Water 2015, 7, 5345-5377; doi:10.3390/w7105345

water

ISSN 2073-4441
www.mdpi.com/journal/water

Article

Catchment-Scale Modeling of Nitrogen Dynamics in
a Temperate Forested Watershed, Oregon.
An Interdisciplinary Communication Strategy

Kellie Vaché "*, Lutz Breuer %', Julia Jones ' and Phil Sollins **

1

2

Biological and Ecological Engineering, Oregon State University, Corvallis, OR 97331, USA
Institute for Landscape Ecology and Resource Management, University of Giessen,

Giessen 35392, Germany; E-Mail: lutz.breuer@umwelt.uni-giessen.de

Department of Geosciences, Oregon State University, Corvallis, OR 97331, USA;

E-Mail: geojulia@comcast.net

College of Forestry, Oregon State University, Corvallis, OR 97331, USA;

E-Mail: phil.sollins@oregonstate.edu

These authors contributed equally to this work.

Author to whom correspondence should be addressed; E-Mail: vachek@engr.oregonstate.edu;
Tel./Fax: +1-541-737-3500.

Academic Editor: Y. Jun Xu

Received: 1 February 2015 / Accepted: 19 August 2015 / Published: 12 October 2015

Abstract: We present a systems modeling approach to the development of a place-based
ecohydrological model. The conceptual model is calibrated to a variety of existing observations,
taken in watershed 10 (WS10) at the HJ Andrews Experimental Forest (HJA) in Oregon,
USA, a long term ecological research (LTER) site with a long history of catchment-scale
data collection. The modeling framework was designed to help document and evaluate an
evolving understanding of catchment processing of water, nitrogen, and carbon that has
developed over the many years of on-going research at the site. We use the dynamic model
to capture the temporal variation in the N and C budgets and to evaluate how different
components of the complex system may control the retention and release of N in this pristine
forested landscape. Results indicate that the relative roles of multiple competing controls on
N change seasonally, between periods of wet/dry and growth/senescence. The model
represents a communication strategy to facilitate dialog between disciplinary
experimentalists and modelers, to produce a more complete picture of nitrogen cycling in
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the region. We view this explicit development of complete, yet conceptually simplified
models as a useful and important way to evaluate complex environmental dynamics.

Keywords: modeling; framework; nitrogen

1. Introduction

Human-induced changes to global biogeochemical cycles are large, having for example effectively
doubled the global rate of annual N fixation [1] yet the ultimate response of ecosystems to these changes
remains unclear. This lack of clarity is due in part to the inter-dependencies and feedbacks between system
components as well as to an incomplete understanding of the complex processes governing biogeochemical
cycles. These relationships result in the inherent complexity and non-linearity of environmental systems.
Components comprising environmental systems include functionally discreet entities like the atmosphere,
vegetation, and soils; spatial assemblages of these entities, including hillslopes, riparian transitions, and
instream environments; and also the different elements that cycle through them, including nitrogen, carbon,
water, and a host of others. The detailed study of each of these individual units tends to be well-covered
by traditional disciplines, such as hillslope hydrology, aquatic ecology, soil biogeochemistry, forest
ecology, efc., but with less attention given to the relationships between components. That these dependencies,
in some sense by definition, fall at interfaces between traditional disciplinary boundaries is an ongoing
challenge for ecosystem science, though the emergence of cross-cutting disciplines, such as ecohydrology
and hydrobiogeochemistry, is an indication that this challenge is being addressed. The use of numerical
models, which are designed to capture relationships between system components, represents one method
that can be used to contribute to our understanding of how ecosystems function, and how they may
respond to future change in both climate and landcover.

The retention and release of N from temperate forested ecosystems provides a clear example of this
need for understanding, at an integrated catchment scale. Its relevance is, of course, well established, with
tremendous progress having been made throughout the last three decades [2—4]. Much of this progress
has been driven by the need to better understand the response of forested catchments, which are
commonly limited by N, to environmental changes, including climate change, disturbance, and increased
N deposition [5]. Increasing N deposition provides a useful example, where the potential effects
have been succinctly synthesized as the “nitrogen saturation” hypothesis [5,6]. Under this hypothesis,
the chronically increased rates of N deposition invoke a variety of ecosystem responses, culminating in
increased nitrate mobility in soils, nutrient imbalances in vegetation, forest decline, the acidification of
soils, as well as increased surface water N loading leading to the potential for both acidification and
eutrophication [5]. Numerous catchment scale experiments have been developed to test the saturation
hypothesis [7,8], and along with them, models have been developed to predict the response of catchments
to different deposition patterns [9]. Because nitrate in solution is the dominant form of N lost from these
systems, the models that have been developed tend to emphasize inorganic N (e.g., [10]).

Despite the strides made in understanding catchment nitrogen cycling under the saturation hypothesis,
in many temperate forested catchments, notably those on the Western side of both North and South
America, current N deposition rates remain similar to those found historically [11]. In these areas that
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lie outside of urban or other point sources of atmospheric nitrogen, N continues to be a major limiting
nutrient, losses of plant-available N remain very low, and nitrogen saturation is not currently part of the
developmental trajectory [12]. The models that have been developed in regions of excess N deposition
are not necessarily applicable in these places, a fact that underscores the suitability of low deposition
regions as a useful counterpoint in the evaluation of ecosystem N cycling.

The HJ Andrews Experimental forest (HJA) in the Pacific Northwest of the USA is one such region.
A variety of studies, based in small watersheds at HJA, and focused on different components of the nitrogen
cycle have been developed since its inception in the 1960s. The synthesis of these various disciplinary
studies is an ongoing effort. The application and development of a conceptual numerical model, which
attempts to incorporate key components of the evolving understanding of N dynamics, provides an
opportunity to inject some temporal dynamism into the ecosystem budget approach, and in this sense,
contribute to the overall direction of field-based research and interpretation.

The overall objective of this paper is to outline a model formulated to describe the processes controlling
N cycling in low deposition, small and primarily coniferous forest watersheds at HIA. The basis for this
objective is twofold. First, some potential factors associated with the low deposition nature of the region
are not explicitly captured by the current suite of standard ecosystem models. These include the relative
importance of losses of organic nitrogen, as well as the potential importance of instream processing of
nitrogen, and epiphytic and asymbiotic nitrogen fixation. Second, a range of disciplinary experimentalists,
ranging from forest ecologists to soil biogeochemists to hillslope hydrologists and aquatic biologists
collect data and develop expertise at the site. Much of this expertise has a direct bearing on nitrogen
cycling, yet because it emerges from different disciplines it has been difficult to integrate it and develop
a more complete understanding of the ecosystem as a whole. The model has been developed to explicitly
capture a temporally dynamic N budget, by directly capturing observed rates and states that operate at
HJA and forests like it (Figure 1).

The model represents a communication strategy to facilitate dialog between disciplinary experimentalists,
to produce a more complete picture of nitrogen cycling in the region. This kind of modeling has seen
recent growth in the environmental sciences [13,14] and we view this explicit development of complete,
yet conceptually simplified models as a mechanism to more fully evaluate complex environmental
dynamics. In particular, our work contributes to the idea that conceptual systems modeling can contribute
to interdisciplinary science as a means of providing the capacity for individual researchers to contribute
to evolving models of complex systems [13]. The models that result from such a process are not necessarily
designed as predictive tools, but instead as a means to document key system details and how components
may interact. Such a model may provide a useful point to begin the development of predictive modeling
tools, either through detailed sensitivity and uncertainty analysis, or through the development of
process-based algorithms. Nonetheless, roughly calibrated conceptual models, like we present here,
present a useful framework for discussion.
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Figure 1. A flow chart outlining key model stocks and fluxes. Some minor flux terms have
been left out of the figure to improve clarity. Note also that the litter input into aquatic biomass
is derived directly from the stocks of foliage and branches/coarse wood.

2. Materials and Methods
2.1. Ecosystem Modeling

A wide variety of models have been developed to evaluate questions related to nitrogen dynamics,
with the variation primarily manifested as different levels of complexity, different scales of application,
and different questions of interest. These range from 3-dimensional physically-based research models,
which are applicable across a broad range of environments and time scales (ecosys; [14]) to lumped
data-based techniques (UNERF; [15]), which are reliant upon long term input output measurements, and
maintain no physical basis. In this paper we are primarily interested in forested watershed nitrogen dynamics,
which represents only a small subset of this broad range of models. For these ecosystems, modeling
strategies generally incorporate associated carbon and water cycling, and while there is considerable
overlap, the models tend to focus on one of three basic lines of inquiry. The first of these relates to forest
productivity and succession. Productivity models are developed primarily to predict the successional
evolution of above ground biomass (e.g., 3PG [16]) or focus on carbon dynamics and primary
productivity (e.g., the PnET models [17]). Models in this group tend to include a more robust depiction
of primary production, canopy processes, and carbon allocation, with somewhat less detail in terms of
soil organic matter processing. The second general class of ecosystem models focuses more heavily on
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soil nutrient cycling and soil organic matter (SOM) dynamics. This group includes many of agricultural
models, some of which have been adapted to represent forested landscapes (CENTURY [18]). A third
approach focuses not on vegetation or SOM properties, but rather on hydrology and nitrogen export in
an effort to provide a predictive tool to quantify nitrogen leaching potential (MERLIN [10]).

Regional to global scale biogeochemical models, a somewhat different class of simulation tools make
use of many of the concepts outlined in the models above, coupling water, carbon, and nitrogen cycles
to represent complete regional scale ecosystems. These models display less disciplinary focus, and are
used primarily to evaluate the function of whole ecosystems under changing climate or deposition patterns.
Representative models in this group include GEM [19] and BIOM-BGC [20] and INCA [21].

Most of these ecosystem scale models maintain a spatially lumped approach, though a number of
spatially distributed simulation tools—those that include lateral interaction terms—have been developed
(e.g., RHYSSYS [22]). With the exception of MEL [23] none of these models treat the production or
mobility of dissolved organic nitrogen, an oversight representing a potentially significant structural error
in terms of potential maximum amounts of sequestered carbon [23]. Additionally, while a variety of aquatic
simulation models have been developed [2], these concepts have not been explicitly included in any of
the ecosystem models.

The modeling we developed here relies fundamentally upon a variety of ideas and algorithms proposed
within the range of existing ecosystem models. Our intention isn’t to replace any of these models, but
rather to select elements from them, and to put those elements together to represent a particular location
with a particular set of processes.

2.2. Study Site

The HJ Andrews Experimental Forest (HJA) Watershed 10 (WS10) is located in the western Cascades
of Oregon. Soils are predominantly composed of weakly developed Inceptisols with local areas of
Alfisols and Spodsols made up of thick organic horizons over weathered parent materials [24].
The geology of WSI0 is characterized by Miocene volcanics, primarily breccia and massive tuff,
predominate [25]. Glacial, alluvial, and mass movement processes have resulted in a deeply dissected,
locally steep drainage with highly variable regolith depths [25]. Vegetation is primarily comprised by
Douglas-fir (Pseudotsuga menziesii), western hemlock (7suga heterophylla), and western red cedar
(Thuja plicata). Average annual precipitation ranges from 2300 mm at lower elevations to over 3550 mm at
the highest elevations and the climate is Mediterranean, with wet mild winters characterized by long
duration low to moderate intensity frontal storms. WS10 is rather unique in that a significant debris flow
in 1996 effectively removed the entire riparian area and most of the stream channel currently flows on
bedrock. We limit our model explorations in WS10 to the pre-1996 period, when the riparian area was
intact. A more complete description of WS10 and other small watersheds at HJA is provided in [26].

Over the 55 years of small watershed studies HJA, researchers have investigated recurring themes
including material and elemental budgets, forest hillslope-stream interactions, biogeochemical and
hydrologic responses to disturbances, and forest ecology. Framing this long-term research is a unique
long term dataset documenting the seasonal input/output response, including organic and inorganic
nitrogen and water, of six small catchments for over 30 years [27]. In this paper, we focus on one of
the small catchments, WS10, where terrestrial [28,29] and aquatic [30] elemental budgets have
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previously been developed. These studies provide a key set of measurements which we revisit in this paper
as calibration and evaluation terms for the numerical model.

2.3. The HJA-N Model

The HJA-N model is cast as a set of mass balance equations, and uses various strategies to represent
rate terms. The formulation is designed to explicitly track fluxes and masses that pass through a set of
roughly defined environmental storages, differentiated in both vertical and lateral terms. It is a dynamic
model that incorporates transient input data at monthly time steps, and as such is useful for evaluating
potential effects of seasonality on N cycling and long term trends in N cycling in response to environmental
disturbances including climate change, increasing CO: concentration, and large scale vegetation
manipulation. It is, however, not currently designed for the short time scales necessary to consider the
time scale of storm events. Table 1 outlines the naming convention used in tables outlining the model.
The full list of mass balance equations is included in Table 2, with the rate terms outlined in Tables 3—6.
Model parameters are listed in Tables 7 and 8. The model was implemented using the Stella® systems
modeling framework [31] to more fully communicate the developing model structure with the disciplinary
experts providing the perceptual model of catchment process.

Table 1. Definition of naming convention used in the mathematical description of the model.
Terms used in rate equations follow the form: Componentmass,Location.

System Component Mass Additional Information
Name Short Name Name Short Name Short Name Name
Biomass B Carbon C Root Zone R
Detritus D Particulate Nitrogen N Below Root Zone B
Available Nit
. : vatiabe “tirogel Na Hyporheic Zone HY
Soil Organic S (DIN)
Matter (SOM U ilable Nit
atter ( ) favaliabie Nitrogen Nu In stream/aquatic IS
(DON)
Canopy C
Aquati Wood
.qua © A Water Wa . o0 v
Biomass Fine root r
Foliage f

Table 2. The mass balance equations (differential equations) used to define the HIA-N model.

Equation Defines
dit” =P, — T, — where i= foliage ,wood , fine - roots Carbon in biomass
ditlw =U, +FS, —T, — where i= foliage ,wood , fine - roots Nitrogen in biomass
dgt” =T, — D¢ — Ry = where i = foliage ,wood , fine - roots Carbon in detritus
d?[” —=FA vi ¥ Ty =D\, — where i = foliage ,wood , fine - roots Nitrogen in detritus

ds, ,

=D, +D¢,+ Doy =R —T¢ Carbon in the root zone SOM
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Table 2. Cont.

Defines

Equation
dsSy
=Dy, +D,, +DNf _MNu,R _MNa,R -7y +INa,R
dSes . _p
=1c C.B
dt
dS.'V,E
7 =Ty My, , - MJVu,E + INa,B
dw,

% = DBVa +DNu,R +MNa,R _UN _DNNH,R _INa,R _QNa,R

dVI/Nu,R
dt

=DF,, +M NuR D Nu,R QNu,R

dWNa,B
dt = QNa,R + DNu,B + MNa,B - Qsz,B _DNNZZ,B _INa,B

aw,

Nu,B
dt - QNu,R + MNa,B - DNu,B - QNu,B

dWNu,IS _ M I DN
T‘ QNa.B + Na,is — * Na,is — Na,is — QNa.IS

dWNu,[S
dt

= QNu,B +M Nuis QNu,[S

dA
7;] = BIN +INa,1S _MNa,IS _MNu,IS _PN

dw,, .

dt
aw,, x

dt
dW, 4

dt

=DF, -TF, - E,

=TF, —ET,-VF,

=N, , - LF, - SF,

dWW,HY _
= LE, + SFy & HEy ;s = HEy

d WW,IS
dt

= HEW,HY _HEW,IS - QW,/S

Nitrogen in the root zone SOM

Carbon below the root zone SOM
Nitrogen below the root zone SOM

Dissolved available nitrogen in the root zone
Dissolved unavailable nitrogen in the root zone
Dissolved available nitrogen below the root zone

Dissolved unavailable nitrogen below the root zone

Dissolved available nitrogen
in the aquatic environment
Dissolved unavailable nitrogen
in the aquatic environment

Aquatic Biomass (particulate, algae,benthic)

Water in the canopy

Water in the root zone
(we assume it moves vertically)
Water below the root zone
(we assume it moves horizontally)

Water in the riparian/hyporheic zone

Water in the channel

Table 3. Rate terms comprising the hydrological model. See Table 7 for parameter definitions.

Rate Definition Units

DPyc Deposition of water (precipitation) m/day

TF, =W, k, Throughfall from canopy m/day

E =W, k, . Evaporation from canopy m/day
ETwr Evapotranspiration from root zone m/day

VE, . =Wk, Vertical movement of water within the root zone m/day
=Wk Long (time) flowpaths of water below the root zone m/day

SE, =W k. Short (time) flowpaths of water below the root zone m/day

HE 15 = Wy isky s Hyporheic exchange of water from the stream m/day
HE yy yy =Wy v ki oy Hyporheic exchange of water from the Hyporheic zone =~ m/day
0,,=W, .k, Discharge of water from the stream m/day
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Table 4. Rate terms comprising vegetation mass balance equations. See Table 7 for definitions

of parameter values.

Rate Definition Units
P, allocated to foliage(i = f)
P=pP : kg C/m?
a =4 wood (i = w) and fine roots (i = r) g C/m
Turnover of C from foliage (i =), )
T =B 1 kg C/
“ ot wood (i = w) and fine roots (i = r) gL
U,= [ il Uptake of N kg N/m?
M g, War P g
Uptake allocated to foliage (i = f) )
U =U ’
¥ s wood (i = w) and fine roots (i = r) kg N/m
Turnover of N from foliage (i = f), 5
T =B k
" W wood (i = w) and fine roots (i = r) g N/m
FS, = FS.. i Symbiotic ﬁ>.(at10n allocated to foh-age @i=p, ke N/m’
wood (i = w) and fine roots (i = r)
_ Decomposition to SOM from foliage (i =f)
Do =Bq(1-f,,)dx ’ 2
‘ ‘ ! wood (i = w) and fine roots (i = r) kg C/m
v Iev Decomposition of N from foliage (i =f), 5
_ k
Dy =Bye wood (i = w) and fine roots (i = r) g N/m
FA < Ed o Asymbiotic ﬁ.xatlon allocated to fol-lage i=p, ke N/m”
™ wood (i = w) and fine roots (i = r)
Rerp = By funydih Decomposition as resp from foliage (i =), ke C/m’

wood (i = w) and fine roots (i = r)

Table 5. Rate terms comprising soil-processing mass balance equations. See Table 7 for

parameter definitions.

Rate Definition Units
R. =S,k Respiration of C from root zone (i = R), below (i =B) kg C/m?
Ter=ScrTir Transfer of C from root zone to below kg C/m?
Re. Mobilization of unavailable N from RZ (i = R)
M u,i = L -f: ul dl 0 ’ k N/ 2
N T below (i = B) gm
R, Mobilization of available N from RZ (i = R)
My, === (1= S )k © : kg N/m?
"CNg, " below (i = B) gm
T e =S8:0x Transfer of N out of root zone kg N/m?
W\'ﬂ.j g . .
Iye = s [WVV’\//])\‘ Immobilization of available N (j = R), below (j = B) kg N/m?
DPna Deposition of DIN kg N/m?
Doy = Wy sd g i Breakdown of HMW DON fr.om the root zone (i = R) ke N/m’
or below (i = B)
DN_ =W_dn) Denitrification frf)m RZ (i = R), below (i = B), ke N/m’
R and instream (i = 1)
W .
On = Wy iy 0 Hydrologic t.ransfer of N from 1.32. ke N/m’
W.R (i = Na—unavailable. i = Nu—available)
DP, Deposition of DIN kg N/m?
/8 i =
0,, = W,,B Wy (k. + ki ))S, Hydrologic transfer of N from brz. (i = Na represents ke N/m’

W .B

unavailable, i = Nu represents available)
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Table 6. Rate terms comprising instream-processing of N. See Table 7 for parameter definitions.

Rate Definition Units
M_=W.m. Mobilization of ?Vallab.le N from instream (z' =Na ke N/m?
' cr represents unavailable, i = Nu represents available)
L =W, g Immobilization of available N from instream kg N/m?
_ Wis Discharge of available N from stream. (i = Na )
.15 =05 . . . kg N/m
(WW,HY +Wy s ) represents unavailable. i = Nu represents available)
Bly Biological input of N to the stream kg N/m?
Ps=44,p, Particulate export from the stream kg N/m?

when Op s ! Gnax > 1> q,»_[(l-i-

Q_QW,IS/QmaX) : ,Else q/, :1
ky ’

Table 7. Parameters and auxiliary equations completing the production and allocation

portions of the model.

Term Definition Units
¢s Incoming shortwave radiation KJ/m?-day
¢p Photosynthetically active radiation (PAR) KJ/m*-day

—k
¢p,=(1—e LAI)¢p Absorbed PAR (Beer’s Law) KJ/m>-day
k Light extinction coefficient -
LAl =B, /SLA Leaf area m?/m?
SLA Specific leaf area kg/m?
Prav = Ppab Utilized absorbed PAR KJ/m*-day
E= f; fa fv fsw fn Growth modifier -
F.=00,, Gross Primary Productivity (GPP) kg/ha
Mol C/mol
o, C tum effici
. anopy quantum efficiency photon
P, =FY Net canopy production (from 3PG) kg C/m?

max p
_ T Tt = Trnin
mm max
opt mm max - Z}pt

=1/1+[0-6/6,) c, 1"
f —kV
£ =]7/1+ alra_.

If CNtr/CN_ <1

min

=1/1+[0-CNtr /CN ,,, ) m, I”

otherwise

fi=1

Respiration fraction of GPP —
Temperature modifier -

Soil water modifier -
Vapor pressure deficit modifier -

Age modifier -

Nutrient modifier -
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Table 7. Cont.

5354

Term

Definition

Units

ﬂl«f :(l_“fi)*(l_nir)
=wf*(1-n,)

Ng = a{% +(PAR‘ )as}

av . T

My =4 | s +(W)a6
o,
7‘:%0

a,,a,,a, a,,ds,d,

7/10

Allocation fraction of foliage where i = C
for Carbon and i = N for Nitrogen
Allocation fraction of wood where i = C for
Carbon and i = N for Nitrogen

Allocation fraction root C

Allocation fraction root N

C (i=C) or N (i = N) remaining allocated
to wood

Temperature modifier

Root allocation parameters (hyperbola)

Table 8. Parameters and auxiliary equations completing the soil, aquatic, and hydrologic

portions of the model.

Term Definition Units
U ox Max uptake rate kg N/m?
Uiy Uptake % saturation kg N/m?
T s Ty Turnover rate constants year |
dfd o>,y Decomposition rate constants day™
q,, Coef by which D increases each 10 C kg/m?
T temperature C
f Co,f» f COw? f CO,r Fraction of D as CO, -
CN,,CN,,.CN,, CN ratios of detrital pools —
CN ,CN, ,CN Critical CN, above which N is retained -
Vps ¥y Soil respiration coefficient year '
T 'R Transfer rate of particulates year !
CN 5 2>CN 54 CN ratios of SOM pools -
 ma Max immobilization rate year |
L Immobilization % saturation kg N/ha
dn,,dn_,dn, Denitrification rate constant year |
SNa.R>SNa.B>S Nu,R>S Nu B Sorption rate constant year |
d Nu.R> d Nu,B Decomposition rate of dissolved unavailailable N day™
My 155 Mya s Instream mobilization rate constant day !

YNa 15 2 U Na 1S

Instream immobilization rate constant

day”
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Table 8. Cont.

Term Definition Units

q, Hydro factor for particulate export -
b Max particulate export rate constant day™
q.. Hydro threshold m/m

k2 Hydro factor -

k, Hydro factor -
ky . .k, Canopy interception and evaporation rate terms day !
k, ., kW’, ) kW’S Vertical, long, and short flowpath day™
kW, ) kW, s Hyporheic and instream exchange day™!
k, . Instream water retention rate constant day™

2.3.1. Measured Data

Atmospheric inputs included precipitation, air temperature, radiation, and atmospheric deposition
from observational records at the primary meteorological station at the Andrews Forest, composited to
3-weekly sampling intervals. Stream outputs, used for model evaluation, include discharge and fluxes
of dissolved organic and inorganic N from stream chemistry sampling at Watershed 10 (WS10) in the
Andrews Forest, also at a 3-weekly sampling resolution [27].

2.3.2. Hydrologic Model

The hydrologic model is conceptually similar to models such as HBV [32] in that process
descriptions involving filling and drainage of storages in the model are based on first order assumptions.
While a variety of more sophisticated techniques are readily available, our simplifications are consistent
with the monthly timescales of both input and output data. A complete description of the rate terms is
included in Table 3. Five pools are used to define the hydrology (Table 2). These pools represent the
canopy, root zone, below the root zone, instream aquatic environment, and as well as a separate storage
representing the riparian/hyporheic zone.

Interception is treated as a linearly decreasing function of canopy storage. Canopy evaporation
is calculated independent of evapotranspiration and, along with canopy throughfall, it is treated as a first
order loss term from canopy water storage. Evapotranspiration from the rooting zone is calculated
using a simple air temperature index approach, which is limited by water content, following from [33].
The runoff generation model is comprised of two vertically-oriented storages. The storages conceptually
correspond to the rooting zone and to the region below the rooting zone and above bedrock, which is
considered to be impermeable. Surface soils in the region are highly permeable and surface ponding
or infiltration excess overland flow has not been observed [34]. Following from these observations,
modeled infiltration capacity assumed to be larger than the rainfall rate, and all throughfall enters
the upper soil layer. The upper water storage feeds water vertically into the lower storage unit.
Downslope flows are assumed to occur within the lower storage as saturated subsurface stormflow,
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which has been demonstrated in the catchment during high input events [26]. Water exiting the lower
soil zone enters the near-stream zone where exchanges between the riparian zone, hyporheic zone and
surface water are depicted again using a series of first order storage terms.

2.3.3. Vegetation Model

Carbon and nitrogen in pools representing wood, foliage, and fine roots are included in the model.
The woody pool includes coarse roots, logs, as well as branches (Table 9). The three pools were utilized
primarily because they are consistent with a variety of measurements that have been made at HJA and
because they are functionally useful in that CN ratios and decomposition rates from these three pools
are distinct.

Biomass production follows closely from the 3-PG model [16]. Gross primary production (GPP) is
estimated based upon measured net shortwave radiation and using a simple empirical relationship
between shortwave radiation and the photosynthetically active fraction (PAR). Beer’s law is utilized to
approximate light attenuation through the single layer canopy and the fraction of incident PAR absorbed
by the vegetation. The leaf area index (LAI) is calculated based upon the simulated foliar biomass, where
the specific leaf area is assumed to be a species dependent constant.

A collection of five functional modifiers are utilized to reflect role of environmental conditions in
limiting the quantity of absorbed radiation utilized by the vegetation. These modifiers relate to soil moisture,
vapor pressure deficit, stand age, air temperature, and in an extension of the original 3-PG concept [16],
we have also included the availability of plant-available nitrogen in the root zone. The resulting estimate
of utilized radiation governs, in combination with an estimate of canopy quantum efficiency, the estimated
GPP. Net primary production (NPP) is then estimated as a constant fraction of GPP. Live allocation of
NPP (as carbon) to the three major biomass stocks follows from [16]. Nitrogen storages follow from the
production of carbon, and are based on targeted CN ratios for each of the pools. NPP is initially allocated
to fine roots, as a function of absorbed and utilized radiation. More limiting growth conditions (captured
as the five modifiers defined above and resulting in utilized radiation) result in a larger allocation to
roots, following directly from [19]. After fine root NPP is calculated, the remaining fraction NPP is
allocated to woody material and foliage using set fractions developed to maintain targeted CN ratios of
wood and foliage.

Uptake of N is a rate term which transfers mass from the dissolved inorganic nitrogen (DIN)
pool into the living biomass N pools. This rate term is similar to that employed within MERLIN [10].
Michaelis-Menten kinetics are used to develop a non-linear rate which depends upon DIN availability
and also plant nutritional requirements (see Table 4), as inferred from NPP and the targeted CN ratio of
the three vegetation pools. The dependence of uptake on production is incorporated by allowing Knup to
vary linearly with NPP. The rate of change, or the /2 saturation constant likely varies in time, dependent
upon the plant CN ratio [8], however the additional complexity is not incorporated into the current
model. Ny is allocated to each of the three live biomass storages based upon deviations of the current
CN ratios from target live CN ratios (defined as CN/CNi) for the fine root components. As the CN ratio
for the fine roots deviates further from the targeted value, a larger percentage of Ny is allocated to
the fine roots. The portion of N, which is not allocated to the fine roots is portioned between the wood
and foliar components based upon a constant allocation fraction.
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Stoichiometric N requirements of living biomass are also satisfied through N fixation, which occurs
primarily in the canopy, given the presence of lichen. The rate of symbiotic fixation is calculated using
a maximum fixation rate modified using the air temperature modifier [26]. Nitrogen fixed within
the canopy is distributed based upon the nitrogen allocation fractions. Nitrogen is also introduced into
the system through asymbiotic fixation, calculated analogously to symbiotic fixation. The moisture
status of substrate may plays a role in the rate of fixation, but given the overall degree of model
complexity, we did not attempt to include this factor directly. The important point is that we have tried
to include key features, and to parameterize them based upon available observations and/or acceptable
estimates. A symbiotic fixation rate of 2.8 kg/ha-year has been estimated at WS10 [29] and for our
modeling we used a maximum value of 4 kg/ha-year, modified by temperature to result in somewhat
more dynamic value that is approximately similar to the older estimate. Asymbiotic fixation was not
estimated by [29], but in the intervening years it has become clear that it is a potential N source; one
which we did include in our modeling. Without additional information, we assumed the maximum rate
was 1 kg/ha-year as an addition into each of the Dead Biomass pools. Turnover of each of the vegetation
pools is assumed to proceed as a first order loss rate.

Transfers of C and N from plant residue into SOM are based upon fixed turnover rates, with fluxes
dependent upon C and N concentrations and air temperature. The dependency of turnover rates on other
physical factors, such as, moisture status, ET, CO2 concentration, fire patterns or surface to volume ratios
are not incorporated. A more mechanistic model could provide better estimates, but our goal was to
balance model simplicity with an interest in capturing key stocks and flows. Here we felt that simplicity
in the SOM turnover was justified. The plant availability of N is largely determined by decomposition;
however the microbial populations present within decomposing material typically immobilize any
available N prior to its release to SOM. This results in a typical pattern comprised of an initial decrease
in the CN ratios of fresh plant residues, with release of N and stability of CN ratios after only some
period time [35].

This observation is incorporated into the model through the specification of the stable CN ratio below
which N is transferred to SOM. As substrate CN ratios fall below these critical CN values, N is lost to
SOM at the same rate as C. Initial CN ratios of the different residue pools exert a strong influence on N
losses through decomposition in this lumped model. Refer to Table 4 for a complete description of the
rate terms defining the vegetation sub-model.

2.3.4. Soils Model

The soil organic matter (SOM) sub model is defined similarly to that utilized in the PNET-CN model
of [17] in that the number of SOM pools is very small, particularly when compared with standard SOM
models. The current version of HIA-N includes two SOM pools, the first representing root zone SOM
and the second representing below root zone SOM, with carbon and nitrogen explicitly represented in
both (Table 2). Although the inclusion of additional pools could be used to more precisely describe the
wide distribution of temporal SOM stability, an evaluation of the simpler definition against the long term
measured data represents a useful first step, and is consistent with the soil nitrogen budget developed in
WSI10 in the early 1980s [29].
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Four additional below-ground nitrogen pools are included to represent DIN and DON in both the
rooting and below rooting zones. A kinetic sorption isotherm is used to separate soil bound nitrogen
from dissolved forms, assuming that the proportion of each stays constant through time. Hydrologic
losses are defined based upon the flux rates calculated by the hydrologic components of the model and
the concentrations of freely available DON and DIN. Landscape scale denitrification rates are not well
understood, but the model does maintain a first order denitrification loss pathway from the DIN storage.

The soil respiration model is defined similarly to that for respiration from plant residues as a first
order rate, which includes temperature dependence based upon the ql0-based temperature modifier.
The respiration rate is assumed to represent the production of both CO2 and DOC. The mobilization of
both DIN and DON is calculated as a proportion of the soil respiration rate.

The incorporation of DON production and loss is a key feature of the model. Very few ecosystem
models include DON as a component of the nitrogen cycle, however [19] proposed and evaluated four
potential definitions of DOC mobilization, and then used soil CN ratios to proportionally estimate
the production of DON. These definitions included a constant loss model, a first order model, a model
based upon soil CN ratios, and lastly a model where the rate of mobilization was proportional to
the microbial respiration rate. The last of these rate definitions is consistent with our definition of SOM
production, and as such was incorporated into the model.

At WS10 we have a long term record of streamwater DON and DIN export, but production rates in
soils have not been studies. Our model reflects this in its simplicity. We assume that the production of
dissolved N, in total, is proportional to the soil respiration rate, depending upon the soil CN ratios.
This overall production rate of dissolved nitrogen is then split into DIN and DON assuming a fixed
portioning constant. The DON pool includes an additional respiration term that is used to simulate the
continuous decomposition processes of DON, which we assume result in the further production of DIN.

A more compelling definition of these dissolved N pools would separate plant available N from
unavailable N, rather than organic from inorganic [36,37]. Such a distinction would recognize the fact
that organic nitrogen is a term that represents a wide variety of compounds, with a significant range in
molecular weights [38]. This would then allow for the lower molecular weight fraction of that distribution to
interact more directly with the vegetation and microorganisms. However, in this case we are limited by
available long term records of aquatic DON and DIN, which do not support such distinction. To be
consistent with these data, we make the simplifying assumption that the DON pools, throughout the model
domain, are unavailable forms. A complete description of the rate terms defining the SOM sub-model is
included in Table 5.

2.3.5. Aquatic Environment Model

Most watershed-level studies of nutrient retention and release focus primarily upon terrestrial processes,
and most watershed-level ecosystem models maintain this focus, and do not explicitly include nutrient
dynamics within near stream areas. Yet it is known that the aquatic and hyporheic environment in small
streams can exert significant influence on both the quantity and the forms of exported nutrients [32,33].
The residence time of water and solutes can also be extended based upon hyporheic exchange flows [39].
A 15N addition experiment [40] demonstrated that 32.5% of N added over a 6-week period during the
growing season was retained by a second order stream in HJA. HJA-N explicitly includes a set of stocks
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(Table 2) and flux terms (Table 6) designed to capture the potential role of the aquatic system in
regulating the export of terrestrial N fluxes.

The model makes use of three pools to represent nitrogen in the aquatic environment, and in this
version of the model carbon is not accounted for within the aquatic environment. The pools that are included
correspond to DON, DIN, and the aquatic biomass. These pools are assumed to represent the combination
of the channel and hyporheic zones. The aquatic biomass pool contributes, through a first order respiration
model, to both the DIN and DON pools. In addition, gross immobilization of DIN, as an addition input
into the aquatic biomass, is also included as a first order term. Nitrogen is lost from the stream system
as DON and DIN export, and also through a first order denitrification term. The aquatic biomass also
includes a loss rate associated with particulate export, conceptually associated only with the near stream
area environment. Inputs of particulate matter from the upslope region are defined based upon the
turnover terms (litterfall and mortality) of foliage and woody material.

The loss of aquatic biomass is treated as a first order rate that is activated only above a discharge-based
threshold. At high flows, accumulated biomass is quickly lost from the system, with periods of
accumulation during lower flow conditions.

2.3.6. Control Capacity

To facilitate a discussion of the seasonal variation in the features controlling nitrogen cycling, we
propose the nitrogen control capacity as a set of normalized rate terms which can be derived from the
temporally varying model results to provide insights into these features. Hydrology controls nitrogen
dynamics through export of dissolved nitrogen compounds. To capture this flushing behavior, we define
the term transport control as:

Hydrologic Flushing = QOpiv.is + Oponis + OpiNgrz + OpiNBrz + OpoN,Rz + ODON,BRZ (1)

where Opinis and Opon,is are the simulated export rates of DON and DIN from the stream and ObinRrz,
OpiNBrz, OpoNrz and Oponpgrz are the rates of movement of dissolved N through the watershed.
Hydrologists tend to view nitrogen dynamics through the lens of the flushing hypothesis and this term
is designed to capture the contribution of flushing to the movement of N in the system. The contributions
of simulated DIN and DON to the flushing index were normalized by the area of the stream, rather than
the area of the watershed. We used an area of 767 m?, following from [30].

The vegetation controls N cycling through nitrogen mobilization, which we define as the difference
between litter decomposition rates and uptake. We have elected to group litter and vegetation together,
though clearly they could also be treated independently. Under this definition, the above ground control
term is defined as:

Vegetation Processes = Dn,f + DNw + DNy — UDINRZ 2)

where Upingrz is the uptake rate into vegetation and DNy, DNw, DNy, are the decomposition rates
contributing nitrogen from foliar, woody, and root litter respectively.
Soil control is defined analogously as the of the net mobilization rate, in this case:

Soil Processes = MpiNrz + MpoN.rz + MDINBRZ + MDON,BRZ — (IDIN,RZ + IDIN,BRZ) 3)
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where Mpinrz and Mponrz are the mobilization rates of DIN and DON within the root zone,
respectively, Mpinsrz and Mpon,srz are the mobilization rates of DIN and DON below the root zone,
respectively, and /pinrz and /pinrz are the immobilization rate of DIN in the root zone and below the
root zone, respectively. Note that DON is assumed to be unavailable to plants or the microbial complex,
and as such has no immobilization rate.

We then define the aquatic control in a somewhat different fashion, including the net mobilization of
nitrogen, but also the simulated rate of particulate export.

Instream Processes = Mbin,is + Mpon,is — IpiN;is + PNis 4)

where Mpin,is and Mpon,is are the mobilization rates of DIN and DON from the aquatic biomass, /piN,is
is the immobilization rate of DIN from the aquatic biomass, and Pn;is is the export rate of particulate
N, which again originates from the aquatic biomass. Similar to the simulated values of stream DIN and
DON, the instream process control was normalized by stream area, rather than the full watershed area.

For comparative purposes, the four values are then normalized by the overall sum of the included rate
terms to produce a ratio of control for each term, which varies throughout the model timeframe, given
the system dynamics.

3. Results and Discussion
3.1. Results

The model includes a variety of rate terms, many of which have not been independently measured.
In order to accommodate the resulting uncertainty we approached model evaluation using a parameter
adjustment strategy based primarily upon expert judgment. During this phase of application, the model
was evaluated against both measurements and, for those terms where measurements in WS10 were
unavailable, more qualitative estimates of reasonability. The model was run for a total of 80 years, using
a repeated 20-year input dataset, which was based on the 3-week compositing of inputs and outputs from
1968 to 1988. It is important to note that the watershed was clearcut in 1975, and that the effects of the
harvest were evident in the observed N export. Reported here are only the last 20 of those years, with
the first 60 years acting as a period to allow the differential equations which make up the model to come
to a relatively steady state with respect to the initial values of all of the state variables.

3.1.1. Evaluation of Budget Estimates of N and C Stocks

The average modeled results of the key nitrogen and carbon stocks are consistent with budget-based
measurements that are available from WS10 [29], or have been taken from similar forested regions [41].
Key features of the results include a dominance of carbon storage in woody material (65% of total carbon
storage) and nitrogen storage in soils (75% of total nitrogen storage) (Figure 2). Differences between the
modeled values and the measurements were anticipated, particularly because the measured stocks were
not necessarily binned in the same manner as the model description, and because we are comparing average
model results representing 20 years of simulation to measurements that were developed to represent a
full year, and in the case of the Wind River data [41], at different location. Direct comparisons between
the available budget-based measurements and the model-based estimates (Figures 3 and 4; Table 1)
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indicate that the model is able to capture the general magnitude of carbon and nitrogen storage, and also
the differences between the key environmental compartments.
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Figure 2. A comparison of simulated stocks of nitrogen (a) and carbon (b) against budget
estimates from [29]. Note that estimates of observed C stocks (except for SOM, labelled
above were originally derived by [28] and that we assumed the carbon content of dry mass
was 50%. Additionally, we assumed that 50% of the category “Fallen foliage and fine woody
litter” from [29] were dead foliage and that 50% were dead wood.
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Figure 3. Measured versus modeled annual yearly storage of nitrogen and carbon.
These data are also plotted in Figure 2. Each data point represents a different storage term,
as outlined in Figure 2. A one to one line is included for reference.
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Figure 4. Model results for average annual storage of nitrogen and carbon. Results are
normalized by the total sum of nitrogen and carbon.

3.1.2. Model Evaluation against Observations

The long-term record, which includes stream water discharge, and DON and DIN export is rare, and
provides an opportunity to constrain model operation. A comparison of the time series records to the
modeled result is included in Figure 5 and demonstrates that model effectively captures the seasonal
pattern that is outlined by the measured discharge and DON. For these variables, the modeled Nash
Sutcliffe efficiency [42] values are 0.71 and 0.53 respectively. The efficiency for DIN is —0.12, which
clearly indicates that the model does not capture the measured response. This apparent failure of the
model is likely because we did not attempt to simulate impacts of the clear-cut harvest that occurred
in 1975. The removal of the trees, and pre-treatment activity, led to elevated DIN export after the harvest.
The effects on DIN of this disturbance have been explored by [43] and are clearly evident in the
long-term record and has been attributed to reduced uptake of N by vegetation. It is worth noting that
the calculated Nash-Sutcliffe for years prior to the management activity (1968 to 1973) is higher, 0.33,
lending additional support to the suggestion.

Evaluation of against Budget Estimates of N and C Fluxes

Given that the model is capable of representing key long term output measurements of water, DIN
and DON, and also the overall trends in storage, the next step is to evaluate the degree to which
the model is working for the right reasons—this we accomplish through an evaluation of the internal
rate terms. These rates include respiration, mobilization, immobilization, internal solute fluxes and
the aquatic processes that follow from them. Here we return to the existing budget studies which provide
a set of annual flux estimates which we utilize in calibration, and to better understand model function.
Rate terms are broadly grouped into four categories representing carbon fluxes, the sources of nitrogen,
SOM dynamics, and processes occurring in the aquatic environment. This division is not to suggest that
these categories are independent of one another, but only to facilitate presentation of results. In all cases,
we present continuous model results (Figures 6-9) and in addition, time-integrated average yearly values
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(included in Figures 6-9 and Tables 9 and 10), which can be directly compared against yearly values
from the budget studies.
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Figure 5. Measured versus model time series for stream water discharge (a), dissolved
inorganic nitrogen (b) and dissolved organic nitrogen (c¢). Nash-Sutcliffe efficiencies for
discharge is 0.71, for DON is 0.53. For DIN the efficiency is —0.13, as discussed in the text,
this is likely due to the clearcut that occurred in the watershed in the early 1970s. The model
did not attempt to incorporate the effects of the management.

Table 9. Comparison of modeled pool sizes (averaged over the 20 year simulation period)
against measured values as reported in (@) [29] from WS10 and from (b) [41] from Wind
River, WA. We assumed a carbon content of 50% to estimate C from the dry mass reported
in [29]. The standard deviation of the modeled values is included in parenthesis.

C (kg/m?) N (g/m?) CN
Ecosystem Component
a b Model a Model a Model
Wood 42.29 37.87 31.77 (0.04) 52.17 63.3(0.11) 810.63 501.57
Vegetation Foliage 0.69 0.94 2.17 (0.04) 14.44 18.2 (0.38) 48.13  119.20
Fine Roots 0.06 0.36 1.12 (0.04) 0.69 11.7 (0.16) 80.65 96.34
Wood 13.31 9.87 9.54 (0.05) 47.1 61.1 (0.58) 282.59 156.05
Detritus Foliage 1.28 1.78 2.01 (0.02) 11.76 18.1 (0.15) 108.84 110.73
Fine Roots 0.48 0.593 (0.01) 6.4 (0.11) 93.06
Root Zone 6.65 93 4.28 (0.06) 3724 338.5 (4.23) 17.88 12.65

Soil
Deep Soil 12.80 (0.33) 220.5 (5.39) 58.07
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Figure 6. Key modeled rate terms associated with carbon cycling. (a) The plot represents
the modeled time series, as indicated in the legend, across the 20 year simulation time frame.
These data are summarized and presented as a box and whisker plot (b). Note that
the y axis is log transformed in the upper plot, but is linear in the lower plot. The combination
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Figure 7. Key modeled rate terms associated with the input of nitrogen into the system. (a)
The plot represents the modeled time series, as indicated in the legend, across the 20 year
simulation time frame. These data are summarized and presented as a box and whisker plot
(b). Note that the y axis is log transformed in the upper plot, but is linear in the lower plot.
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Figure 8. Key modeled rate terms associated with root zone SOM. (a) The plot represents
the modeled time series, as indicated in the legend, across the 20 year simulation time frame.
These data are summarized and presented as a box and whisker plot (b). Note that the y axis
is log transformed in the upper plot, but is linear in the lower plot.
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Figure 9. Key modeled rate terms associated with SOM processing occurring below the root
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Table 10. Simulated average annual rates defining the carbon model. The rates in bold are
summaries across each of the individual compartments.

Rate g/m>-year
Gross primary production 935.28
Growth wood 44.34
Growth foliage 177.34
Growth fine roots 217.96
Total growth (NPP) 439.63
Mortality wood 32.56
Mortality foliage 176.62
Mortality fine roots 217.35
Total mortality 426.53
Decomposition from wood 4.37
Decomposition from foliage 127.54
Decomposition from fine roots 185.66
Total decomposition 672.16
Respiration from wood 39.35
Respiration from foliage 0.01
Respiration from fine roots 32.76
Respiration from SOM RZ 173.98
Respiration from SOM BRZ 44.16
Respiration heterotrophic 332.78
Respiration Autotrophic 495.70
Total respiration 828.48
DOC Production RZ 17.4
DOC Production BRZ 4.42
Total DOC production 21.82

Table 11. Simulated average annual rates defining the nitrogen model. The rates in bold are
summaries across each of the individual compartments.

Rate g/m>-year
DON_Deposition 0.04
DIN_Deposition 0.03
Total deposition 0.08

Symbiotic fixation allocated to wood 0
Symbiotic fixation allocated to foliage 0
Symbiotic fixation allocated to roots 0.43
Total symbiotic fixation 0.43
Uptake allocated to wood 0.04
Uptake allocated to foliage 1.79
Uptake allocated to roots 1.87
Total uptake 3.70
Mortality wood 0.06
Mortality foliage (litterfall) 1.81
Mortality roots 2.33

Total turnover 4.21
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Table 11. Cont.

Rate g/m>-year

Asymbiotic fixation allocated to wood 0.08
Asymbiotic fixation allocated to foliage 0.08
Asymbiotic fixation allocated to roots 0.076
Total asymbiotic fixation 0.22
Decomposition of wood 0.27
Decomposition of foliage 1.93
Decomposition of roots 2.42
Total decomposition 4.64
DON mobilization (RZ) 2.58
DIN mobilization (RZ) 2.58
DIN Immobilization (RZ) 1.19
DON breakdown to DIN (RZ) 2.28
DON transport in RZ 0.34

DIN transport in RZ 0.00
Denitrification RZ 0.00

DON mobilization (BRZ) 1.92
DIN mobilization (BRZ) 1.17
DIN Immobilization (BRZ) 2.67
DON breakdown to DIN (BRZ) 2.23
DON transport in BRZ 0.62
DIN transport in BRZ 0.020
Denitrification BRZ 0.01
Particulate input to aquatic 1.88
DON mobilization 0.00

DIN immobilization 0.00

DIN mobilization 0.00
Denitrification from aquatic 0.00
DIN export 0.00

DON export 0.02
Particulate export 0.02

3.1.3. Carbon Fluxes

The key rate terms capturing carbon dynamics are gross and net primary production, turnover
(including mortality and litterfall), and both autotrophic and heterotrophic respiration. Model results for
each rate term were integrated over the 20 year simulation period, and the yearly average over that time
period is presented in Table 9. The average yearly gross primary productivity is estimated as 1.4 kg/m*-year,
with the daily rates ranging from nearly 0 kg/m?-year (periodically during the winter period) to over
3 kg/m?-year (Figure 6). The average yearly rate is somewhat lower than the range of 1.4 to 3.3 kg/m?-year
estimated by [41] for a similar old growth forest, and within the range of 1.08-1.92 kg/m>-year estimated
using remote sensing techniques across a Douglas-fir western hemlock forest on Vancouver Island,
Canada by [44]. The simulated values are considerably lower than the 11.1-21.7 kg/m?-year estimated
by [28] at HJA in 1970, and different respiration estimates explain the discrepancy. We assumed
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a respiration value of 47% of GPP, a heuristic model generated as part of the collaborative model
development process. The older budgets of [28] resulted in respiration values of 92%—-94% of GPP. Given
the assumption that Ra is 47% of GPP, the yearly average NPP from the model is 0.60 kg/m*-year.
This value is similar to other estimates of NPP reported at other similar sites, for example [41] estimated
a range of NPP from 0.45-0.741 kg/m>-year at similar location in Washington State, [28] estimated
a range from 0.41 to 0.66 kg/m>-year at HJA and [45] used a model to estimate a stable value of
0.50 kg/m?-year at HIA. Our model estimates are within the wide range of variation possible for NPP.
The constant fraction model to estimate Ra explains the similarity in the time series representing NPP
and Ra in Figure 6. Turnover is treated as a first order model which does not include any outside dependence
(for example air temperature, soil water content, efc.). This is reflected in the low temporal variation
displayed for the turnover rate. The modeled value of average yearly turnover (0.572 kg/m?-year) is
similar to that measured by [41] which ranged from 0.370 to 0.690 kg/m>-year. Modeled heterotrophic
respiration (Rn) is defined to include the production of CO2 and DOC from litter and soils. The average
yearly value of 0.397 kg/m?-year is of within the range of 0.341 to 0.509 kg/m>-year estimated by [43].

3.1.4. Input of N to SOM

External inputs of N include deposition, and both symbiotic and asymbiotic fixation. Internal
inputs of N to SOM include both mortality/litterfall and decomposition. Decomposition and turnover
rates—internal recycling—are simulated to be at least an order of magnitude larger than the external
rates (Figure 7). The external rates of deposition (which include both DIN and DON) are simply
measurements, and the fixation rate terms have been calibrated to mimic the few estimates that are
available for these sites. Symbiotic respiration in WS10 have been estimated to be 0.280 g/m*-year [29],
which is of a similar order to our average yearly modeled estimate of 0.305 g/m?-year. The modeled
estimate of asymbiotic fixation is 0.107 g/m>-year. Actual asymbiotic fixation rates of, on average,
0.45 umol/g/day have been estimated for the tree species which dominated W10 prior to the clearcut in
1975 (Psuedotsuga menziesii) [46]. Given the model’s average annual litter estimate of 43.55 kg/m?,
this measured fixation rate is equivalent to 0.100 g/m*-year, in close agreement with the model rate.
A complete listing of time integrated average nitrogen fluxes is included in Table 10.

3.1.5. Root Zone N Dynamics

The dynamics of nitrogen in the root zone are defined primarily by a series of seven rate terms,
including the mobilization and flushing of DON and DIN, the immobilization and uptake by vegetation
of DIN, and the breakdown of DON to produce DIN, which occurs through respiration processes.
There is also potential for denitrification as a pathway of loss, however given the well aerated nature of
soils in WS10, we assume that denitrification does not occur in the root zone. These terms are outlined
in Figure 8, as both time series and box plots. These results indicate a net mobilization (mineralization)
of inorganic nitrogen of 2.51 g/m?-year, and that mobilization of DON is 2.51 g/m?-year. The values are
equivalent because, without additional data, we simply assume that total nitrogen mobilization was
proportional to respiration and that the product was half organic and half inorganic nitrogen. Mobilized
DON is continuously decomposed to further add to the DIN pool, most of which is utilized through plant
uptake. The average yearly uptake rate is 3.62 g/m>-year, similar to the 2.29 g/m?-year estimated by [13].
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The rate of flushing for DON (0.337 g/m?-year) is considerably larger than for DIN, which was
effectively 0 for our simulations. This result is consistent with the well-established high N retention
capacity of these watersheds. The rates of flushing periodically fall to zero, indicated as breaks in
the time series in Figure 8. This occurs when amounts of DIN or DON are not sufficient to support all
of the simulated loss pathways.

3.1.6. N Dynamics below the Root Zone

Below root zone dynamics are similar to those simulated in the root zone, with flushing rates of
both DON and DIN significantly lower than the rates of internal recycling (Figure 9). However, flushing
rates of DON are larger than from within the rooting zone (467.7 mg/m?-year root zone compared to
283.6 mg/m>-year below the root zone), while flushing of DIN is somewhat higher from below the
rooting zone (0.36 mg/m>-year root zone compared to 23.61 mg/m?-year below the root zone) primarily
because vegetation is no longer able to mediate the flux of DIN from below the rooting zone. The model
results indicate that the region below the root zone is a moderate nitrogen sink, with a net mobilization
value of —99.40 mg/m>-year. No measurements exist within this region of the watershed, and Figure 9
therefore represents only one possible result which is consistent with both simulated inputs from the root
zone, and more importantly, measured outputs of water and dissolved nitrogen from the catchment.

3.1.7. Aquatic Environment
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Figure 10. Key modeled rate terms associated with the aquatic environment. (a) The plot
represents the modeled time series, as indicated in the legend, across the 20 year simulation
time frame. These data are summarized and presented as a box and whisker plot (b). Note
that the y axis in log transformed in the upper plot, but is linear in the lower plot.
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The discussion of the aquatic environment focuses on mobilization and immobilization of N, as well
as flushing. Particulate export of N dominates the model results in the aquatic region, with simulated
values of 1.73 g/m?-year. A value of 2.53 g/m*-year was estimated by [30] for a particular year. The
next largest rate term in the aquatic environment, DON export, is 0.024 g/m>-year, and because of
the approximately two orders of magnitude difference, particulate export has not been included in
Figure 10. Results indicate net immobilization of DIN (3.42 mg/m>-year) occurs in the aquatic region,
consistent with [47] for a somewhat larger stream in HJA. The dynamic model results also indicate,
however, that during the growing season, the instream biomass can function as a source of N, primarily
because DIN limitation caps the growth rate, yet DIN mobilization is treated with first order dependence
on the aquatic biomass, and so proceeds at a relatively higher rate during periods of low DIN availability
(Figure 10). Nevertheless, even excluding simulated particulate export, model results indicate that more
nitrogen is lost from the stream environment on a yearly basis in dissolved forms (24.8 mg/m?>-year) that
is retained within it by the aquatic biomass (3.42 mg/m>-year).

3.2. Discussion

HJA-N was constructed in an effort to explore relationships between biotic and abiotic processes in
the retention and release of nitrogen from small watersheds. An elementary, yet key, finding is that the
model can be parameterized so as to produce results that are consistent with a wide range of measurements
from WS10 or from similar sites. This result is a prerequisite for any further analysis. Having established
consistency with available measurements, the model results can be further evaluated to provide a number
of intriguing insights into how watershed components interact over seasonal timescales to recycle
nitrogen. The important contribution of the model is that it allows us to quantify the seasonal variability
of rate terms, greatly extending the budget based estimates of storage and fluxes which comprise a significant
amount of available measurements [28—-30,41].

3.2.1. Relative Importance of Various System Components

A key theme of this research is the development of quantitative, internally consistent estimates
of the relative roles of watershed components in the retention and release of nitrogen over seasonal
timescales. The overall goal is the exploration of the temporally varying relationship between these
components—yvegetation, soils, hydrology, and the aquatic environment—in regulating the release of
nitrogen from the system. In the hydrologic literature, much work in this direction has focused on the
concept of hydrologic flushing [48]. At the same time, it is often assumed in both the soils and forest
ecology literature (e.g., [49]) that the temporal variation in net mobilization is ultimately responsible for
the availability of any nitrogen that might be flushed out of the system by the hydrology. This mobilization
potential is particularly relevant in regions, like the PNW, where atmospheric deposition remains low.
All the while, the role of the stream channel, as well as the riparian vegetation [47] in immobilizing
significant amounts available nitrogen from the aquatic system, and hence modifying cross-weir export
measurements, frequently remains unnoticed in catchment studies. And perhaps even more importantly
in systems where nitrogen is strongly retained, the particulate export of dissolved organic nitrogen, over
which the aquatic system exerts significant control, is often of a similar magnitude, if not considerably
larger, than the export of dissolved nitrogen [30].
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Our modeling work indicates that hydrologically-mediated fluxes are much smaller in magnitude
(DON + DIN export of 22.1 mg/m*-year) than the mobilization fluxes that occur within the
vegetation (747.7 mg/m*-year N mobilization, decomposition-uptake) or within the root zone SOM
(3838.3 mg/m?-year) N mobilization. This finding is consistent with the wide variety of observational
work at HJA [29] and has also been demonstrated at other forested watersheds [43]. However,
the hydrologically-mediated fluxes are larger in magnitude to the immobilization potential of
the aquatic environment (3.42 mg/m>-year) (Figures 6-10). These observations provide a useful means of
understanding the system and ranking system components as to their role in the regulation of nitrogen
cycling. In addition, the model results provide data that can be evaluated at finer seasonal time scales.

Control Capacity

We interpret the N control capacity ratio as the degree of control that each system components exerts
on the release dynamics of nitrogen cycling within the model domain (Figure 11). There is, of course,
a degree of subjectivity in the definitions, nonetheless evaluating the results in this fashion provides
a unique mechanism to evaluate the relative importance of components, and how this degree of control
varies with time. These kinds of analyses are available only through the use of the continuously varying
results, which are not typically measured over long periods, providing significant further utility in
the application and development of conceptual numerical simulation.
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Figure 11. The nitrogen control capacity. (a) The plot outlines the summed rate terms
which are used to estimate the control capacity of the watershed components as indicated in
the legend. These four time series correspond directly to Equations (1)—(4); (b) The plot
represents the control capacity, where the time series from the upper plot have been normalized
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As expected given the well-established capacity of these types of watersheds to retain N, vegetation
and soils exert a primary control on N dynamics. Hydrologic flushing of nitrogen is well-represented
during the winter period, though even during periods of elevated N export and flushing, vegetation and
soils still represent important controls (Figure 11). The explanation behind the result is clear—the
Mediterranean climate in the Pacific Northwest results in significant winter moisture, which produces
increased soil moisture, higher soil water flux, and larger stream discharge than seen during the dry summer
period. In addition, the lower temperatures that dominate during the winter period suppress primary
production and SOM dynamics. During the growing season, however, hydrologic flushing moves into
the background, while control capacity of other components increases. This change in control is most
evident in June—August, when mobilization rates tend to increase and flushing rates decrease.
SOM contributes a larger portion of available nitrogen than the vegetation during this period of time,
and this is primarily because uptake increases and the vegetation acts as a stronger sink of N that SOM
during the summer period. This difference is in part a reflection of our lumping of litter and live biomass
in our definition of control capacity. Particulate flushing of nitrogen mimics hydrologic flushing because
of increased mobilization of aquatic biomass during the wet season, but the signal is muted when compared
to hydrologic flushing. The lower seasonal variability develops at least in part because particulate inputs are
derived directly from the litterfall/mortality model which did not include seasonal effects.

These results lend credence to the idea that understanding the dynamics of nitrogen, carbon, and water
in ecosystems requires a multidisciplinary approach [39]. This approach certainly includes attention to
flushing behavior, but the level of attention given to flushing must be on par with that given to production
of available nitrogen, which may be dissolved or in particulate forms. Furthermore, the seasonality of
the system imposes a series of constraints that result in predictable temporal variation in the activity of
different system components. This variation is difficult to approach through standard field-based budget
techniques; however numerical modeling can be used to extend budget results to provide a clearer picture
of the seasonality.

3.2.2. Limitations of the Modeling Framework

The model framework and analyses presented here represent a step in our evolving understanding
of how small catchments at HJA function. There are, however, a number of limitations to this work.
The modeling focuses on an approximately monthly time series of input output data, which provides
insight into seasonal dynamics. However, this time step is too coarse to understand the finer time
dynamics that are often the focus of experimentalists working within the wide variety of contributing
disciplines. At the same time, it may be too coarse to understand the longer term evolution of catchments,
both in terms of nitrogen availability and changing climate. We envision significant potential to
redevelop these modeling ideas to correspond to these different timescales—but the model as presented
herein is not suited to either. Similarly, while we included a simple model of instream particulate
retention and release, extreme events are not included. These events include for example large storms,
mass movement, and fire, and in terms of nitrogen control, it is clear that over long time scales, these are
at least as significant as the biotic controls and flushing that we explored here. These limitations simply
mean that interpreting the results outside of the timeframe over which the model was run is not possible.
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The model outlined here includes a variety of parameters that cannot be measured directly. For
example to separate net nitrogen mineralization into gross mineralization and gross immobilization
requires a set of measurements that are very difficult to perform at point scales [50]. And further, the
relationship between these point scale observations for catchment level simulations is not well-established.
Yet competition between vegetation and microbes is a key feature of nitrogen cycling [51], and microbial
immobilization and mobilization, as well as plant uptake must be included in a model designed to explore
the effects of this competition. The parameters involved in this portion of the model (and others) are
developed based solely upon educated guesses, and calibration procedures relying upon evaluation of
the resulting rate terms. In the case of models developed for predictive purposes, simpler tends to be
more effective, and incorporating net mineralization, which can be more readily measured, would make
more sense. Nonetheless, while some of our decisions clearly reduce the predictive capability of the
model through increased parameter uncertainty, the more complete structural definition provides a
framework to outline both what is known, and what hypothesized about how these catchments function
with respect to N cycling.

Some of the most interesting aspects of watershed nitrogen work to emerge in the last two decades
involve the role of spatially disaggregated watershed components in the processing of key stocks. This
spatial dependence is evident throughout the literature, including terrestrial biogeochemistry, aquatic
processes, catchment hydrologic processes, hyporheic zone interactions, climate science, and forest
ecology. As constructed, HIA-N does include some quasi spatial distribution, but this distribution simply
separates the upslope processes from the near stream processes. From both a biotic and abiotic standpoint,
this is a large simplification. An important next step is the incorporation of similar mass balance equations
within a spatially-distributed model that would better allow for the incorporation of key differences in
spatial distribution of ecosystem processes.

Lastly, a more complete evaluation of the model is needed to provide further guidance in terms of
parameter sensitivity and associated model uncertainty. Sensitivity analyses also have the potential to
provide insight into the degree of understanding we have regarding different model components, and as
such assist in the prioritization of experimental studies designed to improve the both the general
understanding of the system, and the predictive capability of the model.

4. Conclusions

The primary goal behind the development of HJA-N was to distill knowledge from a variety of
disciplinary scientists, including key observational datasets, to succinctly describe N dynamics in WS10 at
HJA. In doing so, we have produced a temporally dynamic simulation, which produces results that are
consistent with existing water, N, and C budgets. One of the motivations was to construct a tool that
could be used to quantify the relative roles of vegetation, hydrology, soils and SOM, and the near stream
zone in controlling the release of N in retentive regions like HJA. The key finding is that each of the
different catchment elements plays a significant role in the retention of N, and that those roles vary
seasonally. While in and of itself, this is not entirely surprising, the ability to quantify those contributions
provides a useful means to more fully understand how the catchment functions with respect to N dynamics.
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