an interesting topic for future
study [e.g., see Feinberg and Hildebrandt, 1997].
Table 1. Physical Parameter Values Used for the PASS Model
Simulations (Variables Deﬁned in Notation Section)

2.3. Stream Bed and Ambient Flow Scenarios
In the analysis presented below, we use the PASS model to estimate the nitrate uptake velocity under a variety of ambient ﬂow conditions. These calculations are carried out assuming that the stream in question has
a sandy streambed of constant hydraulic conductivity (Kh 5531024 m s21), mean slope of S52%, and
porosity h50:3. Ten ambient ﬂow conditions are evaluated, including two choices of stream discharge (Q5
17.47 m3 s21 and 7.40 m3 s21, denoted ‘‘H-Q’’ and ‘‘L-Q,’’ respectively), ﬁve choices of vertical groundwater
ﬂux (qV 5 0, 65:831026 , and 62:331025 m s21), and a single horizontal groundwater ﬂux or ‘‘underﬂow’’
(qU 5Kh S51025 m s21) (Table 1). Collectively, these 10 scenarios cover a realistic range of ambient stream
and groundwater ﬂows [e.g., Schmidt et al., 2006; Kennedy et al., 2009; Englelhardt et al., 2011] and were speciﬁcally chosen so that we could incorporate into our study the results of a previously published computational ﬂuid dynamics (CFD) study of hyporheic exchange across rifﬂe-pool sequences [Trauth et al., 2013,
2014].

3. Nitrate Evolution Along a HZT
3.1. Model of Subsurface Biogeochemistry
Our biokinetic model tracks the evolution of three chemical constituents (nitrate, oxygen, and ammonium)
as a water parcel travels along a HZT. These three chemical constituents are produced and/or consumed by
a coupled set of microbially mediated redox reactions, including aerobic respiration (AR), ammoniﬁcation
(AM), nitriﬁcation (NI), and denitriﬁcation (DN) [National Environmental Research Institute, 2004; Cook et al.,
2006; Evrard et al., 2012]:

AZIZIAN ET AL.
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2
1
NI : NH1
4 12 O2 ! NO3 12H 1 H2 O

(3c)

AM : fNH3 gOM 1H1 ! NH1
4

(3d)

The temporary storage of N in microbial or plant biomass (assimilation) is not included, which is reasonable provided a steady state balance exists between N uptake by assimilation and N release by biomass decomposition
and die-off (e.g., over weeks or longer timescales) [Peterson et al., 2001]; however, up to a third of the N assimilated in plant tissues can be stored in stream sediments as refractory soil organic material [Birgand et al., 2007].
Indeed, one of the goals of our study is to evaluate the importance of N assimilation—relative to the other components of the N cycle captured by equations (3a)–(3d)—by comparing our model predictions (which do not
account for assimilation) with nitrate uptake velocities observed in reach-scale ﬁeld experiments (section 6). Our
biokinetic model also neglects anaerobic ammonium oxidation (Anammox) and dissimilatory nitrate reduction
to ammonium (DNRA). Although important in some estuarine and marine settings, these alternative pathways
for nitrate reduction are thought to be of secondary importance (relative to respiratory denitriﬁcation, equation
(3b)) in rivers and streams [Burgin and Hamilton, 2007; Hu et al., 2011; Lansdown et al., 2016].
To translate the above redox reactions into predictions for the evolution of oxygen, nitrate, and ammonium
concentration along a HZT, we invoke the following two assumptions: (1) water parcels behave like wellmixed batch reactors as they travel along a HZT (see the streamline segregation discussion in section 2.2); and
(2) at any particular location in the sediment the concentration ﬁeld and ﬂow ﬁeld are steady state (i.e., they
do not change with time). Given these two assumptions, mass balance over a single water parcel yields the
following set of coupled ordinary differential equations for the concentrations (units of mol m23) of molecular
oxygen (CHZT2O2 ), nitrate (CHZT2NO23 ), and ammonium (CHZT2NH14 ) as function of travel time (s) through a HZT:
dCHZT2O2
52RAR 22RNI
ds

(4a)

dCHZT2NO23
5RNI 2RDN
ds

(4b)

dCHZT2NH14
ds

5RAM 2RNI

(4c)

Variables on the right hand side of these equations represent rates (units of mol m23 s21) of aerobic respiration (RAR ), nitriﬁcation (RNI ), denitriﬁcation (RDN ), and ammoniﬁcation (RAM ).
Following the procedure outlined in Van Cappellenn and Wang [1996] and Berg et al. [2003], we assume AR
and DN follow saturation-type (Monod) rate expressions, NI is second-order in oxygen and ammonium concentrations, and AM is zero-order and proportional to the organic carbon mineralization rate (Rmin , units
mol m23 s21) [see also Cook et al., 2006; Kessler et al. 2013a, 2013b]. The organic carbon mineralization rate
can be represented as the product of a ﬁrst-order mineralization rate constant (kmin , units s21) and the interstitial concentration of dissolved organic carbon (CDOC , units mol m23) [Pett, 1989; Zarnetske et al., 2012]:
Rmin 5kmin CDOC . Thus, the potential effects of organic carbon limitation on denitriﬁcation [e.g., see Taylor
and Townsend, 2010] are embodied in the value of Rmin , which in our biokinetic model is assumed to be
constant throughout the hyporheic zone:
RAR 5

Rmin CHZT2O2
CHZT2O2 1KOsat2

(5a)

1
Rmin
cCN

(5b)

RAM 5

RNI 5kNI CHZT2O2 CHZT2NH14
RDN 5hinh
O2 j

KOinh
Rmin CHZT2NO23
inh
2
;
h
5
O2
sat
CHZT2NO23 1KNO
2
C
1KOinh
HZT2O
2
2
3

(5c)
(5d)

New variables appearing here include a ﬁxed constant for the production of dissolved ammonium by the mineralization of organic carbon (cCN , unitless); a second-order nitriﬁcation rate constant (kNI , units m3 mol21 s21);
23
sat
2 , units mol m
half-saturation constants for aerobic respiration (KOsat2 , units mol m23), denitriﬁcation (KNO
),
3
23
inh
and oxygen inhibition of denitriﬁcation (KO2 , units mol m ); coefﬁcient for the noncompetitive inhibition of
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denitriﬁcation by molecular oxygen (hinh
O2 ); and a parameter (j, unitless) that indicates the relative rate at which
organic carbon is oxidized by aerobic respiration and respiratory denitriﬁcation.
Combining equations (4a) through (5d) and normalizing all variables to a dimensionless form, we arrive at
the following set of coupled rate equations for the coevolution of molecular oxygen, nitrate, and ammonium with travel time through the hyporheic zone:
^ HZT2O2
^ HZT2O2
dC
C
^ HZT2O2 C
^ HZT2O2 ð^s R 50Þ51
^ HZT2NH1 ; C
22dC
52
sat
4
d^s R
^
C HZT2O =K^ 11
2
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O2
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3
3
^
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5dC HZT2O2 C HZT2NH4 2
inh
d^s R
^ HZT2O2 1K^
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C
C
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^ HZT2NO2 ð^s R 50Þ5b
C
3
^ HZT2NH1
dC
4
d^s R

5

1 ^ sat ^
^ HZT2NH1 ð^s R 50Þ5a
^ HZT2NH1 ; C
K 2dC HZT2O2 C
4
4
cCN O2
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In these equations, all variables with units of concentration have been normalized by the concentration of
^ HZT2O 5CHZT2O =CS2O , C
^ HZT2NO2 5CHZT2NO2 =CS2O , C
^ HZT2NH1 5
molecular oxygen in the stream: C
2
2
2
2
3
3
4
sat
sat
inh
sat
sat
inh
^
^
^
CHZT2NH14 =CS2O2 , K O2 5KO2 =CS2O2 , K NO23 5KNO23 =CS2O2 , K O2 5KO2 =CS2O2 , a5CS2NH14 ð^s R 50Þ=CS2O2 , and
b5CS2NO23 ð^s R 50Þ=CS2O2 . The dimensionless parameters d and ^s R represent the relative rates of nitriﬁcation
and respiration (d5kNI CS2O2 sR ) and normalized travel time along a HZT (^s R 5s=sR ). The variable sR 5KOsat2 =
Rmin (units s) is the timescale for organic carbon mineralization.
The beneﬁt of rewriting our model in dimensionless form is that, by doing so, we reduce the number of
model parameters by the number of physical units [Buckingham, 1914]. Because our biokinetic model has
two physical units (mass concentration and time), we reduced its dimensionality from ten parameters
sat
sat
inh
^ sat ^ sat , K^ inh , a, b, cCN , j).
(CS2O2 , CS2NO23 , CS2NH14 , Rmin , KNO
2, K
O2
O2 , KO2 , kNI , cCN , j) to eight parameters (d, K O2 , K NO2
3
3
Once these eight dimensionless parameters are speciﬁed, equations (6a) through (6c) are numerically
solved to yield the interstitial nitrate concentration as a function of travel time along a HZT; (see equation
(1b) and supporting information Code 1). Next we describe the process by which we chose three sets of
parameter values to represent a spectrum of streams, from pristine to polluted.
3.2. Selection of Biokinetic Model Parameters
3.2.1. In-Stream Concentrations and Ecosystem Respiration
In-stream concentrations of oxygen, nitrate, ammonium, and organic carbon tend to covary across different
streams (i.e., they are not statistically independent, see Taylor and Townsend [2010]), and this covariance
should be accounted for if we are to select realistic model parameters. To this end, we performed a principal
component analysis (PCA) of CS2O2 , CS2NO23 , CS2NH14 , and ecosystem respiration (ER, units mol m22 s21) values measured in 70 stream sites across the United States (including reference streams, urban impacted
streams, and agriculture impacted streams) as part of the Second Lotic Intersite Nitrate Experiment (LINX II)
[Mulholland et al., 2008, 2009; Beaulieu et al., 2011]. The PCA was performed on log-transformed, mean-centered, and scaled (z-scored) data (details in supporting information Text S1), with the goal of identifying the
dominant patterns, or PC modes, for these four chemical parameters across all 70 sites. A resampling-based
stopping rule [Peres-Neto et al., 2005; Rippy et al., 2017] was used to identify PC modes that explained more
variance in stream biogeochemistry than expected by chance (signiﬁcant at p < 0:1). A nonparametric
bootstrap approach [Babamoradi et al., 2013] was used to determine the statistical uncertainty about signiﬁcant PC modes and their corresponding scores: i.e., the location of individual reference, agricultural, and
urban streams relative to the ﬁrst two PC modes.
PCA identiﬁed two marginally signiﬁcant PC modes (p < 0:1) that together capture approximately 67% of
the biogeochemical variability in the LINX II data set (Figure 2 and supporting information Figure S1). PC
Mode 1 (our primary pattern, 38% variance explained) predominantly reﬂects the ambient in-stream concentration of ammonium (i.e., PC Mode 1 aligns with the loading vector for NH1
4 ), and separates reference
streams (typically low CS2NH14 ) from urban and agriculture-impacted streams (low to high CS2NH14 ). PC Mode
2 (our secondary pattern, 29% variance explained) primarily reﬂects ER (i.e., PC Mode 2 aligns with the
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loading vector for ER), but does not obviously separate the streams by type (i.e.,
reference, agriculture, or urban). The loading vector for molecular oxygen is associated with low CS2NH14 (negative values of
Mode 1) and low ER (negative values of
Mode 2). The loading vector for nitrate is
associated with high ammonium concentrations (positive values of Mode 1) and
low ER (negative values of Mode 2).
Overall, these PCA results are qualitatively
consistent with the structure of our biokinetic model and previously published
assessments of N-cycling in streams [e.g.,
Birgand et al., 2007]. In particular, the following patterns are evident (Figure 2): (1)
oxygen concentrations are low in streams
with high ER, reﬂecting high organic carbon mineralization rates (large Rmin ) and
high
rates of aerobic respiration (large
Figure 2. Principle Component Analysis (PCA) of ambient stream data
measured at 70 stream sites included in the second Lotic Intersite Nitrogen
RAR ) (see equation (5a)); (2) nitrate conExperiments (LINX II) study (data reproduced from Mulholland et al. [2008,
centrations are low in streams with high
2009]; Beaulieu et al. [2011]). Sites include pristine or reference streams (green
ER, reﬂecting high organic carbon minercircles), agriculture impacted streams (yellow circles), and urban impacted
streams (red circles); the error bars about these points are 95% resamplingalization rates (large Rmin ) and high denibased conﬁdence intervals. The ﬁrst two PCA modes explain 67% of the varitriﬁcation rates (large RDN ) (see equation
ance in log-transformed, z-scored measurements of ecosystem respiration
2
(5d)); and (3) ammonium concentrations
(ER), and in-stream concentrations of ammonium (NH1
4 ), nitrate (NO3 ), and
oxygen (O2 ). Biogeochemical loading vectors for these four stream parameare low in streams with high molecular
ters are shown in black. Three sites were selected for biokinetic modeling
oxygen concentrations, reﬂecting high
(large colored stars), including Cunningham Creek in North Carolina (NCC), Rio
rates of nitriﬁcation (large RNI ) (see equaMaymeyes Tributary in Puerto Rico (PRM), and Little Kitten Creek in Kansas
(KSL).
tion (5c)). Intriguingly, the loading vector
for nitrate is located midway between the
oxygen and ammonium loading vectors, perhaps reﬂecting the importance of nitriﬁcation (which requires
both oxygen and ammonium, see equation (5c)) in nitrate generation.
Based on the results presented in Figure 2, we selected three stream sites that collectively capture a diversity of
biogeochemical settings (see colored stars): (1) Cunningham Creek in North Carolina (NCC) is characterized by
low ammonium and nitrate concentrations, moderate molecular oxygen concentration, and moderate ER
(CS2O2 52:9131021 mol m23, CS2NH14 52:1431024 mol m23, CS2NO23 57:1431024 mol m23, ER51:8831026
mol m22 s21; (2) Rio Mameyes Tributary in Puerto Rico (PRM) is characterized by high ammonium, moderate
nitrate, and low molecular oxygen concentrations, together with high ER (CS2O2 51:3431021 mol m23, CS2NH14
51:5731021 mol m23, CS2NO23 51:2431022 mol m23, ER52:6831026 mol m22 s21); and (3) Little Kitten
Creek in Kansas (KSL) is characterized by moderate ammonium and nitrate concentrations, high oxygen concentration, and low ER (CS2O2 52:6031021 mol m23, CS2NH14 51:7131023 mol m23, CS2NO23 51:2031022 mol
m23, ER53:2631027 mol m22 s21). While several LINX II sites had higher nitrate concentrations than KSL (i.e.,
plotted closer to the end of the NO2
3 loading vector), these were not selected for further study because: (1)
nitrate uptake velocities were not measured or (2) sediment characteristics differed substantially from NCC and
PRM (A. Marzadri, personal communication, 2017). Organic carbon mineralization rates at these three sites
were calculated by dividing reported ER values by an order-of-magnitude estimate of the streambed depth
over which mineralization occurs (10 cm): Rmin 5ER=d where d50:1 m. Accordingly, we adopted the following mineralization rates for NCC, PRM, and KSL, respectively: Rmin 51:8831025 mol m23 s21, Rmin 52:6831025
mol m23 s21, and Rmin 53:2631026 mol m23 s21 (Table 2).
3.2.2. Half-Saturation Constants
sat
Garcia-Ruiz et al. [1998] measured half-saturation constants for denitriﬁcation (KNO
2 ) in intact sediment cores
3
collected from ﬁve sites along the Swale-Ouse river system in northeastern England, including one from a
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highly polluted tributary. The halfsaturation constants range from
23
sat
KNO
2 5 0.013 mol m
at the headNCC
PRM
KSL
3
23
sat
water
site
to
K
2 5 0.09 mol m
at
NO3
Dimensional parameters (units)
23
the downstream site; the most pol2.91E-01
1.34E-01
2.60E-01
CS2O (mol m )
2.14E-04
1.57E-01
1.71E-03
CS2NH (mol m23)
luted site had a half-saturation con7.14E-04
1.24E-02
1.20E-02
CS2NO (mol m23)
23
sat
23
2 5 0.64 mol m
stant of KNO
. These
inh
3.00E-03
3.00E-03
3.00E-03
KO (mol m )
3
23
sat
authors
noted
that
their
measured
KNO (mol m )
1.30E-02
9.00E-02
9.00E-02
half-saturation constants increased
KOsat (mol m23)
6.00E-03
6.00E-03
6.00E-03
4.00E-04
4.00E-04
4.00E-04
kNI (m3 mol21 s21)
along the river continuum (i.e., as
1.88E-05
2.68E-05
3.26E-06
Rmin (mol m23 s21)
ambient stream nitrate concentra319
224
1840
sR KOsat =Rmin (s)
Nondimensional parameters (unitless)
tion increased), consistent with the
3.72E-02
1.20E-02
1.91E-01
d sR kNI CS2O
idea that denitrifying microorgansat
KOsat =CS2O
2.06E-02
4.48E-02
2.31E-02
K^ O
isms in streambed sediments have
sat
sat
KNO
=CS2O
4.46E-02
6.72E-01
3.47E-01
K^ NO
reduced nitrate afﬁnity (i.e., higher
inh
inh
KO =CS2O
1.03E-02
2.24E-02
1.16E-02
K^ O
half-saturation constants) at sites
7.35E-04
1.17E100
6.60E-03
a CS2NH =CS2O
2.45E-03
9.25E-02
4.62E-02
b CS2NO =CS2O
with high ambient stream nitrate
sat
Þ=ER
0.11
0.36
0.38
j ﬃ vf;Dw ðCS2NO 1KNO
concentrations. The authors also
14
14
14
cCN
noted that their experimental
a
Cunningham Creek in North Carolina (NCC), Rio Mameyes Tributary in Puerto
approach (measuring denitriﬁcation
Rico (PRM), and Little Kitten Creek in Kansas (KSL) (variables deﬁned in Notation
rates after adding a ﬁxed concentrasection).
tion of nitrate to the water overlying
an intact sediment core) tends to
overestimate the half-saturation constant [Garcia-Ruiz et al., 1998]. Alternatively, Evrard et al. [2012] conducted denitriﬁcation measurements in ﬂow through reactors speciﬁcally designed to mimic advective ﬂow
23
sat
through permeable sediments; their half-saturation constants (KNO
2 5 0.0015–0.0198 mol m
) are generally
3
23
lower than the values reported by Garcia-Ruiz et al. (0.013–0.09 mol m , excluding the most polluted site).
While the different ranges reported in these two studies could reﬂect methodological differences (static
incubations with intact cores versus ﬂow through experiments in sediment columns), the ambient nitrate
concentrations were also quite different; indeed, the highest ambient nitrate concentration used in Evrard
et al.’s study (0.00493 mol m23) is more than twofold lower than the nitrate concentrations measured at
our PRM and KSL sites (0.0124 and 0.0120 mol m23, respectively). In the end, we adopted Garcia-Ruiz et al.’s
highest half-saturation constant (excluding the most polluted site) for our two urban impacted stream sites
Table 2. In-Stream and Hyporheic Zone ‘‘Chemistry’’ for Three Sites Selected From
LINX II Data Seta

2

1
4
2
3

2

2
3

2

2

2

2

2

2

2
3

2

2
3

2

2

2

1
4
2
3

2

2

2
3

2
3

sat;KSL
sat;PRM
(KNO
5KNO
5 0.09 mol m23) and Garcia-Ruiz et al.’s lowest half-saturation constant for our pristine site
2
2
3
3
sat;NCC
5 0.013 mol m23) (Table 2). A single set of half-saturation constants was adopted for aerobic respi(KNO
2
3

5 0.003 mol
ration (KOsat2 5 0.006 mol m23) and noncompetitive oxygen inhibition of denitriﬁcation (KOinh
2
23
m ) [Sawyer, 2015] (Table 2).
3.2.3. Ammonification, Denitrification, and Nitrification
Ammoniﬁcation was taken as a ﬁxed fraction (cCN 514) of the organic carbon mineralization rate [Kessler
sat
inh
et al., 2013b]. The denitriﬁcation rate depends on Rmin , KNO
2, K
O2 (discussed above), as well as the constant
3
j. Given the stoichiometry of AR and DN (see equations (3a) and (3b)), aerobic respiration should consume
one mole of organic carbon for every mole of molecular oxygen reduced, while denitriﬁcation should consume j 5 1/0.8 5 1.25 moles of organic carbon for every mole of nitrate reduced. However, recent laboratory and ﬁeld observations of respiratory denitriﬁcation in coastal marine sediments indicate that j is 25
times smaller (j5 0.05) than the stoichiometric value (j5 1.25) [Evrard et al., 2012; Kessler et al., 2013a,
2013b], perhaps reﬂecting the dominance of benthic algal metabolism in these systems [Bourke et al.,
2017]. To determine where along this spectrum (from j5 0.05 to 1.25) our stream sites fall, we estimated j
as follows. Assuming the sediment is well-mixed and oxygen inhibition of denitriﬁcation in the bulk sediment
sat
2
is minimal (hinh
Þ=CS2NO23 .
O2  1), equation (5d) can be rearranged as follows: j  ðRDN =Rmin ÞðCS2NO3 1KNO2
3
The ratio RDN =Rmin can be approximated from the ratio of the ﬂux of stream nitrate into the streambed by
denitriﬁcation (UDN , units mol m22 s21) and the ecosystem respiration rate: RDN =Rmin  UDN =ER. This last
equality follows by multiplying the top and bottom of the ratio RDN =Rmin by the sediment depth d over which
denitriﬁcation occurs, and recognizing that UDN  RDN d and ER  Rmin d (see earlier discussion of estimating
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Rmin from ER). Combining these results, we
sat
obtain the formula: j  vf;Dw ðCS2NO23 1KNO
2Þ
3
21
=ER where vf;Dw (units m s ) is the uptake
velocity of stream nitrate by direct denitriﬁcation: vf;Dw UDN =CS2NO23 . From 15 NO2
3 -seeding experiments, Mulholland et al. [2008]
estimated values for vf ;Dw for most of the
LINX II sites (note that vf;Dw is notated as vfden
in their paper). Thus, all of the variables
needed to estimate j for our three sites were
either known (vf;Dw , CS2NO23 , ER) or previously
estimated from the literature (see last section,
sat
KNO
2 ). After substituting these values into our
3
formula, we obtain: j 5 0.11, 0.38, and 0.36
for NCC, KSL, and PRM, respectively (Table 2);
these values were adopted in the modeling
studies presented below. Intriguingly, these
Figure 3. Fraction of stream nitrate remaining (FN) as a function of travel
estimates of j are skewed toward the previtime through a HZT, as predicted by our biokinetic model (equations (6a)
ous estimate for permeable marine sediments
through (6c)). Different curves correspond to three LINX II stream sites:
NCC, PRM, and KSL (see caption for Figure 2 for details). The vertical bands
(j5 0.05), perhaps signalling the importance
of color indicate the distribution of residence times for ﬂuvial ripples (turof benthic algal metabolism in both freshwaquoise) and rifﬂe-pool sequences (green).
ter streams and coastal marine systems.
Finally, the second-order nitriﬁcation rate constant was estimated from the nitriﬁcation parameters reported by Zarnetske et al. [2012] for Drift Creek, Oregon (USA): kNI 5 0.0004 m3 mol21 s21 (Table 2).
3.3. Biokinetic Model Predictions for the Evolution of Nitrate Along a HZT
Biokinetic model predictions for the evolution of NO2
3 with travel time through the hyporheic zone are presented in Figure 3. These results are presented in terms of the fraction FN ðsÞ (introduced in section 2.1),
which represents the fraction of nitrate remaining after a water parcel travels through a HZT of residence
time s (see equation (2b)). For very short travel times (s< 100 s), there is insufﬁcient time for biogeochemical reactions to occur and the interstitial nitrate concentration is unchanged (i.e. FN 5 1). For larger travel
times, the nitrate concentration evolves in a similar manner across the three sites, ﬁrst increasing above
ambient stream concentrations (FN > 1, due to the net production of nitrate by nitriﬁcation) and then
declining after the oxic-anoxic transition (FN < 1, as microbial metabolism switches from aerobic respiration
to respiratory denitriﬁcation). The primary source of new nitrate at KSL is nitriﬁcation of ammonium downwelled into the hyporheic zone from the stream. The primary source of new nitrate at NCC is nitriﬁcation of
ammonium produced within the hyporheic zone by ammoniﬁcation (i.e., respiration of sediment organic
material). The new nitrate at PRM is generated by nitriﬁcation of both stream-borne ammonium and ammonium generated in situ by ammoniﬁcation. The residence time at which FN drops below unity decreases in
order: KSL > NCC > PRM. This sequence precisely matches the respiration timescales for these three environments (sR 5 1840, 319, 224 s, respectively; see Table 2).

4. Hyporheic Exchange Flux and Ambient Groundwater
Hyporheic exchange ﬂux (qH ) refers to the volume of water per unit streambed area per time that circulates
between the hyporheic zone and the stream; it excludes vertical ambient groundwater ﬂux (qV ) that moves
in only one direction, either from the stream to the sediment under losing conditions or vice versa under
gaining conditions. The hyporheic exchange ﬂux is particularly important in the PASS model, because it is
the only mechanism by which mass is transported across the sediment-water interface. Also, as noted in
 HZT2NO2 5 0), the magsection 2.1, in the limit where all nitrate is removed by denitriﬁcation (i.e., the MTL, C
3
nitude of the nitrate uptake velocity is determined solely by the hyporheic exchange ﬂux: vf;MTL 52qH .
Below we examine how ambient groundwater conditions affect the value of qH across two bed form scales;
namely rifﬂe-pool sequences and ﬂuvial ripples.
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4.1. Riffle-Pool Sequences
4.1.1. Trauth et al.’s CFD Analysis
Trauth et al. [2013, 2014] performed
CFD simulations of steady state turbulent stream ﬂow over an idealized threedimensional and fully submerged rifﬂepool sequence with a bed slope of
S 5 2% and a stream width of W 5 10 m
(streambed topography is reproduced in
Figure 4, lower surface). The period and
amplitude of the rifﬂe-pool features
were 10 m and 0.5 m, respectively, while
the average depth and velocity of the
stream were 0.7 m and 1.15 m s21 (for
the low discharge scenario, L-Q) and
Figure 4. Idealized bed form topography assumed for submerged rifﬂe-pool
1 m and 1.95 m s21 (for the high dissequences (bottom surface) and ﬂuvial ripples (inset). It should be noted that,
charge scenario, H-Q) (Table 1). These
depending on sediment grain size and stream velocity, ﬂuvial ripples and rifﬂepool sequences may not cooccur in natural streams [Leeder, 2012].
CFD simulations yielded pressure distributions over the sediment-water interface, from which Trauth et al. calculated from Darcy’s Law hyporheic exchange ﬂow ﬁelds subject to an imposed
upward (qV > 0, gaining stream) or downward (qV < 0, losing stream) vertical groundwater ﬂux and constant
underﬂow (qU 5Kh S51025 m s21).
4.1.2. Hyporheic Exchange Flux across Riffle-Pool Sequences
Trauth et al.’s simulations of hyporheic exchange ﬂux (qH , units m s21) for the 10 ﬂow scenarios are reproduced in Figure 5 (dark green and dark orange bars). All else being equal, the hyporheic exchange ﬂux
across rifﬂe-pool sequences: (1) is approximately 25% larger for simulations conducted at higher discharge
(compare dark orange and dark green bars), and (2) declines sharply with vertical ambient groundwater
ﬂux (see reduction in dark orange and dark green bars as the magnitude of qv increases). The reduction in
qH is similar (although not identical) for gaining (qV > 0) and losing (qV < 0) conditions. The slight asymmetry
arises because, for a three-dimensional streambed, hyporheic ﬂow paths are suppressed by groundwater
ﬂux in different parts of the sediment-water interface under gaining and losing conditions [Trauth et al.,
2013, 2014].
4.2. Fluvial Ripples
4.2.1. Boano et al.’s Advective Pumping Model
Elliott and Brooks derived an analytical solution for hyporheic exchange across ﬂuvial ripples [Elliott and
Brooks, 1997a, 1997b]. Their so-called advective pumping model, which assumes that hyporheic exchange is
driven by a sinusoidal pressure variation over a ﬂat sediment-water interface, was modiﬁed by Boano et al.
[2008, 2009] to account for vertical (qV ) and horizontal (qU ) ambient groundwater ﬂuxes (see supporting information Text S2 for details). Boano et al.’s formula for the hyporheic exchange ﬂux is given as follows:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2


qH 5qH;0 12 qV =pqH;0 1ðjqV j=pÞsin 21 jqV j=pqH;0 2ðjqV j=2Þ
(7a)
qH;0 52Kh h0 =k
m
U2
H
2g 0:34ds


sT 5kh= 2p2 qH;0

h0 5a

(7b)
(7c)
(7d)

New variables appearing here include: a characteristic hyporheic exchange ﬂux (qH;0 ); the amplitude of the
dynamic pressure head perturbation over the ripple (h0 , units m); the ripple height (H, units of m) and wavelength (k, units of m); stream depth (ds, units m) and mean velocity (U, units m s21); the gravitational constant (g 5 9.81 m s22); two empirical constants (a, m, both unitless); and a characteristic transport timescale
for hyporheic exchange (sT , units s). Equation (7c) is based on ﬂume measurements of the dynamic pressure
head over the surface of triangular dunes submerged in a turbulent stream [Fehlman, 1985]. While Boano
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et al.’s solution assumes that the streambed is inﬁnitely
deep, analogous solutions have been derived for a
sediment bed of ﬁnite depth with [Marzadri et al.,
2015] or without [Packman et al., 2000] vertical ambient groundwater ﬂow.
The hyporheic exchange ﬂux across ﬂuvial ripples was
calculated from equation (7a) for the 10 ambient ﬂow
scenarios described earlier. To this end we adopted ripple dimensions (H 5 0.02 m and k 5 0.15 m) and empirical constants (a 5 0.16 and m 5 3/8) reported in an
experimental ﬂume study by Fox et al. [2014] (see inset,
Figure 4). All other variables were chosen to be consistent with the Trauth et al.’s CFD simulations described
earlier (see section 4.1.1), including stream depth (ds 5 1
and 0.7 m for H-Q and L-Q, respectively), average
stream velocity (U 5 1.95 and 1.15 units m s21 for H-Q
and L-Q, respectively), stream slope (S 5 2%), porosity
(h 5 0.3), ambient groundwater ﬂow (qU 5 1025 m s21
and qv 5 0, 65:831026 , 62331026 m s21), and
streambed hydraulic conductivity (Kh 5531024 m s21)
Figure 5. Hyporheic exchange ﬂux (qH) predicted for rifﬂepool sequences (dark shades) and ﬂuvial ripples (light
(Table 1).
shades) in the presence of ambient vertical groundwater ﬂux
4.2.2. Hyporheic Exchange Flux Across Fluvial
(qV 5 0, qV > 0, and qV < 0 denote neutral, gaining, and losing
Ripples
conditions, respectively), a constant groundwater underﬂow
(qU 5 1025 m s21), and two stream discharges (Q 5 7.4 m3
All else being equal and despite their much smaller size,
s21 (L-Q, green bars) and 17.47 m3 s21 (H-Q, orange bars)).
ﬂuvial ripples generate 3–11 times more hyporheic
Hyporheic exchange ﬂuxes reported for the rifﬂe-pool
exchange ﬂux than rifﬂe-pool sequences (Figure 5, comsequences are reproduced from Trauth et al. [2013]; hyporheic exchange ﬂuxes reported for ﬂuvial ripples were calcupare light and dark-colored bars). Compared to rifﬂelated from equations (7a) through (7c) in this paper.
pool sequences, the hyporheic exchange ﬂux across ripples is more sensitive to stream discharge (compare light
orange and light green bars) and less sensitive to vertical ambient groundwater ﬂow (increasing magnitude of
qv ). Because Boano et al.’s model assumes that the sediment-water interface is ﬂat, the hyporheic exchange
ﬂux calculated from equation (7a) declines symmetrically under gaining or losing conditions (see supporting
information Text S3 for a discussion of the symmetry properties of Boano et al.’s model).

5. Residence Time Distributions
The PASS model also requires speciﬁcation of the RTD of water parcels undergoing hyporheic exchange,
expressed as a probability density function (PDF) (E ðsÞ, units s21, see equation (1b)). As mentioned earlier, E
ðsÞds represents the fraction of water circulating through the hyporheic zone with a residence time within
ds of s. Likewise, we can deﬁne a cumulative distribution function (CDF) form of the RTD (FRTD , unitless),
which represents the fraction of water circulating through the hyporheic zone with a residence time s or
younger. The PDF and CDF forms of the RTD are related in the usual way: E ðsÞ5dFRTD =ds.
As will be seen shortly, the residence time of water parcels undergoing hyporheic exchange varies over
many orders of magnitude. The question then arises: what is the best way to represent such probability distributions graphically? An analogous situation arises for environmental particle size distributions (for example aerosols), and such distributions are routinely displayed by dividing the PDF into evenly spaced
logarithmic increments of particle diameter [Friedlander, 2000]. Applied to our RTDs, this approach requires
the speciﬁcation of a new PDF (designated here as E ðlog 10 sÞ) that divides the fraction of water circulating
through the hyporheic zone into equally spaced logarithmic intervals of residence time:
E ðlog 10 sÞ5

dFRTD
52:303sE ðsÞ
dlog 10 s

(8)

The second equal sign in equation (8) follows from evaluating the derivative in the denominator, and then
substituting the deﬁnition of E ðsÞ. There are several advantages associated with representing the hyporheic
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Figure 6. Simulated residence time distributions (RTDs) for: (a) rifﬂe-pool sequences under neutral and gaining conditions; (b) rifﬂe-pool
sequences under neutral and losing conditions; and (c) ﬂuvial ripples under neutral, gaining, and losing conditions. The curves are colored
to represent the ten ambient ﬂow scenarios described in the text. RTDs in Figures 6a and 6b are reproduced from Trauth et al. [2013]; RTDs
in Figure 6c were calculated from the formula derived in this paper (see equations (9a) through (9c)).

zone RTDs as plots of E ðlog 10 sÞ against log 10 s: (1) the RTD can be evaluated over many log-cycle changes
in residence time s; (2) the area under such curves is always unity, which allows for the direct comparison of
RTDs associated with different scales of hyporheic exchange and different ambient ﬂow conditions; and (3)
the physical interpretation of such plots is straightforward, because the height of the curve at any point represents the probability density associated with a particular logarithmic interval of residence time. Below we
adopt this approach to investigate the effects of changing ambient groundwater on the RTDs for rifﬂe-pool
sequences and ﬂuvial ripples.
5.1. RTD of Water Circulating Through Riffle-Pool Sequences
Using numerical particle-tracking techniques, Trauth et al. generated RTDs for each of the ten CFD simulations described earlier (see sections 4.1.1 and 4.1.2). These RTDs, which are reproduced in Figures 6a and
6b, have a primary mode at around 3 h (s  104 s) and are conﬁned to a relatively narrow range of logtransformed residence times (s  103:6 to 104:3 s). The RTDs shift leftward (toward shorter residence times)
when vertical groundwater ﬂux is ‘‘turned on’’ (i.e., when the groundwater ﬂux is changed from neutral to
losing or gaining). This pattern is particularly apparent at low discharge (see dark to light green curves in
Figures 6a and 6b).
5.2. RTD of Water Circulating Through Fluvial Ripples
5.2.1. Derivation of a New Analytical Solution for the RTD of Fluvial Ripples
Elliott and Brooks derived a formula for the RTD of water parcels undergoing hyporheic exchange; however,
their formula does not account for ambient groundwater ﬂow [Elliott and Brooks, 1997a, 1997b]. Here we
derive a new RTD formula that is based on Boano et al.’s model of hyporheic exchange (see section 4.2.1)
and explicitly accounts for ambient groundwater ﬂow of arbitrary orientation and magnitude.
Before we present the new RTD formula, however, it is important to understand how ambient groundwater
ﬂow affects the hyporheic exchange ﬂow ﬁeld. To illustrate, in Figure 7 we present an example of the subsurface ﬂow ﬁeld predicted by Boano et al.’s model for one of 10 ambient ﬂow conditions; namely low
stream discharge (L-Q) and vertical and horizontal groundwater ﬂow of qV 52:331025 m s21 and qU 51025
m s21, respectively. Noteworthy features of this hyporheic exchange ﬂow ﬁeld include: (1) when groundwater ﬂow cannot be neglected (i.e., qV 6¼ 0 and/or qU 6¼ 0) hyporheic exchange occurs within a deﬁned region
of the sediment bed referred to as the interfacial exchange zone (IEZ, see the portion of the sediment bed
contained within the thick black curve in the ﬁgure) [Cardenas and Wilson, 2007a, 2007b; Cardenas, 2008;
Cardenas et al., 2008]; (2) within the IEZ, there are two ﬂow cells, one located on the upstream side of the
IEZ, and another located on the downstream side of the IEZ (denoted ‘‘upstream cell’’ and ‘‘downstream
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cell’’ in the ﬁgure); (3) the upstream and downstream ﬂow cells are symmetrical when there is no underﬂow
(i.e., when qU 50), and asymmetrical otherwise (the upstream and downstream cells in Figure 7 are asymmetrical because qU 6¼ 0 in this case); and (4) because the upstream and downstream circulation cells are
not, in general, symmetrical, the overall RTD (FRTD) has contributions from both the upstream (F1) and downstream (F2) circulation cells (see supporting information Text S4 for derivation):
FRTD ðs Þ5F1 ðs Þ1F2 ðs Þ

 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
h
i
 V j x up2cell
 V j 2 12jq
 V j2 1cos x up2cell
jq
ðs Þ2sin 21 jq
ðs Þ
0
0
F1 ðs Þ5
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 V jðp=22sin 21 jq
 V jÞ2 12jq
 V j2
2 jq



 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2
 V j x down2cell
 V j2p 2 12jq
 V j 2cos x down2cell
ðs Þ1sin 21 jq
ðs Þ
2jq
0
0
F2 ðs Þ5
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 V jðp=22sin 21 jq
 V jÞ2 12jq
 V j2
2 jq

(9a)

(9b)

(9c)



 V 5qV = pqH;0 )
New variables appearing here include a normalized form of the vertical groundwater ﬂux (q
and the location along the sediment-water interface where water ﬁrst enters the hyporheic zone in the
upstream (x up2cell
52px0up2cell =k) or downstream (x down2cell
52px0down2cell =k) ﬂow cells.
0
0
As currently written, our RTD formula (equations (9a) through (9c)) is expressed as a function of the streamand x down2cell
; these two variables are, in turn, a function of residence time s.
line starting positions x up2cell
0
0
Indeed, as illustrated for two streamlines in Figure 7, each HZT passing through the upstream or downstream ﬂow cell has a unique: (1) starting position (where water from the stream ﬁrst enters the HZT,
x 0 52px0 =k); (2) ﬁnal position (where water exits the HZT and returns to the stream, x f 52pxf =k); and (3)
travel time (s) between these two locations. For any starting position (x 0 ) in the upstream or downstream
ﬂow cell, the corresponding value of s can be calculated by numerically solving the following set of coupled
ordinary differential equations for the trajectory of a water parcel through the hyporheic zone, and recording the residence time s at which the water parcel crosses the sediment-water interface and returns to the
stream:
U
x 0 ðs Þ52cos x ðs Þey ðs Þ 1q

(10a)

V
y 0 ðs Þ52sin x ðs Þey ðs Þ 1q

(10b)

x ð0Þ5x 0 ; y ð0Þ50

(10c)

New variables appearing here include normalized forms of the horizontal (x 52px=k) and vertical


 U 5qU = pqH;0 ), and travel time through the hypo(y 52py=k) coordinates, horizontal groundwater ﬂux (q
rheic zone (s 5s=sT 52p2 qH;0 s=ðkhÞ, where sT (units, s) is a characteristic travel time). A procedure for numerically implementing our RTD solution is described in supporting information (see Text S5 and Code 2),
along with a comparison of RTDs generated with our formula and new and previously published particle
tracking results (supporting information Text S6).
5.2.2. The RTD Results
When our new formula (equations (9) and (10)) is applied to the ten ambient ﬂow conditions described earlier, the resulting RTDs span a very broad range of residence times, from 10 to 10,000 s (Figure 6c). Each of
these RTDs has a single mode (centered around 102.4 and 101.9 s for the L-Q and H-Q scenarios, respectively); interestingly, the RTDs display only a single mode, despite the fact that hyporheic exchange in this
case involves circulation through separate (upstream and downstream) circulation cells (see Figure 7 and
discussion thereof). Increasing stream discharge (from L-Q to H-Q) shifts the mode to shorter residence
times (compare green and orange RTDs, Figure 6c). Increasing the ambient groundwater ﬂow, on the other
hand, has relatively little effect on either the shape or location of the RTDs, other than to slightly truncate
the upper tail and increase the probability density associated with the mode. It should be noted that, for
the largest vertical groundwater ﬂux tested (jqV j52331026 m s21), the ratio jqV j=qH ranged from 0.38 to
1.3. Thus, our observation that increasing vertical groundwater ﬂux has little impact on the RTD cannot be
dismissed as an artifact of choosing vertical groundwater ﬂuxes that are much smaller than the hyporheic
exchange ﬂux. Indeed, Fox et al. [2016] reached a similar conclusion, based on ﬂume measurements of
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hyporheic exchange in the presence of an
imposed vertical groundwater ﬂux. These
authors noted that the mean residence time
of water undergoing hyporheic exchange
varies only modestly when the groundwater
ﬂux is increased in either a gaining or losing
conﬁguration.

6. PASS Model Predictions for the
Nitrate Uptake Velocity
We now have all of the information—evolution of the nitrate concentration with residence time, hyporheic exchange ﬂuxes, and
RTDs—required to calculate nitrate uptake
velocities from the PASS model (see equations
(1a) and (1b)). In the discussion below, we present results for three different forms of the
nitrate uptake velocity: (1) total uptake deﬁned
as the ﬂux of nitrate out of the sediment
Figure 7. Hyporheic exchange in the presence of ambient groundwater
(UNO23 , units mol m22 s21) normalized by the
ﬂow, as predicted by Boano et al.’s model [2008, 2009]. In this example,
in-stream
concentration
of
nitrate
streamﬂow above the sediment-water interface (y > 0) is from left to right,
(vf 5UNO23 =CS2NO23 , units of m s21); (2) direct
the wavelength of the ﬂuvial ripple is 0.15 m, the stream discharge is
7.4 m3 s21, and the vertical and underﬂow groundwater ﬂuxes are 2:33
denitriﬁcation of stream nitrate, deﬁned as
1025 and 1025 m s21, respectively. Negative y values represent depth into
two times the ﬂux of nitrogen gas generated
the sediment bed, x is distance parallel to sediment-water interface
by the denitriﬁcation of stream nitrate
(which is assumed to be ﬂat), and color represents the modulus of the
Darcy ﬂux. Stream water is pumped into the sediment in high-pressure
(2UN2 ;Dw , units mol m22 s21) normalized by
regions (‘‘downwelling’’) and back into the stream in low-pressure regions
the in-stream concentration of nitrate
(‘‘upwelling’’). Hyporheic exchange is conﬁned to an Interfacial Exchange
Zone (IEZ, bold black curve) that includes upstream and downstream ﬂow
(vf;Dw 52UN2 ;Dw =CS2NO23 , units of m s21) (note
cells. All streamlines (represented by the thin black curves) have a unique
that the factor of two is included here because,
residence time (s), starting point (x0), and ending point (xf); two streamduring denitriﬁcation, two molecules of nitrate
lines have been labeled with subscripts ‘‘1’’ and ‘‘2’’ in the upstream and
downstream ﬂow cells, respectively. In this rendering, the volumetric ﬂow
are reduced for every molecule of N2 generrate per unit width between any two adjacent streamlines is the same
ated); and (3) coupled nitriﬁcationand equal to 0:2kqH;0 (see supporting information Text S3 for further
denitriﬁcation of ammonium downwelled from
details).
the stream or generated in situ by ammoniﬁcation, deﬁned as two times the ﬂux of dinitrogen gas generated by the denitriﬁcation of new nitrate (2UN2 ;Dn , units
mol m22 s21) normalized by the in-stream concentration of nitrate (vf;Dn 52UN2 ;Dn =CS2NO23 , units of m s21).
Together these three forms of the nitrate uptake velocity provide a complete accounting of the ways nitrate
is generated and removed in the hyporheic zone, and are useful in different contexts. For example, the total
nitrate uptake velocity (vf) is of great practical interest, because the sign and magnitude of this quantity indicates whether, and to what extent, the sediments are a net source of nitrate (by net nitriﬁcation, vf > 0) or a
net sink of nitrate (by net denitriﬁcation, vf < 0). On the other hand, ﬁeld studies that quantify the rate at
which stream nitrate is denitriﬁed to N2 (e.g., as vfden values estimated from the LINX II 15 NO2
3 seeding studies [Mulholland et al., 2008], see section 3.2) will be directly comparable to our model-predictions of vf,Dw.
Finally, studies of coupled nitriﬁcation-denitriﬁcation (e.g., using 15 NH1
4 seeding experiments as in Peterson
et al. [2001], or the isotope pairing method of Nielsen and Sloth [1994]) will be directly comparable to our
model-predictions of vf,Dn. A Mathematica script for calculating the three forms of uptake velocity is presented in supporting information (Code 3). Our model-predictions for the three uptake velocities (vf, vf,Dw,
vf,Dn) are tabulated for all scenarios in the supporting information Table S2 and S3 and described below.
6.1. Effect of Stream Chemistry
Our model simulations predict that streambed sediments are a net source of nitrate at all three sites (vf > 0,
net nitriﬁcation), with vf decreasing in order: NCC > PRM > KSL (Figure 8, compare vertical axes). At ﬁrst
glance, it is surprising that the pristine site (NCC) would have the largest vf value. This can be explained by
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the site’s low nitrate concentration (CS2NO23 5 0.0007 mol m23, see Table 2), which makes even a small
nitrate ﬂux manifest as a large positive nitrate uptake velocity (recall, vf / 1=CS2NO23 ).
Uptake velocities for direct denitriﬁcation of stream nitrate (vf,Dw, Figures 9a–9c) and coupled nitriﬁcationdenitriﬁcation (vf,Dn, Figures 9d–9f) varies across the three sites, declining in order: PRM > NCC > KSL. Respiration time scales exhibit the opposite order (KSL  NCC > PRM, see Table 2), which is expected given that
denitriﬁcation occurs faster at sites with shorter respiration timescales.
Our prediction that streambed sediments are a net source of nitrate (vf > 0, Figure 8) is contrary to the general observation that streambeds are a net sink of nitrate [Birgand et al., 2007], although there are notable
exceptions [Holmes et al., 1994; Ribot et al., 2012]. There are at least two possible explanations for this discrepancy. First, as noted earlier, our model does not account for assimilation of nitrate by benthic autotrophic and heterotrophic organisms, and assimilation is known to dominate uptake velocities in many
streams. For example, Mulholland et al. [2008] found that assimilation accounted for between 57 and 84%
of the nitrate uptake observed in the LINX II 15 NO2
3 -seeding studies, although some of the assimilated
nitrate will be remineralized and released back to the stream over time scales of weeks to years [Peterson
et al., 2001; Mulholland et al., 2000]. Second, our model may overestimate the generation of nitrate, either
by overestimating in situ nitriﬁcation rates and/or overestimating the generation of ammonium by ammoniﬁcation. In a multimethod study of N-cycling in the upper Mississippi River basin (USA), Bohlke et al. [2009]
found that most of the nitrate being denitriﬁed in streambed sediments was downwelled from the stream
(direct denitriﬁcation of stream nitrate), and to a lesser extent supplied by in situ nitriﬁcation of ammonium
(coupled nitriﬁcation-denitriﬁcation). These authors went on to note that coupled nitriﬁcationdenitriﬁcation is more common in estuarine or marine systems, which have ‘‘lower NO2
3 concentrations,
higher sediment NH1
4 concentrations, and steeper subbottom redox gradients.’’ With the exception of the
KSL site, our model predictions for vf,Dn (Figures 9d and 9e) are similar (PRM) or larger (NCC) in magnitude
than model predictions for vf,Dw (Figures 9a and 9b). Thus, at PRM and NCC our model predicts that coupled
nitriﬁcation-denitriﬁcation is a signiﬁcant fraction of total denitriﬁcation, in violation of ﬁeld observations for
freshwater streams.
There are several reasons our model may overestimate nitriﬁcation rates. Our biokinetic model assumes
that the organic carbon mineralization rate (Rmin) is constant, whereas in reality Rmin declines with travel
time through the hyporheic zone [Zarnetske et al., 2015]. Our model also assumes that all ammonium produced by ammoniﬁcation or downwelled from the stream is available for nitriﬁcation, when in reality a portion of the ammonium will sorb to stream sediments or undergo biological assimilation. Indeed, based on
15
NH1
4 stream seeding studies, Peterson et al. [2001] concluded that ammonium is removed primarily by
assimilation and sorption to sediments, and ‘‘secondarily by nitriﬁcation.’’ These model limitations can be

Figure 8. Model-predicted response of the total nitrate uptake velocity (vf) to stream discharge (orange and green bars), bed form scale
(light and dark shades), vertical ambient groundwater ﬂux (horizontal axes), and biogeochemistry at the three LINX II stream sites: (a) NCC,
(b) PRM, and (c) KSL (compare with Figure 5).
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Figure 9. (a–c) Model-predicted response of the uptake velocities for direct denitriﬁcation of stream nitrate (vf,Dw) and (d–f) coupled
nitriﬁcation-denitriﬁcation (vf,Dn) to stream discharge (orange and green bars), bed form scale (light and dark shades), vertical ambient
groundwater ﬂux (horizontal axes), and biogeochemistry at the three LINX II stream sites: (a and d) NCC, (b and e) PRM, and (c and f) KSL
(compare with Figure 8).

addressed by increasing model complexity, for example by adding: (1) an additional term to the mass balance equation for nitrate (equation (4b)) to account for the kinetics of nitrate assimilation [e.g., see Birgand
et al., 2007]; (2) a rate equation to the biokinetic model for the evolution of dissolved and/or particulate
organic carbon concentration with travel time [Zarnetske et al., 2012]; and (3) additional terms to the mass
balance equation for ammonium (equation (4c)) to account for adsorption and assimilation [Thibodeaux
and Mackay, 2011].
While our model appears to overestimate vf and vf,Dn, estimates of direct denitriﬁcation (vf,Dw) fall within the
range measured by Mulholland et al. [2008] during the LINX II studies (Figure 10). It should be stressed that
the physical parameters adopted for these simulations, such as stream ﬂow and the hydraulic conductivity
of the streambed sediments (see Table 1), were not tailored to the LINX II sites. Thus we do not expect
model predictions for vf,Dw to align precisely with the experimentally observed values at NCC, PRM, and KSL
(indicated in the ﬁgure by large stars).
6.2. Effect of Bed Form Scale
6.2.1. Bed Form Scale and Nitrification Rates
Despite the fact that ripples generate up to 11 times more hyporheic exchange ﬂux than rifﬂe-pool sequences (see section 4), the nitrate uptake velocities predicted for the NCC and KSL sites indicate that more
nitrate is produced by rifﬂe-pool sequences than by ﬂuvial ripples (compare light and dark color shades, Figures 8a and 8c). This result can be understood by noting that rifﬂe-pool sequences have relatively long residence times, which in well-oxygenated sediments favor nitrate generation by nitriﬁcation. Indeed,
comparing FN curves (predicted by our biokinetic model, Figure 3) with the range of residence times estimated for ripples and rifﬂe-pool sequences (turquoise and green bands of color in the ﬁgure) supports the
idea that the longer residence times associated with rifﬂe-pools should result in net nitrate generation in
NCC and KSL; i.e., the peak in the FN curve coincides with the range of residence times for water circulating
through the rifﬂe-pool sequences. On the other hand, ripples and rifﬂe-pools contribute roughly equally to
nitrate generation at PRM (compare light and dark color shades, Figure 8b), consistent with the partial
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overlap between the peak of the FN curve for
this site and the RTDs of both ripples and
rifﬂe-pool sequences (Figure 3).
6.2.2. Bed Form Scale and Denitrification
Rates
Not surprisingly given their longer residence
times, rifﬂe-pools also dominate N removal
by direct denitriﬁcation (Figures 9a–9c) and
coupled nitriﬁcation-denitriﬁcation (Figures
9d–9f). Indeed, according to our model simulations, ripples have virtually no functional
role relative to nitrate generation or removal,
despite their outsized role in ﬂushing water
through the hyporheic zone (Figure 5). It
should be noted that bed forms can be
net producers of nitrate (i.e., vf > 0) even
while they remove N by direct denitriﬁcation (vf,Dw < 0) and coupled nitriﬁcationdenitriﬁcation (vf,Dn < 0). In such cases, the generation of nitrate by nitriﬁcation exceeds the
removal of nitrate by one or more pathways.
6.3 Effect of Ambient Groundwater Flow
and Stream Discharge
The model-predicted uptake velocities (vf,
Figure 10. Comparison of model-predicted (blue and red crosses and
hatchmarks) and ﬁeld-measured (colored circles and stars) uptake velocivf,Dw, and vf,Dn) decline sharply with increasties for the direct denitriﬁcation of stream nitrate (vf,Dw) plotted against ining vertical ambient groundwater ﬂow under
stream nitrate concentration (CS2NO ). The stars correspond to LINX II sites
both gaining and losing conditions (Figures
(NCC, PRM, and KSL) and the black line is an empirical correlation proposed by Mulholland et al. [2008] between denitriﬁcation velocity and in8 and 9). This occurs because the nitrate
stream nitrate concentration proposed. Data reproduced from Mulholland
uptake velocities are proportional to qH (see
et al. [2008].
equation (1a)) and qH declines as the magnitude of qV is increased (Figure 5). The magnitude of the nitrate uptake velocity is almost always larger at higher stream discharge (compare dark orange
and green bars for rifﬂe-pool sequences, and light orange and green bars for ripples, Figures 8 and 9),
reﬂecting the importance of stream discharge as a primary driver of hyporheic exchange ﬂux.
2
3

€ hler Number
6.4. The Damko
€hler Number has been proposed as a master variable for nitrate removal and
As noted earlier, the Damko
generation in the hyporheic zone of streams. For example, Zarnetske et al. [2012] reported that, across a
wide range of randomly selected biokinetic model parameter values, the fractional reduction in nitrate concentration along a single ﬂow path through the hyporheic zone (FN, see equation (2b)) exhibited a general
pattern in which net denitrifying conditions (FN < 0) coincided with Da > 1, whereas net nitrifying conditions (FN > 0) coincided with Da < 10.
To see if a similar pattern applies to our results, we compared model-predicted vf, vf,Dw, and vf,Dn values
€hler Number is the ratio of timescales for
against their corresponding Da values. As applied here, the Damko
transport and organic carbon mineralization in the hyporheic zone: Da 5 sT =sR . The respiration timescale is
the ratio of the half-saturation constant for aerobic respiration and the organic carbon mineralization rate
(sR 5KOsat2 =Rmin ). The deﬁnition of sT , on the other hand, varies by bed form scale. For ﬂuvial ripples, we set sT
equal to the characteristic transport timescale described earlier for Boano et al.’s advective pumping model
(see equation (7d)). For rifﬂe-pool sequences, we ﬁrst ﬁt Trauth et al.’s RTDs (obtained from particle tracking
experiments) to a lognormal distribution, and equated sT to the geometric means thus obtained (see supporting information Table S3).
When normalized by the hyporheic exchange ﬂux (qH), the uptake velocities exhibit a simple functional
dependence on Da (Figure 11). For Da < 10, the uptake velocities are a negligible fraction of the hyporheic
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Figure 11. Model predictions for (a) total uptake velocity, (b) uptake velocity for direct denitriﬁcation of stream nitrate, and (c) uptake
velocity for coupled nitriﬁcation-denitriﬁcation. When normalized by the hyporheic exchange ﬂux (qH), the respective uptake velocities
exhibit a relatively monotonic dependence on the Damk€
ohler Number (Da, horizontal axis). The circles and triangles denote ripples and
rifﬂe-pool sequences, respectively; their color denotes biogeochemical setting (KSL, PRM, NCC); and their size denotes the magnitude of
the vertical groundwater ﬂux.

exchange ﬂux (i.e., vf =qH  vf;Dw =qH  vf;Dn =qH  0). Under such conditions, the sediment bed has no functional role relative to the consumption or generation of nitrate. Above Da 5 10, vf increases with Da, while
vf,Dw and vf,Dn decrease with Da. Even at the largest Da tested (10), direct denitriﬁcation and coupled
nitriﬁcation-denitriﬁcation are reaction limited (i.e., vf;Dn =qH ; vf;Dw =qH > 21). Furthermore, nitrate generation
by nitriﬁcation outcompetes nitrate removal by both direct denitriﬁcation and coupled nitriﬁcationdenitriﬁcation; as a result, vf is a positive increasing function of Da.
While the results presented in Figure 11 are broadly consistent with those reported by Zarnetske et al.
[2012], there are several important differences. Zarnetske et al.’s relationship between FN and Da is relatively
diffuse; i.e., the simulations for various random choices of biokinetic model parameters broadly fall into two
categories—net denitrifying for Da > 1 and net nitrifying for Da < 10, see Figure 4 in their paper. By contrast, our model-predicted uptake velocities exhibit a nearly monotonic dependence on Da (Figure 11).
There are several possible explanations. First, in preparing Figure 11 we normalized our uptake velocities by
their corresponding hyporheic exchange ﬂuxes. Any variation in uptake velocity attributable solely to variation in advective mass transfer across the sediment-water interface (e.g., brought on by changing vertical
groundwater ﬂux, see Figure 5) has been removed by normalization. Second, as revealed by our earlier PCA
analysis (see Figure 2 and section 3.2.2) the various parameters characterizing stream biogeochemistry
strongly covary across stream sites. Hence, some of the scatter in Zarnetske et al.’s FN versus Da relationship
may result from treating the biokinetic model parameters as statistically independent—an intrinsic assumption in the Monte Carlo sampling approach these authors employed to generate realizations of FN. Finally,
we have accounted for the in situ generation of ammonium by oxidation of organic matter (ammoniﬁcation). By contrast, the only source of ammonium in Zarnetske et al.’s simulations is ammonium downwelled
from the stream. As a result, our simulations indicate that streambed sediments can be net nitrifying well
above Da 5 10, whereas nitriﬁcation is ammonium-limited at values of Da > 10 in Zarnetske et al.’s
simulations.
Our model simulations also suggest that vertical groundwater ﬂux can affect the balance of nitriﬁcation and
denitriﬁcation by altering hyporheic zone RTDs. For example, increasing jqV j at the PRM site causes the
rifﬂe-pool RTD to shift leftward (Figures 6a and 6b), increases the overlap between the FN peak and the
rifﬂe-pool RTD (Figure 3), and thereby increases the net generation of nitrate (i.e., vf =qH becomes more positive with increasing jqV j, see green triangles in Figure 11a). The opposite pattern prevails at NCC, where
increasing the vertical groundwater ﬂux decreases the overlap between the FN peak and the rifﬂe-pool RTD
(Figure 3) and reduces the net generation of nitrate (vf =qH declines with increasing jqV j, red triangles in Figure 11a). These groundwater-induced shifts in the hyporheic zone RTD can also affect denitriﬁcation rates.
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For example, at PRM the magnitudes of vf,Dw and vf,Dn decline with increasing vertical groundwater ﬂux
(green triangles in Figures 11b and 11c). In this case, vertical groundwater ﬂux induces a leftward shift in
the RTD, increases the oxygen content of the hyporheic zone, and thereby suppresses both direct denitriﬁcation and coupled nitriﬁcation-denitriﬁcation.
€hler
In summary, the results presented in Figure 11 suggest that hyporheic exchange ﬂux and the Damko
Number exert a primary control on N-cycling in streams. In turn, these two controls on N-cycling are
strongly inﬂuenced by the vertical groundwater ﬂux. Hyporheic exchange ﬂux controls trafﬁcking of mass
and water across the sediment-water interface, and therefore as qH decreases so does the magnitude of vf,
€hler Number increases denitrivf,Dw, and vf,Dn (see equation (1a)). All else being equal, increasing the Damko
ﬁcation rates, but can also increase ammoniﬁcation rates in oxygenated sediments, provided that the rate
of ammoniﬁcation is proportional to the mineralization rate of organic carbon, as assumed here. The biogeochemical setting (as reﬂected in the choice of biokinetic model parameters) will ultimately determine
which of these two opposing processes—increased nitrate production by ammoniﬁcation and nitriﬁcation
versus increased nitrate removal by denitriﬁcation—dominates as Da increases. Finally, the vertical groundwater ﬂux can affect nitrate processing in at least two ways, by attenuating the hyporheic exchange ﬂux
(qH, see Figure 5) and by inducing a leftward shift in the RTD of water passing through the hyporheic zone
(see Figure 6).

7. Scaling-Up to Stream Reaches and Watersheds
In this section, we translate our model-predicted nitrate uptake velocities into the fraction f (unitless) of nitrate
load removed or added by hyporheic exchange over a stream reach. From a steady state mass balance over a
differential length of stream and assuming uniform ﬂow and neglecting longitudinal dispersion, the following
differential equation describes the change in nitrate concentration with downstream distance x associated
with N-cycling in the hyporheic zone (all variables deﬁned previously also see notation section).
dCS2NO23
vf
5
CS2NO23
dx
ds U

(11)

For a stream reach of length ‘ equation (11) can be integrated to yield the following expression for the evolution of nitrate concentration over the stream reach:
CS2NO23 ðx5‘Þ
vf ‘
vf
5exp
5exp
CS2NO23 ðx50Þ
HL
ds U

(12)

The hydraulic loading rate (units m s21) is deﬁned as HL 5Q=ðW‘Þ and stream discharge is given
by Q5UWds . If the hyporheic zone is a net sink of nitrate (vf < 0), then the fraction of nitrate load removed
(fR, unitless) from the stream by hyporheic exchange over the stream reach ‘ can be written as follows:
fR 5

Lx50 2Lx5‘
vf
512exp
; vf < 0
Lx50
HL

(13)

where Lx50 and Lx5‘ (both units of mol s21) are loading rate of nitrate at x 5 0 and x 5 ‘, respectively. Conversely, if the sediments are a net nitrate source (vf > 0), then the fraction of nitrate load added (fA, unitless)
by hyporheic exchange over the stream reach ‘ becomes:
fA 5

Lx5‘ 2Lx50
vf
5exp
21; vf > 0
Lx50
HL

(14)

Equations (13) and (14) can be consolidated into a single expression for the fraction f (unitless) of nitrate
load removed or added by hyporheic exchange:
f 5 12exp

vf
HL

(15)

Equation (15) makes clear that the fate and transport of nitrate in streams depends on the relative strength
of biological processes in the hyporheic zone (as quantiﬁed by the nitrate uptake velocity vf) and horizontal
transport in the stream (as quantiﬁed by hydraulic loading rate, HL). For a 1 km reach of a 10 m wide stream
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with discharge of 7.4 m3 s21 (corresponding to our L-Q scenario), under neutral conditions our estimates of
vf imply that stream nitrate load is increased by 0.7%, 0.2%, and 0.03% in NCC, PRM, and KSL, respectively.
For our maximum gaining condition (qV 5 12331026 m s21), these numbers become 0.1%, 0.07%, and
0.005%, respectively.
Scaling such calculations up to an entire watershed (e.g., using a stream network model) [Wollheim et al.,
2006] will require estimating qH and E ðsÞ for each stream reach in the network. In the case of ripples, these
two quantities can be estimated from equation (7a), and equations (9a) through (9c) given reach-by-reach
values for: (1) vertical qV and horizontal qU groundwater ﬂux (e.g., based on stream slope, sediment hydraulic conductivity, and estimates of groundwater ﬂux across the sediment-water interface) [Caruso et al.,
2016]; (2) stream discharge, width, and depth (e.g., based on stream network model calculations together
with appropriate scaling-laws) [see Mulholland et al., 2008]; and (3) the amplitude and wavelength of submerged bed forms responsible for hyporheic exchange. Because small bed forms will likely dominate hyporheic exchange ﬂux (see Figure 5), restricting such calculations to ﬂuvial ripples may be sufﬁcient in cases
where nitrate removal is transport limited and therefore vf  vf,MTL 5 – qH. However, virtually all of our
model simulations suggest that, while ripples dominate hyporheic exchange ﬂux, rifﬂe-pool sequences
dominate nitrate processing. In this case, it is probably not feasible to conduct reach-by-reach CFD simulations of hyporheic exchange, like those reported by Trauth et al. [2013]. Instead, scaling laws [e.g., Marzadri
et al., 2010; Tonina, 2013] could provide estimates for qH and E ðsÞ at the rifﬂe-pool scale under neutral conditions. Further research is needed to determine how such scaling relationships should be modiﬁed to
account for ambient groundwater ﬂow.

8. Modeling Limitations and Future Directions
Beyond the limitations already identiﬁed with our biokinetic model (see section 6.1.2), there are several
aspects of the PASS modeling framework that could be improved moving forward. One potential limitation
is that denitriﬁcation can only occur once oxygen is depleted along the HZT; i.e., for travel times past the
oxic-anoxic transition. Several recent studies suggest that small-scale heterogeneities, or ‘‘microzones,’’
within the hyporheic zone can be hotspots for denitriﬁcation, even when the bulk sediment is aerobic [Harvey et al., 2013; Aubeneau et al., 2014, 2015a, 2015b; Briggs, 2015; Sawyer, 2015]. On the other hand, experimental studies of buried macroalgae within sand ripples indicate that this type of heterogeneity may not
affect denitriﬁcation rates [Bourke et al., 2014]. Microzones may arise from: (1) physical heterogeneities
(such as internal porosity within sediment grains) where water parcels become trapped for long periods of
time [Kessler et al., 2014]; and (2) spatial variations in reaction rates caused by, for example, variable bioﬁlm
density and organic carbon inclusions (e.g., leaf litter or benthic diatoms). Within the HZT framework, physical heterogeneities can be represented by heavy tailed RTD functions, where the ‘‘heavy’’ part of the tail
accounts for the trapping of water parcels in immobile zones. Indeed, so-called ‘‘mobile-immobile’’ (MIM)
models have been developed to represent reactive mass transport through porous media with slow and
fast transport pathways [e.g., Schumer et al., 2001, 2003, 2009]. Presumably, MIM models could be used to
represent heterogeneous transport within individual HZTs, along the lines reported in Sanz-Prat et al.
[2015]. Accounting for biogeochemical heterogeneities, on the other hand, may require adopting a probabilistic, rather than deterministic, description of hyporheic zone reaction ﬁelds [e.g., see Rawlings and Ekerdt,
2013]. N-cycling can also occur in other components of the stream (i.e., other than the hyporheic zone),
such as the stream’s water column or in hydraulically disconnected surface storage zones [Stewart et al.,
2011].
Finally, while we have focused here on the processing of stream-borne nitrate by hyporheic exchange, it is
important to acknowledge that groundwater can also be a signiﬁcant source of nitrate, particularly in agricultural areas [Hinkle et al., 2001; Smith et al., 2009]. Upwelling of nitrate-contaminated groundwater can
affect stream water quality both directly by adding nitrate to the stream, and indirectly by altering features
of the hyporheic zone that inﬂuence denitriﬁcation (as illustrated in this study). Indeed, groundwater
upwelling can create conditions favorable for denitriﬁcation and the removal of groundwater-borne nitrate,
for example, by limiting the depth of aerobic respiration within the streambed and harnessing the denitriﬁcation potential of deeper sediments [Hester et al., 2013; Lansdown et al., 2015].
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Notation
a
a
AM
Anammox
AR
b
CDOC
‘‘chemistry’’
CDF
CFD
CH2O
CHZT2NH14
^ HZT2NH1
C
4
CHZT2NO23
^ HZT2NO2
C
3
 HZT2NO2
C
3
CHZT2O2
^ HZT2O
C
2
CO2
CS2NH14
CS2NO23
CS2O2
Da
DN
DNRA
DOC
d
ds
d
dðs2s Þ
ER
E ðsÞ
f
fR
fA
F1
F2
FN
FRTD
g
cCN
H
HL
H-Q
h0
HZT
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empirical pre-factor in the Fehlman [1985] correlation between hyporheic exchange ﬂux,
stream velocity, water depth, and bed form geometry (see equation (7c)) (-)
normalized in-stream concentration of ammonium by in-stream concentration of oxygen (-)
ammoniﬁcation
anaerobic ammonium oxidation
aerobic respiration
normalized in-stream concentration of nitrate by in-stream concentration of oxygen (-)
interstitial concentration of dissolved organic carbon (mol m23 s21)
subsurface biogeochemical reactions that consume and produce nitrate
cumulative distribution function
computational ﬂuid dynamics
formaldehyde representing dissolved organic carbon
interstitial concentration of ammonium along a HZT (mol m23 s21)
interstitial concentration of ammonium along a HZT normalized by in-stream concentration
of molecular oxygen (-)
interstitial concentration of nitrate along a HZT (mol m23 s21)
interstitial concentration of nitrate normalized by in-stream concentration of molecular oxygen (-)
normalized ‘‘breakthrough’’ concentration of nitrate in an upwelling zone (see equation (1b))
(-)
interstitial concentration of molecular oxygen along a HZT (mol m23 s21)
normalized interstitial concentration of molecular oxygen by in-stream concentration of
molecular oxygen (-)
carbon dioxide (mol m23 s21)
in-stream concentration of ammonium (mol m23 s21)
in-stream concentration of nitrate (mol m23 s21)
in-stream concentration of oxygen (mol m23 s21)
€hler number (-)
Damko
denitriﬁcation
dissimilatory nitrate reduction to ammonium
dissolved organic carbon
approximate depth over which mineralization of organic carbon and respiratory denitriﬁcation occur (m)
depth of stream (m)
relative rates of nitriﬁcation and respiration
Dirac delta function representation of an RTD with single residence time s (s21)
ecosystem respiration (mol m22 s21)
PDF form of the hyporheic zone RTD (s21)
fraction of nitrate load removed or added by hyporheic exchange over a stream reach (-)
fraction of nitrate load removed from the stream by hyporheic exchange over a stream
reach (-)
fraction of nitrate load added to the stream by hyporheic exchange over a stream reach (-)
contribution of the upstream ﬂow cell to the ripple RTD (-)
contribution of the downstream ﬂow cell to the ripple RTD (-)
fraction of nitrate remaining in HZT after a water parcel travels through the hyporheic zone (-)
CDF function
gravitational constant (m s22)
moles of ammonium released per mole of carbon mineralized (-)
height of ripples (m)
hydraulic loading rate (m s21)
high stream discharge scenario
amplitude of the dynamic pressure head perturbation over a ripple (m)
hyporheic zone tube
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interfacial exchange zone
moles of carbon oxidized per mole of nitrate reduced during respiratory denitriﬁcation (-)
hydraulic conductivity (m s21)
Little Kitten Creek in Kansas; an urban-impacted site selected from LINX II data set
ﬁrst-order mineralization rate constant (s21)
nitriﬁcation rate constant (m3 mol21 s21)
half-saturation constant for denitriﬁcation (mol m23)
half-saturation constant for denitriﬁcation normalized by in-stream concentration of oxygen (-)
oxygen inhibition of denitriﬁcation (mol m23)
oxygen inhibition of denitriﬁcation normalized by in-stream concentration of oxygen (-)
half-saturation constant for aerobic respiration (mol m23)
half-saturation constant for aerobic respiration normalized by in-stream concentration of oxygen (-)
length of a stream reach (m)
loading rate of nitrate at start of a reach (mol s21)
loading rate of nitrate at length ‘ of a reach (mol s21)
low stream discharge scenario
second lotic intersite nitrate experiment
wavelength of a ripple (m)
empirical exponent in the Fehlman [1985] correlation between hyporheic exchange ﬂux,
stream velocity, water depth, and bed form geometry (see equation (7c)) (-)
mass transfer limited
Cunningham Creek in North Carolina; a reference site selected from the LINX II data set
nitriﬁcation
ammonia associated with organic matter
15
N-labeled ammonium
15
N-labeled nitrate
organic matter
pumping and streamline segregation model
probability density function
Rio Mameyes Tributary in Puerto Rico; an urban-impacted site selected from LINX II data set
stream discharge (m3 s21)
hyporheic exchange ﬂux (m s21)
characteristic hyporheic exchange ﬂux (m s21)
horizontal component of ambient groundwater ﬂux (m s21)
vertical component of ambient groundwater ﬂux (m s21)
rate of ammoniﬁcation (mol m23 s21)
rate of aerobic respiration (mol m23 s21)
rate of denitriﬁcation (mol m23 s21)
rate of mineralization of sediment organic matter (mol m23 s21)
rate of nitriﬁcation (mol m23 s21)
residence time distribution
slope of alluvium (-)
travel time through the hyporheic zone (s)
characteristic travel time through a bed form by hyporheic exchange (s)
a hypothetical travel time through a bed form by hyporheic exchange (s)
normalized travel time through the HZT (-)
aerobic mineralization time scale (s)
travel time along a HZT normalized by the mineralization time scale (-)
porosity (-)
inhibition coefﬁcient of denitriﬁcation with oxygen (-)
stream velocity (m s21)
ﬂux of stream nitrate out of the streambed by direct denitriﬁcation (mol m22 s21)
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ﬂux of nitrogen gas out of the streambed by direct denitriﬁcation of stream nitrate (mol m22
s21)
ﬂux of nitrogen gas out of the streambed by coupled nitriﬁcation-denitriﬁcation (mol m22
s21)
ﬂux of nitrate out of the sediment (mol m22 s21)
total nitrate uptake velocity (m s21)
uptake velocity of stream nitrate by direct denitriﬁcation as reported by Mulholland et al.
[2008] (m s21)
uptake velocity for coupled nitriﬁcation-denitriﬁcation (m s21)
uptake velocity of stream nitrate by direct denitriﬁcation (m s21)
total nitrate uptake velocity under MTL conditions (m s21)
stream width (m)
horizontal coordinate (m)
normalized horizontal coordinate (-)
starting position of a HZT (m)
normalized starting position of a HZT (-)
location along the sediment-water interface where water ﬁrst enters the hyporheic zone in
the downstream ﬂow cell of ripples (m)
normalized location along the sediment-water interface where water ﬁrst enters the hyporheic zone in the downstream ﬂow cell of ripples (-)
location along the sediment-water interface where water ﬁrst enters the hyporheic zone in
the upstream ﬂow cell of ripples (m)
normalized location along the sediment-water interface where water ﬁrst enters the hyporheic zone in the upstream ﬂow cell of ripples (-)
ﬁnal position where water exits the HZT and returns to the stream (m)
normalized ﬁnal position where water exits the HZT and returns to the stream (-)
vertical coordinate (m)
normalized vertical coordinate (-)

UN2 ;Dw
UN2 ;Dn
UNO23
vf
vfden
vf,Dn
vf,Dw
vf,MTL
W
x
x
x0
x 0
x0down2cell
x down2cell
0
x0up2cell
x up2cell
0
xf
x f
y
y
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