18th World IMACS / MODSIM Congress, Cairns, Australia 13-17 July 2009
http://mssanz.org.au/modsim09

Hydrologic context for modelling nutrient cycles
George M. Hornberger1
1

Vanderbilt Institute for Energy & Environment, Department of Civil & Environmental Engineering, and
Department of Earth & Environmental Science, Vanderbilt University, Nashville, TN, 37235, USA
Email: g.hornberger@vanderbilt.edu

Interdisciplinary collaboration has become a hallmark of work in the environmental sciences for
good reason – the linkages and feedbacks among various components of ecosystems are complex. The sheer
heterogeneity of environmental systems is daunting and often leads to understanding that is tailored to a
particular field site but lacks generality and transferability. A primary challenge for modern hydrology and
environmental sciences is to find ways to learn about patterns at various temporal and spatial scales in the
face of heterogeneity and complexity.
One example of such a challenge relates to modeling the nitrogen cycle. The global nitrogen cycle
has been perturbed substantially during the anthropocene and gaining an understanding of processes that
affect the transport, transformation, and fate of various nitrogen species at a host of time and space scales is
critical to inform decisions about how to mitigate effects of nitrogen pollution. In particular, we need to be
able to link hydrology with reactive transport of nitrogen and dissolved organic carbon using methods that
range from small-scale physics-based models to regression-based models used to "scale up" point processes
to regions.
At the plot scale, very detailed models are necessary to capture observed fine-scale dynamics. These
models are highly mechanistic and parameter rich. In going to the scale of a hillslope, much of the very
detailed biogeochemistry often is subsumed into a much coarser parameterization that can still capture
important aspects at that scale. A similar progression occurs as one proceeds to a catchment and then to a
regional scale.
Much more work needs to be done to determine better ways to use information developed at small
scales to help describe how hydrological and biogeochemical processes interact at catchment and regional
scales to produce the effects that are of concern to water managers.
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1.

INTRODUCTION

The global nitrogen cycle is a
complex system involving physical
transport processes and microbially
mediated reactions that convert the
various nitrogen species to others
(Figure 1). Furthermore, the nitrogen
cycle is inextricably linked to carbon
and water cycles and so the question of
how to describe processes quantitatively
is even more vexed than for one cycle
alone. Yet such quantitative descriptions
are needed to address serious
environmental concerns. The natural
nitrogen cycle has been perturbed
substantially since the Haber–Bosch
process led to the widespread use of
synthetic fertilizers (Galloway et al.,
2003). Among the environmental
Figure 1. The global nitrogen cycle (simplified).
consequences of the explosion of
reactive nitrogen added to the Earth system are atmospheric releases of nitrous oxide, a powerful greenhouse
gas, and leaching of nitrate to groundwater and surface water (Vitousek et al., 1997).
The microbially mediated processes such as amonification, nitrification, and denitrification are
distributed in soils and sediments in heterogenous patches that result in differing rates of reaction at quite
small scales (e.g., McIntyre et al., 2009; Vidon and Hill, 2004). Mathematical models of the processes at the
scales of the processes are therefore necessary to gain detailed understanding (Maggi et al. 2008). But the
impacts of concern occur at larger scales and so less detailed, lumped models are useful (e.g., Manzoni et al.,
2008), models at the watershed scale must be parameterized (e.g., Kimura et al., 2009), and extensions to the
global scale must be made (e.g., Adair et al., 2008). In all cases, hydrological processes must be integrated
with the biogeochemical nutrient cycling processes per se.
2.

HYDROLOGICAL IMPACTS ON FATE OF VARIOUS FERTILIZERS

The fate of fertilizers applied to crops and lawns has been studied to reduce both the gaseous losses and
the losses by leaching of the fertilizer (e.g., Cameira et al., 2007; Guillard and Kopp, 2004), results that are
important for both minimizing fertilizer costs and reducing impacts on air and water quality. Both gaseous
and leaching losses depend on irrigation or rainfall rate and timing as well as on the form of fertilizer applied.
A reasonably detailed mechanistic model can be used to gain insight into processes that affect the losses.
Maggi et al. (2008) describe such a mechanistic nitrogen model, TOUGHREACT-N, that implements
nitrogen biogeochemical processes into the fully distributed subsurface water flow and reactive transport
model TOUGHREACT (Xu et al., 2005). TOUGHREACT-N simulates the soil N cycle affected by
microbial activity,water and fertilizer inputs, and soil type by coupling multiphase advective and diffusive
transport, multiple Monod kinetics, and equilibrium and kinetic geochemical reactions.
Gu et al. (2009) extended the model presented by Maggi et al. (2008) by incorporating processes
relevant to a variety of ammonia and nitrate forming fertilizers. The model was evaluated in relation to a field
experiment in Burgundy, France to simulate 31-day preemergence N losses following multiple types of
fertilizer application and subsequently used to examine the effects of application of different fertilizer and
soil types and environmental conditions on NO-2 and NO-3 leaching and on transient NH3, N2O, and NO gas
emissions.
The set of equations solved by TOUGHREACT-N is rather long and complicated. A very brief summary
is presented below; full details can be found in Maggi et al. (2008) and Gu et al. (2009). Flow of water is
treated using multiphase flow, taken to be adequately described by the Darcy-Richards equation.

∂θ ∂ ⎡
⎛ ∂ψ (θ ) ⎞ ⎤
= ⎢ K (θ ) ⎜
+ 1⎟ ⎥
∂t ∂z ⎣
⎝ ∂z
⎠⎦

(1)

38

Hornberger, Hydrologic context for modelling nutrient cycles
where θ is the soil moisture, and ψ(θ) and K(θ) are the water potential and hydraulic conductivity,
respectively. Chemical transport is simulated using an advective-diffusive set of equations.

∂cg ⎤ ∂ (va ca )
∂c
∂
∂ ⎡
+S
(θ a ca + θ g cg + ρb cs ) = ⎢θ a Da a + θ g Dg
⎥−
∂t
∂z ⎣
∂z
∂z ⎦
∂z
where ca, cg and cs are the species
concentrations in the aqueous, gaseous and
solid phases, respectively, θa and θg are the
volumetric fractions of the aqueous and
gaseous phase, respectively, ρb is the dry
bulk density of the solid phase, va is the
volumetric flux of the aqueous phase, Da
and Dg are the effective diffusion
coefficient in the liquid and gaseous phase,
respectively, including the effect of
tortuosity based on total porosity and phase
saturations, S is the source/sink term, t is
time, and z is the spatial coordinate. The
source-sink term is modeled using multiple
Monod kinetics for the nitrogen species
and equilibrium speciation calculations for
inorganic
species.
Growth-uptakeconversion equations for three types of
microbial populations that perform
nitrification, denitrification, and aerobic
respiration are included. All in all, more
than thirty chemical species are included in
the calculations (see Gu et al., 2009). The
simulated soil moisture dynamics have a
strong influence on predicted soil
aerobicity and thus on microbial
community
dynamics.
Hydrological
processes largely determine rates at which
oxygen can diffuse into the soil and thus
the redox state in the profile.

(2)

Figure 2. cumulative (a) NH3, (b) NO, and (c) N2O surface fluxes
to the atmosphere and (d) NO-2 and (e) NO-3 leachate fluxes at 20
cm for the four fertilizer types as functions of fertilizer amount.
The NH3 volatilization from KNO3 and the leachate fluxes from
CO(NH2)2 were negligible and thus omitted. From Gu et al., 2009;
copyright American Geophys. Union. Reprinted with permission.

Because the model is quite detailed, it
can be used to examine the effects of
different fertilizer types, different flow
regimes, different fertilizer application
rates, different soil types, and so forth. For
example, consider four different inorganic nitrogen fertilizers applied in solid form – ammonium nitrate
(NH4NO3), ammonium sulfate ((NH4)2 SO4), urea (CO(NH2)2), and potassium nitrate (KNO3). The results
show a complex dependence with fertilizer amount, driven primarily by changes in microbial population
dynamics under the different regimes (Figure 2). For example, increasing fertilizer amount exaggerates the
difference of cumulative solute leaching from fertilizer types. For example, NO-3 leaching from KNO3 is 13
and 1.7 times higher than (NH4)2SO4 and NH4NO3, respectively, in the 400 kg N ha-1 treatment, compared to
7 and 1.2 times in the 100 kg N ha-1 treatment (Figure 2, bottom panel).
3.

HILLSLOPE-RIPARIAN HYDROLOGICAL EFFECTS

The centimeter-scale simulations that may be appropriate to examine processes at a point in an
agricultural field in great detail would be impractical to compute effects observed at larger scales, even the
“next larger scale” of a hillslope. An example is a field site on the coastal plain of Virginia, USA where we
have done work. At Cobb Mill Creek NO-3 concentration in the groundwater is about 10-12 mg N L-1 due to
leaching of fertilizer from surrounding agricultural fields (Mills et al., 2008). The concentration drops to 1-2
mg N L-1 in the stream under base flow as the groundwater traverses the streambed sediments (Mills et al.,
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2008). The dominant hydrological patterns can be captured with a two-dimensional representation for this
case (Figure 3).
The hydrological flow for the system can
be modeled using equations for variably
saturated flow (Gu et al. 2008).

∂ ⎛
∂h ⎞
∂h
⎜ K r Ki
⎟ = [ S w S s + C (ψ )]
∂xi ⎝
∂xi ⎠
∂t

(3)

where xi represents the horizontal and vertical
coordinate directions, Ki represents the
principal components of the hydraulic
conductivity tensor, aligned to be collinear
with the horizontal and vertical directions, Kr
is relative permeability, assumed to be a scalar
function of water saturation, Sw is water
Figure 3. Schematic cross-section of hillslope at Cobb
saturation, which varies between 0 for dry
Mill Creek, Virginia, USA.
conditions and 1 for saturated conditions, Ss is
specific storage, h is hydraulic head, C is specific moisture capacity, ψ is pressure head, equal to h–z, where z
is elevation head, and t is time [T]. For this application, we consider equations for only aqueous species.

∂ck
∂c
∂c
∂ ⎛
=
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x
∂
i
⎠

(4)

where ck is concentration of solute k, Dij is the hydrodynamic dispersion tensor, q is specific discharge, θ is
effective porosity, and S is the sourcesink
term that accounts for
biogeochemical reactions. Full details
of the model can be found in Gu et al.
(2008) and Gu et al. (2007).
A finite-element model is used to
solve the equations with a finer grid
near the stream where the reactions
are concentrated (Figure 4). On the
basis of the total groundwater
discharge and NO-3 reduction, we
calculate a removal rate of nitratenitrogen in the biogeochemically
reactive zone around the channel of
more than 3 g m2d-1 (Gu et al., 2008).
With a sufficient carbon source, the
sediments near the groundwatersurface water interface possess a
remarkable potential for nitrate
removal from subsurface waters.
The model is easily extended to
study transient effects caused by
Figure 4. Finite element meshes for the Cobb Mill Creek transect. The
passage of a flood wave. The
flow model used the entire domain; the transport model used the shaded
changing stream stage leads to an
subdomain. From Gu et al., 2008; copyright American Geophys. Union.
interaction between the stream and the
Reprinted with permission.
groundwater that changes residence
time in the sediments where the kinetically controlled denitrification reactions take place. The longer
residence times at peak flow relative to base flow indicate that the reactions proceed farther in the former
case, i.e., that more nitrate is removed during a freshet than during base flow (Gu et al., 2008).
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4.

THE CATCHMENT SCALE

Q, mm/hr

Computation at the catchment scale often is accomplished with lumped models. Under a set of
assumptions that are reasonable for forested upland catchments, flow can be considered to be driven strongly
by topography. In such catchments
a)
infiltration rates typically are high
enough that all precipitation infiltrates
1.4
and overland flow occurs only in
saturated areas near the stream. Under
1.2
Observed
such conditions TOPMODEL (Beven
Simulated
and Kirkby 1979) provides a reasonable
1
framework for catchment modeling.
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We applied TOPMODEL to
simulate the recorded hydrograph for
White Clay Creek (WCC) near
Avondale, Pennsylvania, USA. The
Stroud Water Center is located on WCC
and biogeochemical processes have been
studied in the catchment for many years
(Newbold et al., 1997). The basic idea is
to use the hydrological model to
decompose the total flow into
components and then “mix” the
nutrients appropriately to mimic the
observed chemical dynamics. The
analysis of streamflow recession curves
for WCC suggests that more than one
“reservoir”
is
contributing
to
streamflow. The original TOPMODEL
has saturation excess overland flow and
a single subsurface stormflow reservoir.
Therefore, it was decided to use a
modified version of TOPMODEL that
has a groundwater component as well as
a subsurface stormflow reservoir
(Scanlon et al., 2000). The hydrograph
can be simulated with reasonable
success (Figure 5a) and a simple mixing
model using the simulated flow
components represents the dynamics of
dissolved organic carbon (DOC) fairly
well (Figure 5b).

Figure 5. a) Segment of WCC hydrograph simulated with
TOPMODEL and b) DOC simulated using TOPMODEL flow
components.

For WCC, the storm dynamics are
such that a model that mixes DOC
conservatively is adequate so there is no
issue of scaling biogeochemical reaction kinetics to the catchment scale. At a seasonal or annual time scale,
kinetics are important of course, and must be incorporated into the model. For example, in modeling the
snowmelt-dominated Snake River in Colorado, USA, we accounted for buildup of DOC in the soil due to
microbial activity, using a simple temperature modulated first-order rate law as the simplest approximation of
the more complicated source-sink term in the hillslope nitrogen model sketched above, which itself was a
simplification of the more complex dynamics described in the TOUGHREACT-N model applied to the plot
scale (Hornberger et al., 1994).
5.

EXTENSION TO REGIONS

Researchers at the U.S. Geological Survey have extensively developed a SPAtially Referenced
Regressions on Watershed Attributes (SPARROW) model to calculate nutrient loads on a regional basis
(Smith et al., 1997). SPARROW is a nonlinear regression model and accounts for nutrient loss due to landsurface and instream processes as well as land use and land surface characteristics. The model includes
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parameters for instream processes that remove nitrogen and wetland area can be included as a regression
variable. In this way, some account may be taken of the extensive denitrification that occurs at locations such
as Cobb Mill Creek. The application is necessarily coarse grained, however. For example, the model as
applied to the Eastern Shore of Virginia, USA, where Cobb Mill Creek is located, indicates uniformly high
nitrogen loading for streams (Preston and Brakebill, 1999) contrary to observations (Mills et al. 2008).
6.

DISCUSSION

The environment is extraordinarily heterogeneous at essentially all scales of interest. The processes at
Cobb Mill Creek at the hillslope scale that we describe using a set of kinetic biogeochemical parameters
derived from laboratory experiments, for example, aggregate a host of spatial and temporal variations. We
installed dense grids of seepage meters in several reaches of Cobb Mill Creek to investigate spatial patterns
of nitrate removal across the channel cross section. We measured the rates of groundwater seepage and the
concentrations of nitrate and chloride in groundwater discharging from the streambed at the site to examine
the spatial heterogeneity (Flewelling et al. 2007). The data indicate that certain areas of the streambed are
dominated by vertical upwelling of deep groundwater where denitrification is the primary cause for nitrate
removal. Other portions of the streambed receive groundwater that flows through the riparian zone where
plant uptake and evapo-concentration may also be important in nitrate dynamics. Thus, even the relatively
mechanistic model we use for the hillslope processes is, in effect, a lumped model because the kinetic
coefficients represent some average over a quite heterogeneous landscape. Furthermore, a synoptic survey of
16 streams in the vicinity of Cobb Mill Creek reveals nitrate concentrations ranging from about 1 to 7 mg/L
under baseflow conditions with no apparent strong relationship to land cover, land use, or other
characteristics that might explain the variability (Mills, AL, University of Virginia, unpublished data; Mills
et al. 2002). Much more work needs to be done to determine better ways to use information developed at
small scales to help describe how hydrological and biogeochemical processes interact at catchment and
regional scales to produce the effects that are of concern to water managers.
ACKNOWLEDGMENTS
This work was partially supported through NSF grant EAR-0852598 to the author. This NSF project is a
collaborative effort between Vanderbilt University and the Stroud Water Center and the contributions of L.
Kaplan, D. Newbold, and A. Aufdenkampe at Stroud are gratefully acknowledged.
REFERENCES
Adair EC, Parton WJ, Del Grosso SJ, Silver WL, Harmon ME, Hall SA, Burkes IC, and Hart SC (2008),
Simple three-pool model accurately describes patterns of long-term litter decomposition in diverse
climates. Global Change Biology, 14, 2636-2660.
Beven, KJ and Kirkby, MJ (1979), A physically based variable contributing area model of basin hydrology,
Hydrol. Sci. Bull., 24, 43–69.
Cameira, MR. Fernando, RM, Ahuja, LR and Ma, L (2007), Using RZWQM to simulate the fate of nitrogen
in field soil-crop environment in the Mediterranean region. Agricultural Water Management, 90, 121136, doi: 10.1016/j.agwat.2007.03.002.
Flewelling, SA, Hornberger, GM, Herman, JS, and Mills, AL (2007), Spatial distribution of nitrate flux from
the streambed of a low-relief coastal catchment on Virginia’s Eastern Shore. American Geophysical
Union Fall Meeting, San Francisco, CA, USA, H23J-07
(http://www.agu.org/meetings/fm07/fm07-sessions/fm07_H23J.html).
Galloway, JN, Aber, JD, Erisman, JW, Seitzinger, SP, Howarth, RW, Cowling, EB, and Cosby, BJ (2003),
The nitrogen cascade. Bioscience, 53, 341–356, doi:10.1641/0006-3568(2003)053[0341:TNC]2.0.CO;2.
Gu, C, Hornberger, GM, Mills, AL, Herman, JS, and Flewelling SA, 2007, Nitrate Reduction in Streambed
Sediments: Effects of Flow and Biogeochemical Kinetics, Water Resour. Res., 43, W12413,
doi:10.1029/2007WR006027.
Gu, C, Hornberger, GM, Mills, AL, and Herman, JS, 2008, The Effect of Freshets on the Flux of
Groundwater Nitrate Through Streambed Sediments, Water Resour. Res., 44, W05415,
doi:10.1029/2007WR006488.
Gu, C, Maggi F, Venterea, RT, Riley, WJ, Hornberger, GM, Xu, T, Spycher, N, Steefel, C, Miller, NL, and
Oldenburg, CM (2009). Aqueous and gaseous nitrogen losses induced by fertilizer application. JGRBiogeosciences, 114, G01006, doi:10.1029/2008JG000788.
Guillard, K and Kopp, KL (2004), Nitrogen fertilizer form and associated nitrate leaching from cool-season
lawn turf, Journal of Environmental Quality, 33, 1822-1827.

42

Hornberger, Hydrologic context for modelling nutrient cycles

Hornberger, GM, Bencala, KE and McKnight, DM (1994), Hydrological controls on the temporal variation
of dissolved organic carbon in the Snake River near Montezuma, Colorado. Biogeochemistry 25,147-165.
Kimura, SD, Hatano, R, and Okazaki, M (2009), Characteristics and issues related to regional-scale modeling
of nitrogen flows, Soil Science and Plant Nutrition, 55, 1-12.
Maggi F, Gu, C, Riley, WJ, Hornberger, GM, Venterea, RT, Xu, T, Spycher, N, Steefel, C. Miller, NL,
Rubin, Y and CM Oldenburg (2008). Mechanistic modeling of biogeochemical nitrogen cycling: model
development and application in an agricultural system, JGR-Biogeosciences, 113: G02016
doi:10.1029/2007JG000578.
Manzoni, S, Porporato, A, and Schimel, JP (2008). Soil heterogeneity in lumped mineralizationimmobilization models, Soil Biology & Biochemistry, 40, 1137-1148.
McIntyre, RES, Adams, MA, Ford, DJ, and Grierson, PF (2009), Rewetting and litter addition influence
mineralisation and microbial communities in soils from a semi-arid intermittent stream. Soil Biology &
Biochemistry, 41, 92-101.
Mills, AL, Hornberger, GM, Herman, JS, Chauhan, MJ and Galavotti HS (2002), Hyporheic Zones in
Coastal Streams: Filters for Removal of Agricultural Nitrate. American Geophysical Union Fall Meeting,
San Francisco, CA, USA.
Mills, AL, Hornberger, GM, and Herman, JS, 2008, Sediments in Low Relief Coastal Streams as Effective
Filters of Agricultural Nitrate. Proceedings of the 2008 Summer Specialty Conference: Riparian
Ecosystems And Buffers - Working At The Water's Edge, American Water Resources Association., 6pp
(http://www.awra.org/proceedings/0806pro_toc.html)
Newbold JD, Bott TL, Kaplan LA, Sweeney BW and Vannote RL (1997), Organic matter dynamics in White
Clay Creek, Pennsylvania, USA. J. North American Benthological Society 16, 46-50.
Preston SD and Brakebill JW, (1999), Application of Spatially Referenced Regression Modeling for the
Evaluation of Total Nitrogen Loading in the Chesapeake Bay Watershed, USGS Report WRIR 99-4054,
12pp (http://md.water.usgs.gov/publications/wrir-99-4054/).
Scanlon, TM, Raffensperger, JP, Hornberger, GM, and RB Clapp (2000), Shallow subsurface stormflow in a
forested headwater catchment: observations and modeling using a modified TOPMODEL. Water
Resources Research 36, 2575-2586.
Smith, RA, Schwarz, GE, and Alexander, RB (1997), Regional interpretation of water-quality monitoring
data. Water Resources Research, 33, 2781-2798.
Vidon, P. G. F., and A. R. Hill (2004), Landscape controls on the hydrology of stream riparian zones. J.
Hydrol., 292, 210– 228.
Vitousek, PM, Aber, JD, Howarth, RW and Likens, GE (1997), Human alteration of the global nitrogen
cycle: Sources and consequences. Ecol. Appl., 7, 737– 750.
Xu, T, Sonnenthal, E, Spycher, N and Pruess, K (2005), TOUGHREACT users guide: A simulation program
for non-isothermal multiphase reactive geochemical transport in variable saturated geologic media,
Lawrence Berkeley Natl. Lab., Berkeley, Calif.

43

