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Dissolved nutrient retention dynamics in river networks:
A modeling investigation of transient flows and scale effects
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[11 We have used a dynamic hydrologic network model, coupled with a transient storage
zone solute transport model, to simulate dissolved nutrient retention processes during
transient flow events at the channel network scale. We explored several scenarios with a
combination of rainfall variability, and biological and geomorphic characteristics of the
catchment, to understand the dominant factors that control the transport of dissolved
nutrients (e.g., nitrate) along channel networks. While much experimental work has
focused on studying nutrient retention during base flow periods in headwater streams,

our model-based theoretical analyses, for the given parameter combinations used, suggest
that high-flow periods can contribute substantially to overall nutrient retention, and that
bulk nutrient retention is greater in larger rivers compared to headwaters. The relative
efficiencies of nutrient retention during high- and low-flow periods vary due to changes
in the relative sizes of the main channel and transient storage zones, as well as due to
differences in the relative strengths of the various nutrient retention mechanisms operating
in both zones. Our results also indicate that nutrient retention efficiency at all spatial scales
of observation has strong dependence on within-year variability of streamflow (e.g.,
frequency and duration of high and low flows), as well as on the relative magnitudes

of the coefficients that govern biogeochemical uptake processes: the more variable the
streamflow, the greater the export of nutrients. Despite limitations of the model
parameterizations, our results suggest that increased attention must be paid to field
observations of the interactions between process hydrology and nutrient transport and
reaction processes at a range of scales to assist with extrapolation of understandings and
estimates gained from site-specific studies to ungauged basins across gradients in climate,

human impacts, and landscape characteristics.
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1. Introduction

[2] The phenomenon of oxygen depletion, or “hypoxia,”
in receiving waters such as lakes, estuaries, and coastal
areas is now a worldwide environmental problem. This is
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partially caused by excess nutrient loading from terrestrial
landscapes to aquatic environments that stimulates phyto-
plankton growth, the decomposition of which leads to
depletion of dissolved oxygen. A large hypoxic zone occurs
periodically in the northern Gulf of Mexico, where aquatic
life is under threat due to nutrient induced eutrophication
[Rabalais et al., 2002]. Over 98% of the total nitrogen and
phosphorous loading to the Gulf of Mexico is sourced to
the Mississippi and Atchafalaya Rivers [Dunn, 1996],
much of which originates from fertilized agricultural lands
in the Midwest region of the United States. With increased
attention to the eutrophication problems in the Gulf of
Mexico and the greater Mississippi River Basin, there has
been considerable emphasis given to quantifying the sour-
ces of nutrients, and the processes associated with the
uptake, retention, and/or removal of nutrients within the
watersheds and subwatersheds [Bencala and Walters,
1983; Dodds et al., 2002 ; Donner et al., 2002 ; Mulholland
et al., 2002 ; Alexander et al., 2009; Claessens and Tague,
2009; Claessens et al., 2009]. To avoid the confusion it
might cause, in this paper we define nutrient retention as
the temporary storage of nutrients in biomass (i.e., uptake)
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and removal as the permanent loss of nutrient from the sys-
tem (i.e., denitrification). We acknowledge that this reten-
tion is not necessarily equal to net loss from the stream
system because it does not include contributions from remi-
neralization [Brookshire et al., 2009] or groundwater
recharge [Covino et al., 2010b]. Brookshire has found that
during base flow periods streams could maintain steady
state with equivalent nutrient loss by retention and gain
from remineralization and groundwater inputs. However, in
the absence of adequate information or data (e.g., denitrifi-
cation rate, mineralization rate, groundwater concentration)
to constrain a more complex representation of the nutrient
cycle (e.g., including uptake, denitrification, mineraliza-
tion), in this paper we limit our model to account for gross
retention of inorganic nitrogen. More complex representa-
tions that incorporate various components of the nutrient
cycle, transport of particulate organic nitrogen, and trans-
port of other nutrients could be accounted for in our model
given adequate process parameterizations or field-based
evidence to constrain these additional aspects of stream
biogeochemistry.

[3] The study of nutrient retention and removal proc-
esses within large watersheds can be organized into two
distinct, but interacting, components: (1) the terrestrial
landscape and (2) river networks, which are reactive path-
ways that connect the outputs of terrestrial systems to
receiving waters. Both components involve interactions of
flow (hydrological) processes with biogeochemical, geo-
morphological, and ecological processes on land and in the
river network, all of which exhibit considerable heteroge-
neity and process complexity. In order to understand these
processes and to use such understanding for management,
we need predictive tools (i.e., models) that are based on
fundamental theories of flow, transport, and reaction across
the landscape and in the river network. This paper is aimed
at describing the processes and interactions occurring
exclusively within the river network and for this reason
many details of landscape (hillslope) processes are left out.
Previously there have been several watershed modeling
studies that have focused on landscape (hillslope) biogeo-
chemical scale processes [Viney et al., 2000; Li et al.,
2010]. The work presented here focuses on dissolved
nutrients, e.g., nitrate; however, the model can easily be
further adapted to handle other solutes. The accompanying
papers in this special section by Harman et al. [2011],
Thompson et al. [2011], Guan et al. [2011], and Basu et al.
[2011] address separately the transport and biogeochemical
transformations in several components of the landscape and
stream network, such as in the vadose zone, individual
stream reaches, and in small watersheds. Furthermore, the
paper by Basu et al. [2011] specifically addresses the
effects of intra-annual streamflow variability on nitrate
retention at the watershed scale, using a stochastic model-
ing approach.

[4] The theory of ‘“nutrient spiraling” [Webster and
Patten, 1979 ; Newbold et al., 1982] serves as the founda-
tion for much of the experimental and modeling work being
carried out in the area of dissolved nutrient transport in
river networks. It describes the coupled hydrological (e.g.,
advection) and biogeochemical (e.g., uptake) processes that
control downstream nutrient transport and the cycling, or
“spiraling,” of nutrients between inorganic and organic
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forms [Newbold et al., 1982]. Bencala and Walters [1983]
proposed the “transient storage” model, which separates
the river channel into two interacting compartments: the
flowing water column or “main channel” (MC) zone and a
more stagnant “transient storage” (TS) zone. The TS zone
is a general term that represents any flow path where the
velocity is much smaller than that in the MC. Examples
include surface water “dead zones” such as pools, off-
channel storages such as floodplains, the hyporheic zone,
and other flow nonuniformities where the velocity is much
smaller than that in the MC [Stofleth et al., 2008 ; Stewart
et al., 2011]. Bencala and Walters’ TS model is the basis
for the now widely used one-dimensional transport model
with inflow and transient storage (OTIS) [Runkel, 1998].
The OTIS model uses coupled partial differential equations
in time and space (downstream distance) to characterize
nutrient transport and transformation in rivers; it can con-
sider transport and retention from both the MC and TS
zones, including exchanges between the two. The model is
also widely used, in combination with field measurements
of solute concentrations and loads, to characterize reach-
scale hydrologic and biogeochemical processes and their
parameterizations [Runkel, 2007 ; Béhlke et al., 2009].

[5] The mean distance a nutrient travels downstream
before being taken up is defined as the uptake length
Sw [L] [Newbold et al., 1982]. The traditional approach to
estimating Sy is to perform isotopic tracer or nutrient addition
experiments within a stream reach and then plot the decline
in nutrient concentration against downstream distance—the
negative inverse of the slope (e.g., regression line) of this
decline is Sy [Stream Solute Workshop, 1990; Payn et al.,
2008; Bdohlke et al., 2009; Hall et al., 1998, 2009a]. Since
Sy 1s related to hydrologic characteristics (e.g., velocity,
depth), an uptake velocity defined as v, = (O/w)/Sy (where
O [L? T is stream discharge and w [L] is wetted stream
width), which partially accounts for hydrologic influences, is
often computed to compare streams of different sizes and
flow states [Stream Solute Workshop, 1990]. Accordingly,
uptake velocity v, [L/T] reflects biological demand relative
to available nutrient concentration [Wollheim et al., 2006].

[6] Previous studies have suggested that transient storage
zones play an important role in nutrient retention within
river channels [Runkel and Bencala, 1995]. They can act as
a sink at the beginning of tracer injection experiments
and as a source after injection is completed [Bencala and
Walters, 1983]. It has been hypothesized that an increase in
Ars/Amc, the ratio of the cross-sectional area of the TS
zone (Ats) to the cross-sectional area of the MC zone
(Amc) can promote nutrient uptake [Bencala and Walters,
1983; Mulholland and De Angelis 2000; Paul and Hall,
2002]. However, there have been several studies that cast
doubt on the existence and possible effects of these link-
ages [Hall et al., 2002; Ensign and Doyle, 2006]. Further
work is still needed, at a range of scales, to understand and
clarify the relative contributions of retention mechanisms
in MC and TS zones.

[7] A majority of nutrient release experiments have been
carried out in small headwater streams [Tank et al., 2008]
during low-flow conditions [Hall et al., 2009b], which may
represent times and conditions of high nutrient retention
[Peterson et al., 2001; Béhlke et al., 2009]. Nutrient
release experiments are typically more tractable in small
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headwater streams than in larger rivers or during times of
high discharge [Hall and Tank, 2003; Hall et al., 2009b].
However, Hall et al.’s [2009b] work in a mountain stream
suggested that biological demand for nitrate was much
higher than expected during floods and that reach scale nu-
trient uptake during low flows and spring floods were simi-
lar. This can potentially be attributed to the presence of a
large hyporheic zone (i.e., increased extent of the hyporheic
zone during flood events) relative to the size of the drainage
area. Furthermore, recent modeling studies have indicated
that in spite of the low efficiency of retention and removal
per unit length, larger rivers, with associated longer travel
times and larger mass input, can have significant contribu-
tions to transport of nutrients throughout the overall network
in spite of lower nutrient retention efficiencies [Wollheim
et al., 2006; Ensign and Doyle, 2006], the reasons for which
are not fully clear. Combined, these results suggest that it is
important to understand nutrient retention processes across a
range of flow states and stream sizes.

[8] Characterization of biogeochemical processes in
streams is typically accomplished through a combination
of field experiments and process models [Bencala and
Walters, 1983 ; Runkel, 1998 ; Claessens and Tague, 2009;
Claessens et al., 2009 ; Covino et al., 2010a]. The results of
these field experiments are used to estimate model parame-
ters and to understand the factors affecting nutrient trans-
port at the reach scale. To understand how nutrient
transport processes evolve in the downstream direction,
and how they impact the dynamics in larger rivers, we need
watershed network scale models that can accommodate ter-
restrial loading, transport, and transformation along the
river channel network. There are several biogeochemical
models that are in wide use to predict nutrient transport at
different spatial scales [e.g., Smith et al., 1997; Donner
et al., 2002; Mulholland et al., 2002, 2008; Seitzinger
et al., 2002, Wollheim et al., 2006, 2008 ; Alexander et al.,
2009]. Many of these models use observed data to predict
nutrient transport as a function of hydrologic variables (i.e.,
stream depth, travel time). These empirical relationships are
then applied at the catchment scale, to obtain annual esti-
mates of nutrient export [Smith et al., 1997; Goolsby et al.,
2000]. Other models have applied the one-dimensional
advection-dispersion equation to capture reach scale nutrient
cycling processes for each month, and have expressed bulk
retention k, as a function of nutrient concentration, flow
depth, and water temperature [e.g., Alexander et al., 2009].
Many of these models have assumed steady flow conditions,
and although they capture the impact of seasonal variability
on nutrient transport, they are unable to make predictions
under highly variable flow conditions that occur during flood
events, as well as seasonally over the year, or in space (e.g.,
across the river network), a notable exception being the
work by Wollheim et al. [2008]. The work presented in this
paper specifically addresses the problem of characterizing
the likely impacts of variable flow dynamics (within-event
as well as inter-event) on nutrient retention and export proc-
esses, and associated scale effects.

[¢] Every watershed possesses unique hydrological, bio-
logical, and geomorphic characteristics. These factors,
which partially control nutrient transport, may vary both
within watersheds, as well as between watersheds. Without
a more complete understanding of the process controls on
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nutrient transport and transformation and their variability
across spatial and temporal scales, it is difficult to develop
generalized models and predictions. Furthermore, field
experiments have produced contradictory results, and the
existence of relationships between the size of the TS zone
and nutrient uptake remain inconclusive [e.g., Marti et al.,
1997; Enmsign and Doyle, 2006]. This is partially due to
uncertainty regarding retention and/or removal rates in the
MC and TS zones, knowledge of the relative sizes of the
TS and MC zones, and consequently the relative contribu-
tions from the two zones that combine to produce bulk nu-
trient retention. Lack of resolution of these questions will
have significant impact on our ability to predict nutrient
transport at the watershed scale. For example, moving in
the downstream direction in a river network, nutrient reten-
tion may: be reduced by the increase of both flow depth
and flow velocity; potentially increase due to increasing
Ats/Apmc ratio accompanying the increase in stream size;
or remain constant due to the compensating effects of the
above two factors.

[10] To address these questions, a comprehensive numer-
ical framework that can accommodate the impact of vari-
ous process controls (i.e., hydrology, biogeochemistry, and
geomorphology) on nutrient transport within watersheds is
needed. Ideally, models of nutrient transport processes at
the network scale must be consistent with more widely
accepted process representations, such as those represented
in the OTIS model, and with field observations. This has
been the motivation for the modeling study presented here.
A recent review by Helton et al. [2011] has highlighted
major weaknesses in the current generation of nitrogen cy-
cling models in river networks in that they: oversimplify
catchment hydrology; oversimplify network hydrogeomor-
phology; incorporate unidirectional uptake of nitrogen
rather than cycling in the context of other elements (i.e.,
stoichiometric constraints); and focus on base flow or an-
nual mean conditions, ignoring the ecological relevance of
seasonal cycles and faster temporal dynamics.

[11] This paper focuses on the last of these, namely, the
influence of temporally dynamic hydrology on nutrient
export, and particularly we distinguish between retention
during high-flow and low-flow periods; determine the rela-
tive contributions of the TS and MC zones to retention; and
investigate the roles of hydrologic variability (as governed
by climate and landscape filtering), network geomorphol-
ogy, and scaling these dynamics across space and time. We
implement a coupled hydrological-solute-transport model to
address the following questions:

[12] (1) How much nutrient retention occurs during low-
flow periods versus during high-flow periods, and what are
the contributions to retention from the main channel (MC)
and the transient storage (TS) zones?

[13] (2) What are the impacts of within-year streamflow
variability on the fraction of nitrate removed and delivered
at the watershed scales?

[14] (3) How are the answers to the two questions posed
above influenced by scale effects (i.e., size of river or con-
tributing watershed area), including how retention rates and
their process controls change as one moves from the reach
scale to the network scale?

[15] Through implementation of the model across the river
network of a ~500 km® watershed we seek to elucidate
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watershed scale biogeochemical and hydrological responses,
as different from reach scale process representations, and to
understand how hydrologic variability interacts with network
structure and patterns of hydraulic geometry and solute trans-
port processes, giving rise to these newly emergent properties.

2. Methodology

[16] The modeling framework we use here combines a
dynamic flow model in a river network, based on the repre-
sentative elementary watershed (REW) theory of Reggiani
et al. [1998, 1999, 2001], with a network nutrient transport
and retention model based on upscaling of the OTIS model
equations for dissolved nutrients [Bencala and Walters,
1983 ; Runkel, 1998], with explicit inclusion of the interac-
tions between the MC and TS zones. The focus of the pres-
ent paper is on the network nitrate (NOs-N) retention
processes; for this reason hillslope processes are somewhat
oversimplified and hillslope flow response is simulated
with a linear bucket model with an assumed mean resi-
dence time. NO5-N concentrations of hillslope flows are
assumed constant in time and space, and yet, since dis-
charge is highly variable, the nitrate load is variable as
well. The details of each of the model components are
given in Figure 1. More advanced versions of these compo-
nents are elaborated upon in the accompanying papers by
Harman et al. [2011], Thompson et al. [2011], and Guan
etal [2011].

2.1. Study Area

[17] The nominal study area is the Little Vermilion River
watershed (Figure 2) and the river network is extracted
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from a DEM for this watershed. This watershed drains a
489 km? area across three counties, Vermilion, Champaign,
and Edgar, and is generally flat with a slope of 1% or less
[Mitchell et al., 2000; Algoazany, 2006]. 1t is a typical agri-
cultural watershed in east-central Illinois that is drained by
an extensive network of tile drains. The land use in Little
Vermilion is quite intensive. Nearly 90% of the area is
planted with a rotation of corn and soybean crops. The
dominant soil type in this watershed is silty loam and silty
clay loam, with low hydraulic conductivity values.

2.2. Network Hydrologic Model

[18] The network flow model, based on the REW
approach, builds on the balance equations for mass and mo-
mentum for a hierarchical river network derived by Reggiani
et al. [2001]. The REW approach disaggregates the whole
watershed into a number of subwatersheds (REWs), with the
REWSs being considered the smallest functional units of the
model, with each REW having only one stream reach and
being linked to all other REWs via the river network. Tian
[2006] developed a numerical model, THREW (Tsing Hua
representative elementary watershed), based on a set of ordi-
nary differential equations (ODEs) of the coupled mass
and momentum balance equations at the REW scale [Li and
Sivapalan, 2011], including extensions to incorporate explicit
formulations for energy balance applicable to cold regions
[Tian et al., 2006].

[19] Since our objective is to explore process controls on
nitrate transport in a river network only, we use a simplified
version of THREW, where each REW is divided into two
subregions only: a hillslope region and a channel region

Upstream

Inflows
M
O A= ~—
.l [ 2 /L, — - A'n"'\

Downstream
Flow

Main Channel

a reach 1 reach 2
\Y, b
reach 3 reach 4 [
reach 6
% reach 10 /Teac\ 11
reach 5 w‘ @
v
%each 7 X
reach 8 p
reach 12
reach 9
reach 13
watershed outlet
Figure 1.

Schematic of the coupled hydrological-solute-transport model: (a) Watershed discretization

into several REWs organized around the river network; (b) each REW includes a hillslope (landscape
element) and a channel reach; and (c) two-zone solute transport model that includes the main channel
(MC) zone and a transient storage (TS) zone; « is a coefficient that governs nutrient exchange between

the MC and TS zones.
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(Figure 1). We use a simple lumped bucket model to repre-
sent the hillslope response to precipitation for REW;:

dsi S .

=PA' — Q) —ET' 1
dt O ’ M

Y
0, =", 2
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ri =, 3)

-

e

where S} is water storage of REW, in the hillslope [L?],
P is the rainfall intensity [L T ! and is assumed uniform
across the watershed, 4’ is the area of REW; [L?], 0, is
flow that enters the channel network directly from the local
hillslope area [L* T7'], 7, is the mean residence time with
respect to subsurface flow [T], ET' is the evaporation
[L*> T7"], and 7. is mean residence time with respect to
evapotranspiration [7]. The presence of an extensive net-
work of tile drains leads to the dominance of subsurface
drainage while surface runoff is rare [Li ef al., 2010]. These
considerations justify the use of simple conceptual models
of the hillslope hydrologic response [Basu et al., 2009],
such as the one adopted here.

[20] The water balance equation for the river reach i
(associated with REW;), with inflows from the hillslope
and two upstream nodes, can be written as follows:

dSisc

B 0+ 37Qly — O @
Ogu = Vv (5a)
o=, (5b)

where Sl is water storage at local reach i [L’], 0/ is the
inflow from upstream nodes (in a bifurcating network we

Map of the study area, Little Vermilion Basin in east-central Illinois, including the delineation
of 29 REW boundaries. Bold line is the river network.

assume there are at most two upstream reaches) [L3 T 7_1],
v/ is the velocity at upstream end, for reach j [L 7], Ay
is estimated at the beginning of any time step by dividing
the water storage (Si,c is cross-sectional area of the jth
upstream reach [L°], Q! is the outflow from reach i
[L? T7"1, and V' is the velocity at local reach i [L T~'].

[21] The channel cross-sectional area A}, is estimated at
the beginning of any time step by dividing the water stor-
age (Si;c) at the end of previous time step by the channel
reach length (L), while the velocity V' is estimated through
recourse to a reach scale momentum balance equation (i.e.,
Saint-Venant momentum balance equation).

4 T
pAycL V' = pedycLising' — 2 pPLICV]Y|
——— —— N ——’

Inertia Gravity Chezy resistance

= Znghl(/liv[c + Ayyo)cos 8! — Srehide
J#i

Pressure forces at

Pressure forces exchanged across end sections
watershed outlet

where p is the density of water [M 7], A}y is the cross-
sectional area in an upstream or downstream reach j [L?], L’
is reach length of REW; [L], g is gravitational acceleration
[L T3], siny’ is the mean slope of REW,, P' is average
wetted perimeter of local REW;, [L], /" is the mean depth of
REW; [L], (' is the Darcy-Weisbach friction coefficient
(¢'=8g (WY (R) "3, nisa roughness coefficient, and R'is
the hydraulic radius), and 6" is the angle of confluence of
upstream reach j and local reach i. In equation (6), when
reach j is upstream of reach i, the sign in front of the pres-
sure force term is generally + and is — when reach j is
downstream of reach i. The last item in equation (6) will
remain only if the local reach is directly upstream of the out-
let. As the influence of the confluence angle on the resulting
velocity is very small, we assume it is equal to 1 (unity) and

50f 18



Wo00J17

remove it without loss of accuracy. In this paper, for sim-
plicity we ignore the inertia term in the momentum equation
and we obtain the simplified equation for velocity as
follows:

1 (Ri)1/3

T —
J#i

(N

2.3. Specification of Hydraulic Geometry

[22] The size of the TS zone is directly related to the
wetted perimeter of the channel, and so to accurately simu-
late the retention rate in TS, it is necessary to adequately
represent the hydraulic geometry of the channel. The hy-
draulic geometry is also crucial to capture the space-time
variations of flow velocity that ultimately determines the
water residence time in the river reaches. An extensive sur-
vey of at-a-site and downstream hydraulic geometry has
been carried out for Illinois streams by Stall and Fok
[1968]. They obtained best fits between measured top
width, flow depth, velocity, and cross-sectional area as
power functions of flow frequency and drainage area for
several streams in Illinois. The relations for top width and
flow depth extracted from the results of Stall and Fok
[1968] are as follows:

Inwy,, = —1.23 + 0.27In Ay + 0.18In 4", (8a)

Inhjye = 1.23 4 0.73In Ay — 0.18In.4Y, (8b)
where wy, is the top width of reach i [L], /¢ is the mean
depth of reach i [L], A} is the cross-sectional area of reach
i [L?], and A', is the total contributing (drainage) area for
the outlet at reach I [L*]. We use these regionalized equa-
tions to construct the hydraulic geometry across the network
of the Little Vermilion River watershed. Previous versions
of the THREW model assumed the channel cross-sectional
area to be rectangular [Tian, 2006; Li et al., 2010; Li and
Sivapalan, 2011]. In this paper, in order to better character-
ize the wetted perimeter and channel flow velocity and sol-
ute transformations, especially under low-flow conditions,
the cross section was changed from rectangular to trapezoi-
dal. Model predicted magnitudes of flow velocity, both at-a-
site and downstream, were tested and successfully verified
against the corresponding regionalized estimates of Stall
and Fok [1968] (not included here for reasons of brevity).

2.4. Network Model of Solute Transport

[23] The solute transport model is derived from the one-
dimensional transport with inflow and storage model
(OTIS) applicable to a single reach [Bencala and Walters,
1983; Runkel, 1998].

8CMC _ Q acMC 1 0 D GCMC
o Awmc  Ox Anic Ox Me ox
Advection Dispersion
qL (9a)
+ (Cr = Cmc) + a(Crs — Cvc) — keCuc
AMCL teral fl Nutrient Uptake
dlera T exchange from MC
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where Cyc is nitrate concentration within the MC [M L],
Crs is concentration within the transient storage zone
[M L3], C; is the concentration of lateral inflow [M L],
Anc is the cross-section area of MC [L?], Ars is the cross-
section area of the TS zone [L?], x is longitudinal distance
[L], D is dispersion coefficient [L* T~'], « is the exchange
rate between the main channel and transient storage [T '],
q is lateral inflow rate [L3 T~' L7, and k. and k, are the
uptake rate coefficients for reactive solutes from the MC
and the TS zones, respectively [7~']. This model considers
nutrient advection and dispersion in the MC, but in the TS
zone solutes are assumed well mixed and the flow velocity
is slow enough not to account for flows in the longitudinal
direction. The nutrient exchanges between the MC and TS
zones are assumed to be proportional to the concentration
gradient between the two compartments.

[24] In the current study we seek to investigate nutrient
transport at the network scale, across stream types and
sizes, and during both low-flow and high-flow periods.
Accordingly, we upscale the above model to the network
scale, assuming that the effects of hydrodynamic dispersion
are small and negligible compared to network dispersion
(also known as geomorphologic dispersion) (see Robinson
et al. [1995] for a justification of this assumption), and the
nutrient retention in the MC zone is a function of water
storage and the average of the upstream inflow concentra-
tions and the local concentration. Upscaling of the OTIS
biogeochemistry equations (equations (9a) and (9b)) to the
network scale then leads to the following two coupled gov-
erning equations for a stream reach belonging to REW;
(each reach is considered as individual segment to which
equations (9a) and (9b) are applied):

d(S,-C: o o o
Wil — g6, + 3204l — O Clc
~—— \ , ——
Hillslope input Upstream inputs Output
(et Y
— oSy (Cye — Crs) — ke P Smc

———

Nutrient exchange

Water Column & Benthic Uptake

(10a)
d( Si Ci ) A i i i i i
WisCs) aTh:gSTS(CMC ~Crs) ~hCrsSts o
Nutrient exchange ggfik;s

where Cj,- is the concentration in the local channel
[M L], Ci is the concentration within the transient stor-

age zone [M L], C{;c is the concentration in the upstream
reach j [M L], « is the exchange rate between the MC
and TS zones [T'], Sk is the volume of water in the TS
zone [L*] (Sig = L' P' hig, L' is the length of the reach, P/
is the wetted perimeter, and hig is the depth of TS zone,
which is assumed constant), and k; is the uptake rate coeffi-
cient from TS zone [T '].

[25] In this paper the model is implemented with k.
assumed to vary with flow depth, as k. = v./h (where v, is
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the uptake velocity in MC [L T 1, in analogy with the rela-
tionship often assumed between the first order retention rate
and uptake velocity of the combined system: k, = v;/h). In
the base experiment, decreasing k.. as a function of flow depth
h assumes that uptake/removal on benthic biofilms dominates
MC retention. There is a possibility that pelagic uptake could
increase in the downstream direction, in which case the k.
would not decrease with increasing depth; however in the ab-
sence of empirical evidence on pelagic uptake, we decided
not to include this scenario here. Detailed theoretical and
field investigations to quantify this impact could be impor-
tant for future study. The uptake velocity in MC (v.) and
uptake coefficient in TS (k) are assumed to follow first
order kinetics [as in Wollheim et al., 2006]. Since the goal
here is to examine the impact of hydrologic variability on
nutrient retention and because limited data are available for
the scaling of MC and TS uptake metrics from headwater to
higher order reaches v. and k; are set at constant values
across the watershed. As data evidence and process formu-
lations advance, these aspects can be improved in subse-
quent versions of the model.

2.5. Climate and Nitrate Inputs

[26] In the research that is reported in this paper, the
coupled model is driven by stochastic precipitation inputs
that are generated by a stochastic event rainfall model devel-
oped by Robinson and Sivapalan [1997]. In order to explore
the effects of flow variability on net retention, we constructed
three different rainfall scenarios (consisting of 10-year long
synthetic time series), and simulated the coupled hydrologi-
cal and nutrient transport processes within the stream net-
work under each scenario. For illustration we have denoted
these as climates 1, 2, and 3: climate 1 (low variability), cli-
mate 2 (intermediate), and climate 3 (high variability). The
rainfall series are a function of storm duration ¢,, interstorm
period #,, and mean rainfall intensity p. The storm duration ¢,
and interstorm period 7, are assumed to follow exponential
probability density distributions, and their mean values vary
sinusoidally with time of year (t = T + A sin[27/({— £, )/w],
where ¢ represents the mean value for the exponential distri-
bution (for ¢. or #,) for a given time period within the year,
T is the corresponding annual average value (annual mean of
t,, t,), A is the amplitude of the seasonal variation, w is the
total number of time units in a year (here 8760 h per year),
¢ is the time within the year, and &, is the seasonal phase
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shift); the precipitation intensity (p) is statistically dependent
on t,, its conditional distribution (given ¢,) follows a gamma
distribution, as the parameters of this gamma distribution are
also a function of ¢,, the mean p of the gamma distribution
also varies sinusoidally like 7. and #,,. All three climates share
the same seasonality (the amplitude 4 and the phase shift x,),
in which rainfall occurs during the spring and fall seasons
and similar annual precipitation (~1000 mm per year) but
distinct annually averaged storm duration ¢, interstorm pe-
riod 7, and rainfall density p. The details of the model are
given by Robinson and Sivapalan [1997].

[27] The annual mean value of these characteristics of
rainfall inputs are presented in Table 1 for the three climates.
There has been no attempt to match any of these climatic
inputs, including annual rainfall and potential evaporation
totals, their intra-annual variability, and the statistical charac-
teristics of storm events to climatic conditions prevailing in
the Little Vermilion River watershed. All simulations used a
hillslope residence time 7, of 100 h, and evaporation time
scale 7, of 100 h. Figure 3 presents, as illustration, the time
series of precipitation inputs for climate 2. Except when the
focus of the analysis is on comparisons between different cli-
mate scenarios, most of the results presented in subsequent
sections relate to climate 2, with the mean annual water bal-
ances as follows: ET/P = 0.50, O/P = 0.50, 0,/0Q = 0.22
(P, ET, Q, and Q, are, respectively, annual precipitation,
evaporation, total runoff, and base flow). These are not
meant to be exact reproductions of the water balance of the
Little Vermilion River watershed; nevertheless, they are rep-
resentative of well-drained agricultural basins in much of the
Midwestern United States.

[28] Nitrate concentrations of hillslope contributions to
the river channels are kept constant in space and time at a
notional value of 15 mg NO5-N/L during both flood events
and base flow periods, which is the mean concentration of
observed tile drain data in Little Vermilion watershed. Low
temporal variability in nitrate concentrations relative to that
of water discharge in intensively managed agricultural
catchments (i.e., chemostatic export) has been discussed in
recent papers [Basu et al., 2010; Thompson et al., 2011;
Guan et al., 2011]. Parameters associated with the solute
transport processes within the coupled model are also assumed
to remain constant in space and time. Our assumed first-order
kinetic model precludes any dependence on background nitrate
concentrations [O’Brien et al., 2007; Covino et al., 2010b]

Table 1. Effects of Hydrological Variability and Geomorphologic and Biogeochemical Factors on Nitrate Net Retention Rates During

High and Low Flows
Climate 1 Climate 2 Climate 3

Mean ¢, (h) 34 34 15
Mean #, (h) 76 186 227
Mean p (mm h™") 0.4 0.8 2.0
Mean CV(Q) of headwater 2.08 3.01 3.44

streams
CV(Q) of outlet stream 2.01 2.92 3.32

Whole During During Whole During During Whole During During
Year  High Flows Low Flows  Year High Flows  Low Flows Year  High Flows Low Flows

k. When k, decreases, TS depth ~ 0.0135 0.012 0.0217 0.0116 0.0103 0.0185 0.0112 0.0101 0.0185

constant (/h)
k, When k, decreases, TS depth ~ 0.0214 0.0202 0.0326 0.0179 0.017 0.0267 0.017 0.0163 0.0263

increases downstream (/h)
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Figure 3. Schematic describing typical time series of rainfall, hillslope inflows and streamflows and

nutrient concentrations for climate 2 (see Table 1): (a) rainfall event patterns: intensity = 0.8 mm h™",
t, =34 h, t, = 186 h; (b) hillslope inflows and streamflow for a headwater stream; (c) streamflow at the
catchment outlet, and illustration of flow separation into high-flow and low-flow periods; and (d) nutri-
ent concentration of hillslope input (assumed constant at 15 mg NOs-N/L), and for a first order REW and

at the catchment outlet.

and dependence on other environmental variables such as tem-
perature are also ignored for the present. The parameter values
are notional literature values chosen from a survey of field
measurements, as shown in Table 2 [Runkel, 2000; De Smedt
et al., 2005; Hall et al., 2009b; Stewart et al., 2011]. Default
values of the nutrient uptake parameters used in this study are:
ve=10002mh ' k,=02h"",and @ = 0.1 h~". According
to Stewart et al. [2011] the ratio of the size of the hyporheic
TS zone to that of MC is 0.35, which is an average value for
the Ipswich River network in Massachusetts. In this paper, in
the default case, the thickness of the TS zone is held constant

Table 2. The Literature Sources for the Parameter Values Chosen

throughout the network at a value of 0.06 m; for a typical first
order reach this produces a mean Ars/Ayic = 0.35, which is
consistent with Stewart et al. [2011].

[29] In this paper we explore the effects of MC contribu-
tions as opposed to TS dominance of uptake and retention
processes. As part of the sensitivity analysis presented later
in the paper, we will also consider two scenarios in which
MC and TS contributions are roughly equivalent and where
the MC contribution is larger than TS through the use of
larger v. values and smaller k, values. Each scenario is
simulated for a 10-year period, and the initial nutrient

Parameter

Value in Base Experiment Sources
Ve 0.002mh™"! 0.001-1.07 [Hall et al., 2009a]*
@ 0.1/h 0.036-3.6 [De Smedt et al., 2005]
k. 0.2/h 0.01-7.2 [Runkel, 2000]

TS depth constant
TS Depth increases downstream

Thickness = 0.06 m
ATs/AM(j = 035

makes Ars/Anc ~ 0.35 for a first order REW
[Stewart et al., 2010]

“These only refer to the uptake velocity of the whole stream v; the range of values for v, used in this paper are smaller.
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storages in MC and TS are assumed to be zero (i.e., there is
no nutrient stored at the beginning of the simulation).
These sensitivity analyses are carried out to verify that the
extent of emergent scaling effects extracted from the simu-
lations are not fundamentally altered by the range of pa-
rameter values used here.

3. Results

[30] With the use of the coupled hydrological-solute-
transport model we explore the richness of a variability of
nutrient retention process in space and time. In the time do-
main we characterize the within-year variability by parti-
tioning the year into event-driven high-flow and subsequent
low-flow periods. In the space domain we partition the river
reach into two zones: the main channel (MC) and the tran-
sient storage (TS). We begin the analysis in first order
watersheds (REWs), and systematically extend the analysis
of the above partitioning, in a nested manner, to all higher
order watersheds, including the highest order watershed at
the outlet.

[31] Figure 3 illustrates the manner in which we partition
the year into high-flow and low-flow periods. It presents
the synthetic time series of precipitation for climate 2,
and the corresponding model predicted hillslope inflows (at
a constant concentration of 15 mg L"), and streamflows
and nitrate concentrations for a first order stream (REW
24), and for the stream at the watershed outlet. We use the
base flow separation algorithm of Lyne and Hollick [1979]
to partition the time series of flows in all river reaches, into
separate event-associated high-flow periods, and subse-
quent low-flow periods, as shown in Figure 3. This allows
us to estimate the magnitudes of nitrate loading (inputs),
retention and export separately during event (high-flow),
and inter-event (low-flow) periods, for all streams of all
orders, and also at the watershed/network scale by aggre-
gating the estimates for all streams that lie within each
nested watershed. We repeat the same analyses to estimate
the separate contributions to retention by the MC and TS
zones. The results are presented next.

3.1. Breakdown Into High-Flow and Low-Flow
Periods, and Between MC and TS Zones

[32] Figure 4 presents the partitioning of the total nitrate
inputs between high-flow and low-flow periods (in this and

Annual Input to MC
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all subsequent cases the results are annual averages based
on 10-year long simulations). In the case of the MC zone,
the inputs are loadings from the hillslopes. In the case of
the TS zone the inputs are exchanges from the MC zone,
which are governed by differences in nutrient concentra-
tions between the two zones. Because the nutrient concen-
tration of hillslope inflows is constant, loading into the MC
during high flows is larger (~3 times) than during low-flow
periods (Figure 4). Regardless of the simplifying assump-
tion of constant concentration of hillslope inflows, the
result in terms of loading is consistent with previous
research that also has indicated large magnitudes of nutri-
ent loading during high-flow periods [Royer et al., 2006].
On the other hand, in the case of the TS the differences
between high- and low-flow periods is much less since the
effect of the concentration gradients is modulated by differ-
ences in residence time.

[33] We next present the corresponding results for bulk
retention during high-flow and low-flow periods separately
for the MC and TS zones, as well as for the combined sys-
tem (see Figure 5). We define the fractional retention as the
ratio of nitrate retained in a certain zone during a certain
period versus the total retention that occurs in both MC and
TS zones through the year. For example, f;,_nc is the per-
centage of nitrate retained in MC during high flow versus
the total retention in both MC and TS zones annually. The
calculation of the fractional retention during high-flow and
low-flow periods is as follows:

Z/kcchc(’)siac(f)df
Jr-mc = 4 Ty : v | 7 (1)
Z/[kccll\/lc(t)S{v[C(t) + kCig (1)Shg (1))dt
I
2 / ke Cige () Spgce ()it
Jiome = Ti )

3 [ I Cuc0Sic0) + BCls 0815 o)

b

where f, vc is the fractional retention in MC during
high flow, f;_mc is the fractional retention in MC during
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(a) Hillslope inputs into the MC zone as a function of drainage area, separately during

high-flow and low-flow periods, respectively; and (b) exchange of nitrate from the MC zone into the TS
zone, separately during high-flow and low-flow periods, respectively, as a function of watershed size.
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Figure 5. Fraction of retention separately during high-flow and low-flow periods, respectively, as a

function of drainage area: (a) from the combined system (MC and TS zones together); (b) from the MC

zone only; and (c) from the TS zone only.

low-flow period, 7, is the duration of high-flow period [T],
T; is the duration of low-flow period [T], and T is the total
simulation period [7]. The results for fractions retained
presented in Figure 5 indicate that even though the bulk
loadings from hillslopes are vastly different during the two
flow periods (e.g., 3.5 times larger during high flows, as
shown in Figure 4), the magnitudes of the fractions retained
are much closer in all three cases (certainly not 3.5 times
different); the respective fractions (i.e., fractions of the
total amounts of retention that occurred during the two
periods) fall in the range 0.4-0.6. The retention fraction in
the MC zone in the range 0.08-0.15 is much smaller than
in the TS zone (in the range 0.35-0.45). We also find that
in the case of the MC zone, the fraction retained during
high-flow periods is low (0.1) and remains invariant with
drainage area, whereas the fraction retained during low
periods decreases with increasing drainage area. The situa-
tion is reversed in the TS zone: the fraction retained during
high flows increases with increasing watershed area in the

the sharp discrepancies in hillslope loading between high
flows and low flows, the differences in the actual retention
are much smaller.

[34] This compensation in fractional retention could be
related to the retention efficiency: it may be higher during
low flows, and lower during high flows. We will now look
at the corresponding results for retention efficiency in more
detail. The retention efficiency is defined as the ratio
between the nitrate retained in MC or TS zone during high
or low-flow period and the total nitrate load from the hill-
slope during the high or low-flow period. Figure 6 presents
the estimated retention efficiencies at the watershed scale
separately for the MC and TS zones, as well as for the com-
bined system. The calculation of the retention efficiency in
the MC zone is as follows:

Z/kcchc(f)sﬁ/[c(f)df

Th

TS zone and remains invariant with drainage area during Effn-mc = ii ) (12a)
low-flow periods. These trends are similar to trends pre- Z / Gy(1) Q) (1)t
sented by Wollheim et al. [2008]. In all three cases, despite '
Retention Efficiency — Whole System Retention Efficiency — MC Zone Retention Efficiency — TS Zone
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Figure 6. Retention efficiency estimated separately during high-flow and low-flow periods, respectively,
as a function of drainage area: (a) from the combined system (MC and TS zones together); (b) from the

MC zone only; and (c) from the TS zone only.

10 of 18



Wo00J17

Z/kcchc(t)sli/{c(l)dl
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Effimc = ; (12b)

where Eff;, _vc is the retention efficiency within MC during
high-flow periods, Eff;_wc is the retention efficiency within
MC during low-flow periods. The method for the calcula-
tion of retention efficiencies in the TS zone is similar.
Figure 6 demonstrates that the retention efficiency during
low flows is about three times higher than during high
flows, in all three cases (whole system, as well as sepa-
rately in the MC and TS zones), consistent with previous
research that has noted that nitrate retention is most effi-
cient during low-flow periods [Alexander et al., 2009]. In
all cases, the retention efficiency at the catchment scale is
shown to increase with increasing drainage area. These
results indicate that although the nitrate loading from hill-
slopes during high flows is over three times higher than
during low flows (see Figure 4), the much smaller retention
efficiencies during high flows (i.e., about a third of that dur-
ing low flow) nearly compensates for the differences in
hillslope loadings giving rise to somewhat equivalent val-
ues for fractional retention during high and low-flow peri-
ods, as shown in Figure 5 above.

[35] We further investigate the differences between the
two sets of retention efficiencies, and if these can be
explained by recourse to estimates of three different time
scales: residence time in the main channel (7yc), nitrate
reaction time in the MC zone (SRT-MC) and in the TS
zone (SRT-TS). Following Stewart et al. [2011] and Botter
et al. [2010], as a first attempt, we define these time scales
for each REW as follows (using previous notation):

™c = L/v, (13a)
SRT-MC = h/v,, (13b)
SRT-TS = w (13¢)

ks

[36] The corresponding time scales at the network scale
are defined as follows:

T =7iw + > T, (14a)
where
w = A4'/4 (14b)
and
w/ =47 /45, (14c)

where 77 is the total time within REW;, T 7 is the total time
within all upstream REWs j, 7' is the time within each
reach (which can be either 7y;c, SRT-MC, or SRT-TS as
per equations (13a), (13b), and (13c¢)), w' is the weight for
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each component (which is related to the respective areas of
the REWSs), 4' is the area of REW,, 4/, is the drainage area
of current REW,, and 4/, is the drainage area of the
upstream reach j. We would expect the respective ratios of
water residence time to solute reaction time (Damkohler
number (Da) [Ocampo et al., 2006]) to provide a first order
indication of the efficiency of retention in both the MC and
TS zones. Since the water exchange between MC and TS is
assumed small enough to ignore in the paper, water resi-
dence time related to nutrient uptake in the TS zone is
therefore assumed to be the same as in MC (7).

[37] For the reason of brevity, we will not show detailed
results of the network scale residence times or the reaction
times (calculated from equation (14)) here. The trends in
these numerical results are that the residence time during
low flows is larger than during high flows for all watershed
sizes, while the reaction times in the MC zone, SRT-MC,
and in the TS zone, SRT-TS, show an opposite trend in that
the reaction times are much larger during high flows than
during low flows. This suggests larger ratios of residence
times to reaction times (i.e., the Damkohler number Da),
i.e., higher efficiencies during low-flow periods than during
high-flow periods. The shorter reaction time in TS zone
than in the MC zone leads to a larger Damkohler number in
TS zone, i.e., higher (roughly 2 to 4 times) retention effi-
ciency in the TS zone than in the MC zone (Figure 6). This
explains the much larger fractional retention by TS than by
MC zone shown in Figure 5 (about 4.5 times greater during
high flow and 2.5 times during low flow).

3.2. Effects of Within-Year Hydrologic Variability on
Retention Efficiency

[38] The results presented so far indicate significant dif-
ferences between the loadings and retention efficiencies
between high and low-flow periods, including the relative
contributions of the MC and TS zones to the overall nitrate
retention processes. One can therefore foresee that intra-
annual streamflow variability, i.e., the strength of fluctua-
tions of streamflows between high flows and low flows, can
significantly impact net retention and overall retention effi-
ciency at the watershed (space) scale and annual time scale.
In order to assess the net effect of within-year hydrologic
variability we constructed three different rainfall scenarios
and implemented the coupled model under each of these
scenarios in Monte Carlo fashion. Summary statistics for
the rainfall inputs and for the resulting streamflows are pre-
sented in Table 1, where we quantified the intra-annual var-
iability of flows in terms of the coefficient of variation,
CV(Q). The concentrations of nitrate inflows from hill-
slopes are still maintained at 15 NO5-N mg L™ throughout
the year.

[39] Figure 7 presents the variation of retention efficien-
cies (nitrate retained during high/low-flow periods in MC/TS
zone as percentage of total loading during those periods) as
a function of watershed size for the three different climates
considered (note that retention efficiency is the ratio of reten-
tion to net loading from the hillslopes). The results for the
whole system (i.e., MC and TS zones together) indicate that
the increase of hydrologic variability, as represented in the
three climate scenarios, with climate 3 being most variable,
leads to a reduction of retention efficiencies in the combined
system, during high-flow periods.
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Figure 7. Watershed scale retention efficiencies as a function of drainage area for climate 1 (p =
04mmh™', t,=34h, 1, =76h), climate 2 (p = 0.8 mmh™ ', t. = 34 h, £, = 186 h), and climate 3
(p=20mmh"' ¢, =15 h, t, = 227 h) for the whole system (MC and TS): (a) high-flow periods and

(b) low-flow periods.

3.3. Scale Effects: Relative Roles of Biogeochemical
and Geomorphologic Factors

[40] So far we have explored the partitioning of retention
fractions between high-flow and low-flow periods, and the
breakdown of the contributions of the MC and TS zones to
total retention. The analyses have revealed that ultimately
these can be explained in terms of retention efficiencies
and a competition between residence times and reaction
times. Along the way we also discovered that the richness
of distribution of bulk uptakes and retention efficiencies
also systematically change with increasing watershed size.

[41] The default parameterizations that we have adopted
in the simulations so far have assumed that the thickness of
the TS zone is constant across the entire network. In view
of the demonstrated importance of the TS zone, what
impact does this assumption have on the scaling behavior
of nutrient retention? Similarly, we have assumed that the
uptake rate in the MC zone is equal to k. = v./h. By making
this assumption, we are ensuring that the nutrient retention
in the MC zone becomes less efficient as we move from
headwater streams to the much deeper, higher order
streams. Although the plankton in the water column also
contributes to the nutrient retention, given the relatively
shallower water column and shorter residence time avail-
able for uptake, it is relatively minor compared to the
benthic uptake. Therefore in this paper we will focus on the
impact of the TS depth. These are important questions
because there is as of yet very little empirical evidence for
these rather strong assumptions: whether the thickness of
the TS zone remains constant downstream or increases
with the increase in the spatial scale. In order to generate
insights into their relative effects on the predicted scaling
behavior, we carried out a new set of simulations where we
allowed the thickness of the TS zone to increase in the

downstream direction, in such a way as to maintain a con-
stant Ats/Awnc ratio at a value of 0.35 [Briggs et al., 2010].

[42] Figure 8 presents a comparison of two events
(approximately 25 days) in the 10-year long time series of
retention rates from the MC and TS zones, corresponding
to climate 2, and for two different scenarios: (a) thickness
of TS remains constant across the network and (b) thick-
ness of TS increases in downstream direction (Ars/Amc 18
held constant at 0.35), while in both scenarios v, is held
constant at 0.002 m h™'. This part of the model sensitivity
analyses with respect to the size of the TS zone is summar-
ized in the top half of Table 3. The results are presented for
a headwater stream and for the stream at the watershed out-
let. The results indicate that, for varying k. (k. = v./h, v. =
constant), increase of Ars in the downstream direction
leads to much higher retention from the TS zone with
increasing watershed size: the retention rate at the outlet
stream increases from around 7 to 12 kg h™' when Ars
becomes larger in the downstream direction (Figures 8b
and 8d), while the retention rate in MC does not change.

[43] Figure 9 summarizes the results of this sensitivity
analyses (i.e., with respect to the size of the TS zone, as
summarized in the top half of Table 3) in terms of (1) the
fraction contributed to total retention (over the whole year)
by the MC zone, and (2) the fractional retention from the
combined (MC and TS) system during high-flow periods.
The results in Figure 9a indicate that the fractional reten-
tion contributed by the MC zone is much less when the size
of the TS zone is allowed to increase in the downstream
direction. Figure 9b presents the corresponding results for
the fractional retention during high flows for the combined
system. When £, decreases downstream, the assumption of
variable TS size makes a bigger contribution to the fraction
retained during high flows.
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Figure 8. Schematic describing retention rates (from MC and TS zones) for two parameter combina-
tions: case 1 (a) and (b): v. maintained constant at 0.002 m h™', thickness of the TS zone maintained
constant; case 2 (c¢) and (d): v. maintained constant at 0.002 m h™", thickness of the TS zone increases
in the downstream direction, with the ratio Ats/4yc maintained constant at 0.35: (a) and (c) retention
rates for a headwater stream; (b) and (d) retention rates for the higher order stream at the outlet.

4. Discussion of Results

[44] The results presented have demonstrated that there
are substantial differences between nutrient retention rates
during high-flow and low-flow periods. The differences are
due to (1) variability in hillslope water and nitrate inputs,
leading to differences in flow depth, velocity, and nutrient
concentration, and (2) the differing roles and contributions
from the MC and TS zones, leading to differences in reten-
tion efficiencies. Similar differences are observed between
the contribution from MC and TS, which can be related to
the parameters chosen in the simulations and the assump-
tions about the scaling affect arising from the parameters
chosen (v, and k). In the following we seek generalizable
insights based on the use of the model, and manipulation of
model predictions: reaction times (governed by both the
solute transport properties, flow depth, and the relative
sizes of the MC and TS zones, which are indirectly affected
by variable flow depths).

4.1. Effects of Hydrologic Variability: Bulk
Parameterization Based on Time Scales

[45] In Figure 7 we demonstrated that within-year hydro-
logic variability can have a significant impact on net reten-
tion at the watershed scale, especially during high-flow
periods. In particular, increasing variability leads to decreas-
ing retention efficiency. This can be attributed to faster
velocities and hence shorter residence times, provided the
reaction times remain relatively invariant.

[46] The effect of hydrologic variability and the connec-
tion to residence times is illustrated in Figure 10. In this fig-
ure we first express the strength of retention for all three
climate scenarios in terms of a watershed scale delivery ra-
tio DR (l-retention efficiency), the percentage of nutrient
exported. The delivery ratio DR estimated for the three cli-
mates is then presented as a function of residence time in
the river network Ty (in a semilog plot), for the whole
year as well as for the high-flow and low-flow periods. The

Table 3. Summary of Different Scenarios Simulated in Sensitivity Analyses Involving Combinations of Climate, Geomorphology, and

Biogeochemistry

Climate 1

Climate 2

Climate 3

Impact of TS depth constant

Low streamflow variability,

TS depth TS depth constant with TS
dominance
TS depth increases downstream Low streamflow variability,
TS depth constant with TS
dominance
Impact TS dominant (v, = 0.002 mh™!,
of v, ks ks = 0.2/h)

MC, TS eq (v.=0.002mh ™",

k, = 0.05/h)

MC dominant (v, = 0.02mh™ !,

k, = 0.2/h)

Intermediate streamflow variability,
TS depth constant with TS
dominance (base experiment)

Intermediate streamflow variability,
TS depth constant with TS
dominance

Intermediate streamflow variability,
TS depth constant with TS
dominance (base experiment)

Intermediate streamflow variability,
TS depth constant with eq MC, TS
dominance

Intermediate streamflow variability,
TS depth constant with MC
dominance

High streamflow variability,
TS depth constant with TS
dominance

High streamflow variability,
TS depth constant with TS
dominance
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results indicate that (1) there is an almost exponential rela-
tionship between DR and 7yc (as reflected in the straight
lines in the semilog plots), and (2) the slopes of the lines
tend to decrease with increasing hydrologic variability, for
all flow periods (Figure 10). This confirms that the first
order control of DR (and hence the retention efficiency) is
the residence time distribution. We then fitted the empirical
DR versus Tyc relationship to the following function:
DR = exp (- k.mvc), and estimated k., which can be
deemed as a first-order rate coefficient k. at the watershed
scale, and can be seen as a net measure of nutrient reten-
tion. Estimated values of k. for the three climates, during
high and low-flow periods, are presented in Table 1 and indi-

cate that estimated k. values decrease with increasing
streamflow variability, and increases with the increment in
TS zone size.

4.2. Scaling Effect: Relative Roles of Nutrient Uptake
and Geomorphologic Factors

[47] The results presented so far have demonstrated the
importance of the ratio between water residence time and
solute reaction time. Two factors that play important roles
in governing the estimates of both residence and reaction
times are the flow condition in the stream, and the relative
magnitudes of the nutrient uptake parameters k. and &, and
how they change in time and space (across the river

over the whole year during high flow periods during low flow periods
1 1 1
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Figure 10. Catchment scale delivery ratio l-retention efficiency as a function of weighted residence
time Ty (as a surrogate for drainage area) for climate 1 (p =04 mmh™", 1, = 34 h, t, = 76 h), climate 2
(p = 0.8 mm h™', t, = 34h, 1, = 186 h), and climate 3 (p =2.0 mm h™', ¢, =15h, 1, =227 h: (a) for
the whole year; (b) during high-flow periods; and (c) during low-flow periods.
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network). Flow state determines (a) velocity v, which gov-
erns residence time Ty, (b) flow depth %, which in combi-
nation with k. governs reaction time in the MC zone, SRT-
MC, and (c) the ratio Ars/Apmc, with both Ayc and Atg
changing with the magnitude of flow, which together with
k. and k, determines reaction time in the TS zone, SRT-TS.

[48] Because of the paucity of consistent empirical data
across diverse field experiments, we made several assump-
tions in the parameterizations chosen for the base experi-
ment: (1) that the TS retention is more dominant than MC,
through adoption of v, = 0.002 m h™' and k, = 0.2/h;
(2) that the benthic uptake and retention is dominant over
pelagic uptake, by setting the retention rate in the MC to
decrease with flow depth (k. = v. /h); (3) that the TS depth
is constant from headwater to outlet, by setting the TS
depth to be constant at 0.06 m. These assumptions are criti-
cal to understanding and interpreting the model results pre-
sented in Figures 8 and 9, and summarized in terms of the
effective rate coefficient £, in Table 1 since they are likely
to impact the results of the base experiment and the effects
of the three climate scenarios chosen.

[49] In order to generate insights into these effects, we
carried out sensitivity analyses with the model under a new
set of scenarios, where (1) TS is the major contributor;
(2) the contributions from TS and MC are roughly equiva-
lent, and (3) the retention from MC is more dominant. The
combinations of parameter values chosen for each of these
scenarios are presented in the bottom half of Table 3. Figure
11 presents the impacts of various combinations of v, and £,
in terms of (1) the fraction contributed to total retention (over
the whole year) by the MC zone and (2) the fractional reten-
tion from the combined (MC and TS) system during high-
flow periods. The results in Figure 11a indicate that with a
smaller k; or a larger v, the fractional retention from MC
will increase equally across the entire network. Figure 11b

Fractional Retention — Whole Year
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presents the corresponding results for the fractional retention
during high flows for the combined system. The combination
with largest v.. and k; values contributes to higher uptake and
removal during high-flow periods.

[s0] The sensitivity analysis with respect to the combina-
tion of v, and k; values (Figure 11) demonstrates that
although the magnitudes of contributions from MC and TS
change with the different parameter combinations adopted,
and the contribution of TS decreases with the retention rate
in TS (k,), the resulting change is uniform from headwater
streams to the outlet. That is, the scaling effect of the MC
and TS contributions remains, and so does the impact of
hydrologic variability on the retention efficiencies during
high-flow and low-flow periods in the MC and TS zones
(details not presented here for brevity).

[51] The sensitivity analysis with respect to the TS thick-
ness indicates that the scaling effect of the contribution of
MC can be amplified or attenuated by the TS zone thickness.
For streams where benthic uptake is dominant, increasing
TS zone thickness in the downstream direction adds further
to the decrease in the fractional retention from the MC zone
from headwater streams to the watershed outlet. These
results suggest that, when considering nutrient retention at
the watershed scale, especially when they include large riv-
ers, the scaling of TS thickness in the downstream direction
can be more important than the actual retention rate. Further
experiments and modeling need to be done to parameterize
the effects of both the morphology and the biogeochemistry
of the transient storage zone.

5. Conclusions

[52] One of the main conclusions from this numerical
modeling study is that, within the limitations of the model
(for example, the assumption of first order kinetics), reten-
tion of dissolved nutrients during high-flow periods can
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combinations of k; and v.: (1) MC dominant, v. = 0.02 m h™'and k, = 02 h !, (2) MC and TS are
equivalent, v. = 0.002 m h™" and k, = 0.05/h, and (3) TS dominant, v, = 0.002 m h~' and k, = 0.2/h.
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indeed be significant, and should not be ignored. For the
parameter combinations used in this study, the total mass
retained during high flows constitutes ~50% of the total
annual retention. This is in spite of the much lower reten-
tion efficiencies during high flows compared to during low-
flow periods. This can be attributed to much larger loading
during high flows, which overwhelms the reduced retention
efficiency, and leads to an overall higher retention of total
N mass in the system. This difference in nutrient load is
quite significant in the MC zone but is much smaller in the
TS zone since the residence time helps modulate the con-
centration gradients to limit the nutrient access to TS zone.
While previous studies have focused primarily on the
decrease in the nutrient retention efficiency during storm
events, we showed for the first time that despite the reduced
efficiency total mass retention is greater than during base
flow. This result is similar to the findings of Ensign et al.
[2006] who noted strong ammonium retention during storm
events in a coastal agricultural stream in North Carolina.
This observation calls for increased focus on understanding
nutrient dynamics during storm events.

[53] Moreover, an important consequence of the reten-
tion during high-flow periods is that the nature of within-
year variability of streamflows can have a significant
impact on the bulk retention, delivery ratio, and retention
efficiency. This is due to the differences between the rates
of retention and the dominant retention mechanisms as
streamflows change over the range from low to high flows.
Our model simulations demonstrated that intra-annual
streamflow variability does have a significant impact on
retention rates at all scales: the more variable the stream-
flow is, compared to mean discharge, the less nitrate is
retained in the channel network (i.e., greater export). A first
order uptake rate estimated at the scale of the whole third
order network k., was seen to decrease with increased
streamflow variability. While the importance of intra-
annual variability has already been highlighted in previous
studies [i.e., Wollheim et al. 2008 ; Botter et al. 2010], and
in particular the companion paper by Basu et al. [2011], the
results presented in this paper for the first time quantify this
effect by systematically simulating precipitation events of
different frequencies and intensities. Climate change is
forecast to alter the rainfall frequencies and intensities more
severely than the mean values, contributing to increased
within-year variability, which can translate to a reduction in
nutrient removal efficiencies, thus exacerbating critical con-
cerns about increased N export. Consequently, further inves-
tigations into the effect of the intra-annual rainfall variability
on nutrient retention are critical.

[s4] Finally, the contributions of high-flow periods to
total annual bulk retention is further enhanced in large riv-
ers, even as the efficiency of retention decreases from head-
water to higher order streams, and to large rivers. This too
can be explained through recourse to the increase of loading
in larger rivers compared to headwater streams. We have
demonstrated in this study for the first time that despite
reduced efficiency in nutrient retention with river size, the
total mass retention is greater in larger rivers thus necessitat-
ing increased focus on understanding nutrient dynamics in
larger rivers. Further experiments focusing on nutrient spira-
ling in larger rivers are therefore critically needed [e.g.,
Tank et al., 2008].
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[s5] Clearly there is considerable room for the model we
presented here to be substantially improved. A recent
review paper has highlighted key areas in which the current
generation of nitrate cycling models at the river network
scale needs to be advanced [Helfon et al., 2011]. There is
currently insufficient information and understanding to
adequately constrain parameterizations (i.e., functional forms)
of the various processes. For example, not much is known
about the relative contributions of benthic and pelagic uptake,
or the partitioning of retention between the TS and MC zones,
their dependence on flow and environmental conditions (e.g.,
temperature, turbidity, nutrient concentrations, see Covino
et al. [2010b]), and how these processes scale across stream
networks and flow states. Similarly, the conceptual approach
we have adopted to simulate the effects of the TS zone is
highly restrictive, and poses problems toward its parameter-
ization. These call for further detailed field investigations in
large rivers, during both low- and high-flow events.

[s6] We recognize that modeling gross retention of dis-
solved nitrogen in a stream network is simplistic, and proc-
esses like mineralization, groundwater inputs, or the role of
particulate nitrogen could also be important. A pseudo-
steady state (inputs = outputs) during base flow has been
observed in four southeastern small streams [Brookshire
et al., 2009], where uptake was compensated by reminerali-
zation and groundwater inputs. However, because of lack of
adequate information (i.e., mineralization rates of N, concen-
tration of groundwater recharge, or concentrations of PON);
here we have focused primarily on gross nitrogen retention.
Gross nutrient retention has commonly been measured dur-
ing base flow periods in small streams, and very few studies
have explored the effect of within-year streamflow variations
on this metric as a function of spatial scale of observation.
However, the model we presented here can be extended to
study the questions on particulate versus dissolved, organic
versus inorganic nitrogen, and gross nitrogen retention ver-
sus mineralization in stream ecosystems in future studies.
Given the importance of the impact of nutrient concentration
on uptake, more field measurements quantifying the relation-
ship between nutrient concentration and uptake within a sin-
gle stream system at different catchment scales [e.g., Earl
et al., 2006; Covino et al., 2010a; Covino et al., 2010b] will
be crucial for improving the ability of numerical models to
simulate nutrient uptake over a range of nutrient concentra-
tions. Finally, here we have chosen a simple bucket model to
represent the hillslope contributions, where we arbitrarily
assumed a constant concentration of hillslope inputs, which
is clearly not realistic. A more sophisticated hillslope model
with both hydrologic and biogeochemical components is
needed, and is crucial to investigating the effects of land use
changes on nutrient export. Clearly, these extensions are
beyond the scope of the present modeling study, and are left
for future research.

[57] Acknowledgments. Work on this paper commenced during the
Summer Institute organized at the University of British Columbia (UBC)
during June—July 2009 as part of the NSF-funded project: Water Cycle
Dynamics in a Changing Environment: Advancing Hydrologic Science
through Synthesis (NSF grant EAR-0636043, M. Sivapalan, PI). Thanks
also due to Marwan Hassan and the Department of Geography of UBC for
hosting the Summer Institute and for providing outstanding facilities.
Work on the paper was also partially supported by NSF-Project: Using
Empirical and Modeling Approaches to Quantify the Importance of Nutri-
ent Spiraling in Rivers (grant DEB-0922118, Jennifer Tank, PI).

16 of 18



Wo00J17

References

Alexander, R. B., J. K. Bohlke, E. W. Boyer, M. B. David, J. W. Harvey,
P. J. Mulholland, S. P. Seitzinger, C. R. Tobias, C. Tonitto, and W. M.
Wollheim (2009), Dynamic modeling of nitrogen losses in river net-
works unravels the coupled effects of hydrological and biogeochemical
processes, Biogeochemistry, 93, 91-116.

Algoazany, A. S. (2006), Long-term effects of agricultural chemicals and
management practices on water quality in a subsurface drained water-
shed, PhD thesis, 258 pp., Univ. of Ill. at Urbana-Champaign, Urbana.

Basu, N. B., P. S. C. Rao, H. Winzeler, S. Kumar, P. Owens, and V. Merwade
(2009), Parsimonious modeling of hydrologic responses in engineered
watersheds: Structural heterogeneity versus functional homogeneity,
Water Resour. Res., 46, W04501, doi:10.1029/2009WR007803.

Basu, N. B., P. S. C. Rao, S. E. Thompson, N. V. Loukinova, S. D. Donner,
S. Ye, and M. Sivapalan (2011), Spatiotemporal averaging of in-stream
solute removal dynamics, Water Resour. Res., 47, W00J06, doi:10.1029/
2010WRO010196.

Bencala, K. E., and R. A. Walters (1983), Simulation of solute transport in
a mountain pool and riffle stream: A transient storage model, Water
Resour. Res., 19(3), 718-724.

Bohlke, J. K., R. C. Antweiler, J. W. Harvey, A. E. Laursen, L. K. Smith,
R. L. Smith, and M. A. Voytek (2009), Multi-scale measurements and
modeling of denitrification in streams with varying flow and nitrate con-
centration in the upper Mississippi River basin, USA, Biogeochemistry,
93, 117-141.

Botter, G., N. B. Basu, S. Zanardo, P. S. C. Rao, and A. Rinaldo (2010),
Stochastic modeling of nutrient losses in streams: Interactions of cli-
matic, hydrologic, and biogeochemical controls, Water Resour. Res., 46,
W08509, doi:10.1029/2009WR008758.

Briggs, M. A., M. N. Gooseff, B. J. Peterson, K. Morkeski, W. M. Wollheim,
and C. S. Hopkinson (2010), Surface and hyporheic transient storage dy-
namics throughout a coastal stream network, Water Resour. Res., 46,
W06516, doi:10.1029/2009WR008222.

Brookshire, E. N. J., H. M. Valett, and S. Gerber (2009), Maintenance of
terrestrial nutrient loss signatures during in-stream transport, Ecology,
90,293-299.

Claessens, L., and C. L. Tague (2009), Transport-based method for estimat-
ing in-stream nitrogen uptake at ambient concentration from nutrient
addition experiments, Limnol. Oceanogr. Methods, 7, 811-822.

Claessens, L., C. L. Tague, P. M. Groffman, and J. M. Melack (2009),
Longitudinal assessment of the effect of concentration on stream N
uptake rates in an urbanizing watershed, Biogeochemistry, 98, 67-74,
doi:10.1007/s10533-009-9376-y.

Covino, T. P., B. L. McGlynn, and R. A. McNamara (2010a), Tracer addi-
tions for spiraling curve characterization (TASCC): Quantifying stream
nutrient uptake kinetics from ambient to saturation, Limnol. Oceanogr.
Methods, 8,484-498.

Covino, T. P., B. L. McGlynn, and M. A. Baker (2010b), Separating physi-
cal and biological nutrient retention and quantifying uptake kinetics from
ambient to saturation in successive mountain stream reaches, J. Geophys.
Res. Biogeosci., 115,G04010.

De Smedt, F., W. Brevis, and P. Debels (2005), Analytical solution for sol-
ute transport resulting from instantaneous injection in streams with tran-
sient storage, J. Hydrol., 315,25-39.

Dodds, W. K., et al. (2002), N uptake as a function of concentration in
streams, J. North Am. Benthol. Soc., 21(2), 206-220.

Donner, S. D., M. T. Coe, J. D. Lenters, T. E. Twine, and J. A. Foley
(2002), Modeling the impact of hydrological changes on nitrate transport
in the Mississippi river basin from 1955 to 1994, Global Biogeochem.
Cycles, 16(3), 1043, 10.1029/2001GB001396.

Dunn, D. D. (1996), Trends in nutrient inflows to the Gulf of Mexico from
streams draining the conterminous United States 1972-1993. US Geol.
Surv., Water-Res. Invest. Rep., 96-4113, US Geol. Surv., Austin, TX, 60 pp.

Earl, S. R., H. M. Valett, and J. R. Webster (2006), Nitrogen saturation in
stream ecosystems, Ecology, 87(12), 3140-3151.

Ensign, S. H., and M. W. Doyle (2006), Nutrient spiraling in streams and river
networks, J. Geophys. Res., 111, G04009, doi:10.1029/2005JG000114.

Ensign, S. H., S. K. McMillan, S. P. Thompson, and M. F. Piehler (2006),
Nitrogen and phosphorus attenuation within the stream network of a
coastal, agricultural watershed, J. Environ. Qual., 35, 1237-1247.

Goolsby, D. A., W. A. Battaglin, B. T. Aulenbach, and R. P. Hooper
(2000), Nitrogen flux and sources in the Mississippi River Basin, Sci.
Total Environ., 248, 75-86.

Guan, K., S. E. Thompson, C. J. Harman, N. B. Basu, P. S. C. Rao, M. Siva-
palan, A. I. Packman, and P. K. Kalita (2011), Spatiotemporal scaling of

YE ET AL.: DISSOLVED NUTRIENT RETENTION DYNAMICS IN RIVER NETWORKS

Wo00J17

hydrological and agrochemical export dynamics in a tile-drained Mid-
western watershed, Water Resour. Res., 47, W00J02, doi:10.1029/
2010WR009997.

Hall, R. O., Jr., and J. Tank (2003), Ecosystem metabolism controls nitro-
gen uptake in streams in Grand Teton National Park, Wyoming, Limnol.
Oceanogr., 48(3), 1120-1128.

Hall, R. O., B. J. Peterson, and J. L. Meyer (1998), Testing a nitrogen
cycling model of a forest stream by using a nitrogen-15 tracer addition,
Ecosystems, 1,283-298.

Hall, R. O., Jr., E. S. Bernhardt, and G. E. Likens (2002), Relating nutrient
uptake with transient storage in forested mountain streams, Limnol. Oce-
anogr.,47(1), 255-265.

Hall, R. O., Jr., et al. (2009a), Nitrate removal in stream ecosystems meas-
ured by "N addition experiments: Total uptake, Limnol. Oceanogr.,
54(3), 653-665.

Hall, R. O., Jr., M. A. Baker, C. D. Arp, and B. J. Koch (2009b), Hydrologic
control of nitrogen removal, storage, and export in a mountain stream,
Limnol. Oceanogr., 54(6), 2128-2142.

Harman, C. J., P. S. C. Rao, N. B. Basu, G. S. McGrath, P. Kumar, and
M. Sivapalan (2011), Climate, soil and vegetation controls on the tempo-
ral variability of vadose zone transport, Water Resour. Res., 47, W00J13,
doi:10.1029/2010WR010194.

Helton, A. M., et al. (2011), Thinking outside the channel: Modeling nitro-
gen cycling in networked river ecosystems, Front. Ecol. Environ., 9(4),
229-238, doi:10.1890/080211.

Li, H., and M. Sivapalan (2011), Effect of spatial heterogeneity of runoff
generation mechanisms on the scaling behavior of event runoff responses
in a natural river basin, Water Resour. Res., 47, WOOHO0S8, doi:10.1029/
2010WR009712.

Li, H., M. Sivapalan, D. Liu, and F. Tian (2010), Water and nutrient balan-
ces in a large tile-drained agricultural catchment: A distributed modeling
study, Hydrol. Earth Syst. Sci., 14, 2259-2275, doi:10.5194/hess-14-
2259-2010.

Lyne, V., and M. H. Hollick (1979), Stochastic time-variable rainfall-runoff
modelling, Proc. Hydrology and Water Resources Symposium, Perth,
pp- 89-92, Institute of Engineers, Australia.

Marti, E., N. B. Grimm, and S. G. Fisher (1997), Pre- and postflood reten-
tion efficiency of nitrogen in a Sonoran Desert stream, J. North Am. Ben-
thol. Soc., 16, 805-819.

Mitchell, J. K., G. F. Mclsaac, S. E. Walker, and M. C. Hirschi (2000),
Nitrate in river and subsurface drainage flows from an east central Illinois
watershed, Trans. ASAE, 43(2), 337-342.

Mulholland, P. J., and D. L. DeAngelis (2000), Effect of surface/subsurface
exchange on nutrient dynamics and nutrient spiraling in streams, in
Streams and Ground Waters, edited by J. B. Jones, Jr. and P. J. Mulholland,
pp. 149-166, Academic, San Diego, CA.

Mulholland, P. J., et al. (2002), Can uptake length in stream be determined
by nutrient addition experiments? Results from an inter-biome compari-
son study, J. North Am. Benthol. Soc., 21(4), 504-560.

Mulholland, P. J., et al. (2008), Stream denitrification across biomes and its
response to anthropogenic nitrate loading. Nature, 452, 202-205.

Newbold, J. D., P. J. Mulholland, J. W. Elwood, and R. V. O’Neill (1982),
Organic-carbon spiraling in stream ecosystems, Oikos, 38, 266-272.

O’Brien, J. M., W. K. Dodds, K. C. Wilson, J. N. Murdock, and J. Eichmiller
(2007), The saturation of N cycling in Central Plains streams: 15N experi-
ments across abroad gradient of nitrate concentrations, Biogeochemistry,
84,3149, doi: 10.1007/s10533-007-9073-7.

Ocampo, C. J., C. E. Oldham, and M. Sivapalan (2006), Nitrate attenua-
tion in agricultural catchments: Shifting balances between transport
and reaction, Water Resour. Res., 42, W01408, doi:10.1029/2004WR
003773.

Paul, M. J., and R. O. Hall (2002), Particle transport and transient storage
along a stream size gradient in the Hubbard Brook Experimental Forest,
J. North Am. Benthol. Soc., 21(2), 195-205.

Payn, R. A., M. N. Gooseff, D. A. Benson, O. A. Cirpka, J. A. Zarnetske,
W. B. Bowden, J. P. McNamara, and J. H. Bradford (2008), Comparison
of instantaneous and constant-rate tracer experiments through non-para-
metric analysis of residence time distributions, Water Resour. Res., 44,
W06404, doi:10.1029/2007WR006274.

Peterson, B. J., et al. (2001), Control of nitrogen export from watersheds by
headwater streams, Science, 292(5514), 86-90.

Rabalais, N. N., R. E. Turner, and W. J. Wiseman, Jr. (2002), Gulf of Mex-
ico hypoxia, aka “the dead zone,” Annu. Rev. Ecol. Syst., 33, 235-263.
Reggiani, P., M. Sivapalan, and S. M. Hassanizadeh (1998), A unifying

framework for catchment thermodynamics: Balance equations for mass,

17 of 18



Wo00J17

momentum, energy and entropy, and the second law of thermodynamics,
Adv. Water Resour., 22, 367-398.

Reggiani, P., S. M. Hassanizadeh, and M. Sivapalan (1999), A unifying
framework for watershed thermodynamics: Constitutive relationships,
Adv. Water Resour., 23, 15-39.

Reggiani, P., M. Sivapalan, S. M. Hassanizadeh, and W. G. Gray (2001),
Coupled equations for mass and momentum balance in a bifurcating
stream channel network: Theoretical derivation and computational
experiments, Proc. R. Soc. Ser. A. Math. Phys. Eng. Sci., 457, 157-189.

Robinson, J. S., and M. Sivapalan (1997), Temporal scales and hydrological
regimes: Implications for flood frequency scaling, Water Resour. Res.,
33(12),2981-2999.

Robinson, J. S., M. Sivapalan, and J. D. Snell (1995), On the relative roles
of hillslope processes, channel routing and network geomorphology in
the hydrological response of natural catchments, Water Resour. Res.,
31(12),3089-3101.

Royer, T. V., M. B. David, and L. E. Gentry (2006), Timing of riverine
export of nitrate and phosphorus from agricultural watersheds in Illinois:
Implications for reducing nutrient loading to the Mississippi River, Envi-
ron. Sci. Technol., 40,4126-4131.

Runkel, R. L. (1998), One dimensional transport with inflow and storage
(OTIS): A solute transport model for streams and rivers, U.S. Geol. Surv.
Water Resour. Invest. Rep., 98-4018, 73 pp.

Runkel, R. L. (2000), Using OTIS to model solute transport in streams and
rivers, U.S. Geol. Surv. Fact Sheet, FS-138-99, 4 pp.

Runkel, R. L. (2007), Toward a transport-based analysis of nutrient spira-
ling and uptake in streams, Limnol. Oceanogr. Methods, 5, 50-62.

Runkel, R. L., and K. E. Bencala (1995), Transport of reacting solutes in
rivers and streams, in Environmental Hydrology, edited by V. P. Singh,
pp. 137-164, Kluwer Academic, Dordrecht, The Netherlands.

Seitzinger, S. P., R. V. Styles, E. W. Boyer, R. B. Alexander, G. Billen,
R. W. Howarth, B. Mayer, and N. V. Breemen (2002), Nitrogen retention
in rivers: Model development and application to watersheds in the north-
eastern U.S.A., Biogeochemistry, 57/58, 199-237.

Smith, R. A., G. E. Schwarz, and R. B. Alexander (1997), Regional inter-
pretation of water quality monitoring data, Water Resour. Res., 33(12),
2781-2798.

YE ET AL.: DISSOLVED NUTRIENT RETENTION DYNAMICS IN RIVER NETWORKS

Wo00J17

Stall, J. B., and Y. S. Fok (1968), Hydraulic geometry of Illinois streams,
1llinois State Water Survey Rep., CR-92, 47 pp., Univ. of Ill. at Urbana-
Champaign, Urbana.

Stewart, R. J., W. M. Wollheim, M. N. Gooseff, M. A. Briggs, J. M. Jacobs,
B. J. Peterson, and C. S. Hopkinson (2011), Separation of river network-
scale nitrogen removal among main channel and two transient storage com-
partments, Water Resour. Res., 47, W00J10, doi:10.1029/2010WR009896.

Stofleth, J. M., F. D. Shields Jr., and G. A. Fox (2008), Hyporheic and total
transient storage in small, sand-bed streams, Hydrol. Processes, 22,
1885-1894.

Stream Solute Workshop (1990), Concepts and methods for assessing
solute dynamics in stream ecosystems, J. North Am. Benthol. Soc., 9(2),
95-119.

Tank, J. L., E. J. Rosi-Marshall, M. A. Baker, and R. O. Hall, Jr. (2008),
Are rivers just big streams? A pulse method to quantify nitrogen demand
in a large river, Ecology, 89(10), 2935-2945.

Thompson, S. E., N. B. Basu, J. Lascurain Jr., A. Aubeneau, and P. S. C.
Rao (2011), Relative dominance of hydrologic versus biogeochemical
factors on solute export across impact gradients, Water Resour. Res., 47,
W00J05, doi:10.1029/2010WR009605.

Tian, F. (2006), Study on thermodynamic watershed hydrological model
(THModel), Ph.D. thesis, Department of Hydraulic Engineering, Tsing-
hua University, Beijing, China, 168 pp.

Tian, F., H. Hu, Z. Lei, and M. Sivapalan (2006), Extension of the represen-
tative elementary watershed approach for cold regions via explicit treat-
ment of energy related processes, Hydrol. Earth Syst. Sci., 10, 619-644.

Viney, N. R., M. Sivapalan, and D. E. Deeley (2000), A conceptual model
of nutrient mobilisation and transport applicable at large catchment
scales, J. Hydrol., 240(1-2), 23-44.

Webster, J. R., and B. C. Patten (1979), Effects of watershed perturbation
on stream potassium and calcium dynamics, Ecol. Monogr., 49, S1-72.
Wollheim, W. M., C. J. Voérosmarty, B. J. Peterson, S. P. Seitzinger, and
C. S. Hopkinson (2006), Relationship between river size and nutrient re-

moval, Geophys. Res. Lett., 33,1.06410, doi:10.1029/2006GL025845.

Wollheim, W. M., B. J. Peterson, S. M. Thomas, C. H. Hopkinson, and C. J.
Vorosmarty (2008), Dynamics of N removal over annual time periods in
a suburban river network, J. Geophys. Res. Biogeosci., 113, G03038.

18 of 18



