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Abstract. From 1964 through 1994, the pattern of nitrate (NO3 ) export from Watershed 6 at Hubbard
Brook Experimental Forest (HBEF) in New Hampshire, U.S.A., exhibited 10 years of high export
(1968-1977) followed by 12 years of low export (1978—1989), with four ‘spikes’ in 1970, 1973, 1976,
and 1990. Disruptions of N cycling by soil freezing, insect defoliation, or drought have beensuggested
to explain this pattern. We developed a model of nitrogen dynamics demonstrating that most of the
long-term pattern can be reprdduced without explicit consideration of these events. Comparisons of
simulated N fluxes between high and low export years suggested that inorganic N input to the soil, from
both atmospheric N deposition and N mineralization, was significantly higher during periods of high
streamflow;NO,~ flux than in low periods. Simulated inorganic N pools (ammonium and nitrate) and
fluxes (nitrification, plant uptake, denitrification, and ammonia volatilization) were also significantly
higher in these periods. By swapping the time sequences of inorganic N input between high and low
export years, it was shown that N mineralization, not atmospheric N deposition, drives the simulated
fong-term pattern.” Although simulated nitrification showed a stronger relationship with measured
streamflow NO;~ flux than did N mineralization, nitrification rate depended upon availability of soil
ammonium supplied from N mineralization. Because N mineralization in the model varies only with
soil temperature and moisture, we conclude that shifts in the interaction of these two vanables over -
time produced the shifts in NO3 stream exports.

Keywords: blogeochemlstry, forested watershed Hubbard Brook, modehng, nitrogen dynamics,
streamflow nitrate flux

1. Introduction

Nitrate (NO3 ™) exports from forested watersheds in the northeastern United States
have changed dramatically over the past decades (Likens and Bormann, 1995),
despite relatively little change in NO, emissions and nitrogen deposition (Driscoll
et al., 2001; Aber et al., 1998). The magnitude of this streamwater NO;™ flux
is small relative to other N fluxes such as N mineralization and plant uptake
(Bormann et al., 1977), but it is of great concern because of its potential en-
vironmental impacts, e.g. depletion of cations from soil (Likens ef al., 1998),
increased aluminum transport (Henriksen er al., 1988), ‘entrophication (Hecky
and‘ Kilham, 1988), and decreased stream and lake water quality (Murdoch and
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Stoddard, 1992). Studies at the Hubbard Brook Experimental Forest (HBEF) have,
documented several of these changes during recent decades (e.g. Likens et al.,
1998).

Long-term catchment monitoring of HBEF has produced one of the most site-
intensive data sets in the world, including more than three decades of streamflow
NO; ™ flux data available on the World Wide Web (http://www.hubbardbrook.org/).
At HBEF watershed 6 (W8), a biogeochemical reference watershed not subject to
any experimental treatment, the long-term pattern of NO3 ™~ export from W6 during '
1964 to 1994 (calendar year) can be characterized as exhibiting 10 successive years
of relatively high NO3 ~ export (1968-1977; mean = 0.46 g-N m~2 per year) includ-
ing three spikes in 1970, 1973, and 1976, followed by 12 years of low NO; ™ export
(1978-1989; mean = 0.14 g-N m~2 per year) and a subsequent spike in 1990. Sev-
eral hypotheses focusing on disruption of N cycling by events such as soil freezing,
insect defoliation, and drought have been suggested to explain the NO; ™ export pat-
tern observed at HBEF W6. Likens and Bormann (1995) suggested that soil-freezing
events during the winters of 1969—-1970'and 1973—1974 preceded high stream NO; ~
concentrations in subsequent years. Mitchell ez al: (1996) suggested that the ex-
tremely cold and dry period in the winter of 1989—1990 could have been responsible
for the synchronous peaks in streamflow NO5 ™~ flux observed in 1990 at four forested
watersheds of the northeastern United States including HBEF W6. A snow removal
experlment ‘at HBEF induced soil freezing and increased fine root mortality, soil
NO3™~ concentrations, and NO3;~ leaching (Groffman et al., 2001; Tierney et al.,
2001; Fitzhugh et al., 2001, 2003). The outbreak of a defohatmg caterpillar during
19691971 period was suspected to be an important reason for the high'NO;™ ex-
port from HBEF W6 during the. 19708 (Eshleman et al., 1998), although this view
has beeh questioned (Lovett et al., 1998, 2002). Murdoch et al. (200()) observed
that an extended period of drought i8 frequently followed by many years of high
stream NO;~ export. Aber and Dnscoll (1997) suggested that long-term, decadal
timescale responses to severe drought in early 1960s mlght be responsible for high-
stream N at HBEF W6 inthe 1970s! and that elevated 1osses of N in the 1970s, which
reduced the N avallablhty in the soil, could be the reason for the low stream N in the
1980s.

Recently; Aber et al. (2002) have suggested that the pattern of NO3 export
from Hubbard Brook can be explained only by invoking multiple chmate and dis-
turbance mechanisms. However, the possibility that the observed stream NO3~
export-pattern is related to simple iriterannual variations in climatic conditions has
not been sufficiently explored. Soil microbial processes responsible for produc-
ing and exporting inorganic N are regulated by temperature and moisture in the
soil (Chnst et al., 2002), so variations in these environmental conditions could
produce changes in soil processes. Mean annual air temperature was shown to
be cortelated with stream NO3;~ concentrations at the Biscuit Brook watershed
in the Catskill Mountams NY (Murdoch et al., 1998). Irrigation experiments in-
duced mcreases in net N mineralization rates and NO;~ leaching at European
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EXMAN (experimental manipulation of forest ecosystems) sites (Tietema et al.,
1997).

The aim of this study was to investigate how much of the 1nterannua1 varia-
tion in the stream NO; ™ at HBEF W6 can be explained simply by daily variation
in environmental factors such as precipitation and temperature. We used SINIC
(Simple Nitrogen Cycle model), a hydrologically driven model with relatively sim-
ple nitrogen dynamics that uses a daily time step. Becausé the model does not
explicitly consider processes of soil freezing, insect defoliation, and long term ef-
fects of drought, we were able to evaluate the joint effects of daily temperature
and moisture variation on decadal NO;™ export patterns in the absence of these
processes.

2. Model Description, Parameterization, and Evaluation Methodology

SINIC resulted from our effort to develop a simple model of N cycling for
a range of forested watersheds, using available literature descriptions of major
N flux processes. Because we sought to develop a model that would be appli-
cable to a wide variety of sites, some processes (e.g. ammonia volatﬂlzatlon)
were included that may not be important in HBEF W6. Our-goal was to pre-
dict monthly streamflow and NO; ™~ flux, which necessitated simulation at a finer.
time resolution. Daily meteorological data used to drive the model were obtained
from the Hubbard Brook LTER website (http://www.hbrook.sr.unh.edu/data/data.
htm).

SINIC was constructed within ECLPSS, a generic ecological modeling platform
for spatially-explicit models (Woodbury et al., 2002). 1t is currently programmed
in MATLAB (http://www.mathworks.com/). Although we have experimented with
spatially disaggregated versions of the model (i.e. at various ‘cell’ sizes from
10 m to 363 m spanning the HBEF W6), we found a single-cell, two-layer, spatially
aggregated version characterizes the hydrological and nitrogen dynamics of HBEF
W6 sufficiently well to reproduce much of the long-term variation of streamflow
and NO3~ losses.

Hydrologic processes considered in SINIC include daily precipitation/snowpack
generation/snowmelt, evapotranspiration, vertical water fluxes between soil
layers, infiltration-excess and saturation-excess runoff, and groundwater flow
(Figure 1A). Nitrogen processes include ‘atmospheric input of NH4t and NO3~
(wet/dry/snowmelt), mineralization of org‘anic N, plant uptake of NH;" ‘and
NO;™, nitrification, denitrification, amronia volatilization, and vertical fluxes of
NO;~ between soil layers/dlscharge into stream channels (Flgure 1B). A full math-
ematical description of each of these processes is available in Hong (2004) and also
on the internet (http://cycas.comell. edu/ebp/ebpspec/hong_phd/hong~thes1s html).
Below, we describe the most important processes briefly, emphasizing novel aspects
of the characterization of nitrogen procésses.
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Figure 1. Structure of hydrologic components in SINIC, including soil water pools and fluxes (A),
and structure of nitrogen components in SINIC, including nitrogen pools and fluxes (B).

2.1. HYDROLOGIC PROCESSES

2.1.1. Daily Precipitation/Snowpack Generation/Snowmelt

Precipitation is assumed to fall as snow when air temperature is below 0 °C.
Snowmelt is assumed to occur at a rate proportional to the temperature above freez-
ing (Gray and Prowse, 1993), and the proportion of the time in which this occurs is
determined by a sinusoidal interpolation between daily max and min temperature.

2.1.2. Evapotranspiration

Daily potential evapotranspiration (PET) is calculated using the Penman-Monteith
equation (Shuttleworth, 1993) adjusted for leaf area index (LAI) using the approach
of Federer (1995). PET is pastitioned to the various soil layers in proportion to the
presence of roots, and estimation of soil moisture-limited evapotranspiration (ET)
follows the Thornthwaite-Mather procedure (Steenhuis and Van Der Molen, 1986)
Surface water is lost by evaporation (Rutter ef al., 1971).

2.1.3. Vertical Water Flux

Vertical flows redistribute soil water among soil layers. Downward movement of
soil water in all soil 1ayers except the bottom layer is based on Darcy’s law, assuming
gravity flow under unsaturated conditions (Bouraoui ez al., 1997). Under saturated
conditions, water draining from the bottom soil layer is added to the groundwater
pool.
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2.1.4. Runoff

Runoff can be generated from either ‘infiltration excess’ or ‘saturation excess’
mechanisms. Infiltration excess runoff is governed by the Soil Conservation Service
runoff equation (Rawls et al., 1993). Infiltrated water is assumed to be distributed
into all soil layers due to the presence of macropores (Federer, 1995). Saturation -
excess runoff occurs when soil moisture exceeds the saturated value of the entire
soil (Zollweg, 1994).

2.1.5. Groundwater/Baseflow

Groundwater is considered a first-order reservoir in which the baseflow component
of daily streamflow is proportional to the residual water in the groundwater pool.
Seepage losses to deep aquifers at Hubbard Brook are assumed neghglble (Federer,
1995).

2.2. NITROGEN POOLS AND DRIVING PROCESSES

N mineralization, nitrification, and plant N uptake are very important components
of N dynamics in the forested ecosystem, and the relative sizes of these fluxes
may determine the amount and seasonality of nitrogen export (J ohnson, 1992;
Rosswall, 1982; Schm1dt, 1982). Two species of nitrogen are considered i in SINIC:
ammonium (NH,4 1) and nitrate (NO3 ™). Because the total pool of organic nitrogen
in soil is large compared to the inorganic pools (Bormann ef al., 1977) and much
of it is recalcitrant to microbial action on annual or even longer time scales (Parton
et al., 1993), we consider N mineralization as an exogenous inpu{ of N to the NH,,*
pool, governed by microbial activity, in which variations are driven only by soil
temperature and moisture. Daily soil moisture within each layer is obtained from
simulation of the soil water mass balance. Soil temperature is modeled as a damped,
lagged response to daily average atmospheric temperature (Campbell and Norman,
1998). Soil temperature at 15 cm depth at HBEF, measured at approximately weekly
intervals, was well predicted by this approach (observed mean =8.68 °C,n = 1050,
from http://www.hbrook.sr.unh.edu/data/soil/soil.htm; predicted mean = 8.31 °C;
= 0.88).

2.2.1. Wer and Dry Deposition/Snowmelt Input

Daily wet deposition is estimated from monthly volume-weighted concentra-
tions of NH,;* and NO;™ in precipitation obtained from bulk precipitation
collectors and daily measurements of precipitation (http://www.hubbardbrook
.org/research/data/atmos/atmos.htm). Dry deposition data include weekly average
nitrogen flux rates aggregated from hourly measurements of concentration and es-
timates of deposition velocity (http://www.epa.gov/castnet/data.html). Values of
HNO; deposition and particulate NO;~ deposition are combined as a ‘total’ NO;~ .
dry deposition. Weekly average values of dry deposition of NH;* and NO;™ are
divided by seven to obtain daily estimates. The record has gaps for several months;
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values for missing months are replaced with monthly values averaged over the en-
tire period of record. When precipitation occurs as a snowfall, it is assumed that the
calculated daily total (wet + dry) N deposition is added to the snowpack. During
snowmelt events, the amount of N released from the snowpack is calculated as
snowmelt volume multiplied by the snowpack N concentration. This adjusted daily
total N deposition is added to the top soil layer each day of the simulation.

2.2.2. Mineralization of Organic N ‘
As stated earlier, mineralization of organic N is considered to vary with soil tem-
perature and moisture only. The temperature relationship is based on a Oy factor
of Johnsson ez al. (1987) modified in two respects: (1) following the Century model -
(Parton et al., 1983), the temperature factor is set to zero at temperatures below
0 °C, and (2) the Qjo term is multiplied by a modifying term (Tgu/T) to ensure
a smooth transition between 0 °C and the Qo base temperature, 7. The resulting
temperature factor is:

0’ Tsoil =< 0

wii—Tb/10 .
fr=|0" O x T, 0<Tou<Th (1

Tooir—Ti/ 10
ng 1T/ )s Ty < Tsonn

where fr is the Q)¢ soil temperature factor; Ty the daily mean soil temperature
(°C); Q1o the factor change in rate with-a 10 °C change in temperature; T}, the base
temperature at which Q) factor equals 1 (°C).

A soil moisture factor is calculated using the moisture content in the soil, which
is available from the hydrologic component of the model. If the soil moisture
is below the saturation and above the wilting point, there is no restriction in N
mineralization by soil moisture, and N mineralization proceeds at a rate determined
by soil temperature. At or above saturation, the mineralization rate becomes zero
because the soil becomes anaerobic (Johnsson et al., 1987). N.mineralization is
also zero at or below wilting point:

1, 6 0 <8,
fu = w < U < Ugy )

0, otherwise

where fiy is the soil moisture factor; 6, the soil water content at wilting point
(m3 water m~3 soil); 6 the soil water content (m> water m ™3 soil); @ the soil water
content at saturation (m> water m™> soil).

The daily net N mineralization rate under ‘optimal’ conditions, assumed to be a
fixed value, can in principle, be obtained from experimental soil incubation studies
(Schmidt, 1982). We estimate daily values of mineralization under conditions of
suboptimal soil temperature and moisture mediated by the temperature and moisture
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factors as:

Fuin = Kmin X fT X fM (3)

where F iy is the daily net N mineralization rate (g-N m~2 per day); kmyin the daily
net N mineralization rate under ‘optimal’ conditions (g-N m~2 per day).

Thus soil temperature controls mineralization on days in which soil moisture
falls within an optimal range and soil moisture eliminates mineralization on days
that are too wet or too dry. While we could add more detail related 1o soil moisture
controls on N mineralization, we found the joint effect of temperature and moisture
as parameterized adequate and simple.

2.2.3. Plant N Uptake

Nitrogen uptake is calculated as the smaller of two values, the potential plant N
demand and the available N in the soil. The potential plant N demand over time
is represented by a simple trapezoid- shaped function defined by an initial day of
uptake each year, the first day when maximum uptake is possible, the last day when'
maximum uptake is possible, and a final day of uptake. A scaling factor is applied to

calculate daily plant N demand from annual N demand, and distributed among soil

layers according to the proportion of nitrogen-absorbing roots in each soil layer:

Dy, 1) = 74(1?) % Dyear X froo(Q) @

where D,y (i ?) is the daily plant N demand in the ith soil layer on day ¢ (g-N-m™
per day); R(¥) the relative daily plant N demand on day ; A the integral of R(t)
over the entire year; Dye,, = annual plant N demand (2-N m~? per year); f;ot(i) the
fraction of roots in the ith soil layer.

Equation(4) scales relative plant N demand, so that the integrated daily plant N
demand over the year equals annual plant N demand (Dyear). The Dy, represents the
maximum amount of N that can be taken up by 'the plants when soil N availability
does not restrict plant N uptake throughout the year, but actual plant N uptake is
likely to be lower than plant N demand because of the limitation of soil N availability.
Equal affinity for NHs+ and NO; ~ is assumed as in PnET-BGC (Gbondo-Tugbawa
et al., 2001), so demand is divided into corresponding NH,* and NO;~ demands
according to their relative concentrations. The' calculation of plant N uptake is
made from bottom to tap soil layers. Any unsatisfied daily plant N demand due to
insufficient soil N in lower soil layers is added to the N demand in the upper soil
layer. However, unsatisfied plant N demand is not accumulated over time.

2.24. Nitrification ‘
Nitrification is simulated as a first-order decay process of soil NHyt, with the
‘optimum’ rate modified by the temperature and moisture factors identical to those
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for N mineralization:

Fuit = knit X Nxu4 X fr X fm » (&)

where Fyy is the daily net nitrification rate (2-N m~2 per day); ky;; the decay constant
for nitrification (per day); Nxn4 the soil ammonium concentration (g-N m™2).

2.2.5. Denitrification and Ammonia Volatilization

The equation describing denitrification follows Johnsson e al. (1987) without mod-
ification. The rate of ammonia volatilization is calculated assuming that (1) ammo-
nia (in gaseous form) is in equilibrium with ammonium (in aqueous form) (Loehr
et al., 1973), (2) the ammonia is uniformly distributed through the soil layer, and
(3) all of the ammonia in top centimeter of soil is lost each day.

2.2.6. Vertical Flow, Groundwater Flow, and Seepage

Nitrate is assumed to be the only mobile form of inorganic nitrogen, as the ammo-
nium cation is assumed held by negatively charged soil and organic matter colloids.
Downward vertical flow of water carries NO3~ in soil to the groundwater NO3~
pool, and NO;™ in groundwater is discharged to the stream. Nitrate fluxes corre-
sponding to each of the water fluxes are calculated as the product of the water flow
rate and the NO5;~ concentration in the pool from which the water flow originates.

2.3. PARAMETERIZATION

Table I (hydrologic processes) and II (nitrogen processes) list all the parameters
in SINIC used to simulate the NO;~ export from HBEF W6 during the period of
1964-1994. A detailed description of the full parameterization process is available
on the internet (http://cycas.cornell.edu/ebp/ebpspec/hong_phd/hong_thesis.html).
Here we highlight the most important parameters.

Although SINIC can have multiple soil layers with distributed root densities, for
simplicity it is assumed that: (1) the total soil depth at HBEF W6 is 70 cm (Federer,
1995), and (2) many important biological activities, such as N mineralization and
uptake of water and mtrogen by plant roots, are concentrated in the top 30 cm of the
soil, as assumed in the CERES-Maize (Gabrielle and Kengni, 1996) and Century
(Parton et al., 1983) models. Following these assumptions, we set the number of soil
layers (n,) to two; thicknesses of top and bottom soil layers (dyo;) to thirty and forty
centimeters, respectively, and-root fraction (foot) and optimum N mineralization
rate (kmin) of the bottom soil layer to zero (Tables I and II) The forest floor was
considered to be included in the top soil layer. ‘

2.3.1. N Mineralization ‘

It is assumed in SINIC that the quantity and quality of SOM does not change over
the simulation period and that under optimal temperature and moisture conditions
organic N would be mineralized at a fixed rate. This rate (kmin) in Equation (3) was



TABLEI

Parametets used in the hydrologic processes in SINIC to simulate streamflow at HBEF W6 during the period of 19641994

Name  Description Used in Value Unit Reference
n, Nﬁmbér of soil layers 2 Gabrielle and Kerigni (1996);
Parton et al. (1983)
Leen Cell length 363.32 m HBEF web page®
dsi(1) _Thickness of each soil layer 0.3 m Federer (1995)
duoit(2) ' , 04 '
Joat(1)  Fraction of water and nutrient Equatiiin “) - 1.0 Zollweg (1994)
absorbing roots in each soil layer
Soot(2) 0.0
Slope Slope Runoff processes 0.283 HBEF web page®
z Elevation PET calculation 670.5 m HBEF web page®
¢ Latitude PET calculation 0.7667 radian HBEF web page?
Osat Soil water content at saturation Equation (2) 0.6 Federer (1995)
O Soil water content at field capacity Vertical water flux 0.25 Federer (1995)
2 Soil water content at wilting point Equation (2) 0.1 Campbell and Norman (1998)
Ko Saturated hydraulic conductivity Vertical water flux 7056 x 10°% ms! Campbell and Norman (1998)
b Exponent parametér for unsaturated Vertical water flux 49 Federer (1995)
hydraulic conductivity ) ' ' A
Inax Interception capacity of canopy surface Surface proceéses 0.0015 m Zollweg (1994)
Rinax Maximum retention capacity of soil surface Surface processes 0.0025 m Zollweg (1994)
~Slopey  Slope when no soil surface retention can occur  Surface processes 0.2 Zoliweg (1994)
My Melt factor Snowmelt 4.75 mm °C~! perday  Gray and Prowse (1993)
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TABLE 1
(Continued)

Name Description Used in Value Unit Reference
CN SCS curve number Runoff processes 55 Rawls ef al. (1993)
Vjand Land and stream runoff velocity when Slope = 1 Runoff processes 0.19 ms~! Zollweg (1994)
| Zsai 2.25
€in Exponent parameter for distributing infiltration water Infiltration 0.3 Federer (1995)
r Recession coefficient Groundwater flux 0.2 _per day HBEF web page®
s Seepage coefficient Groundwater flux 0 per day Federer (1995)

sunny Fraction of cloudless hours on sunny and rainy days PET calculation 0.64 HBEF web page®

rainy 0.16
LATax Maximum leaf area index -PET calculation . 6 Federer (1995)
LAIL; Day—i)f—year numbers describing PET calculation 120 Federer (1995)

‘ changes in leaf area index

LAL 150
LAL 260.
LAL 290

hitp://www.hubbardbrook.org/.

"IV L3 ONOH "4



TABLE II

Parameters used in the nitrogen processes in SINIC to simulate streamflow NO; ™ loss from HBEF W6 during the period of 1964-1994

Name Description Used in Value Unit Reference

K Soil thermal diffusivity Soil temperature calculation 2.2 x 10~7 m? s~ Campbell and Norman (1998)

nawg(1) Number of days for averaging daily Soil temperature calculation 7 Campbell and Norman (1998)

. air temperature '

Nag(2) 21

Qi - Factor.change in rate with a.10 °C Equation (1) . 3 . Ross and Tate (1993);
change in temperature " Godde et al. (1996)

Ty Base temperature at which Q1 factor equals 1  Equation (1) 24 °C Verchot et al. (2001)

knin(1) Daily net N Mineralization rate under Equation (3) 0.36 g-Nm~2 perday Bohlen et al. (2001)
optimal conditions

kain(2) 0

ki Decay constant for nitrification Equation (5) 0.05 per day Vitousek et al. (1982)

Kien Potential denitrification rate Denitrification 0.1 g-N m~2 per day Johnsson et al. (1987)

Cs Half-saturation constant Denitrification 10 mg-N L-! Johnsson et al. (1987)

B den Threshold water content Denitrification 0.5 Johnsson et al. (1987)

€den Exponent parameter for denitrification Denitrification 2 Johnsson et al. (1987)

pH Soil pH ’ . Ammonia volatilization 4.24 Johnson et al. (1991)

Ry Day-of-year numbers describing changes Plant N uptake 85 Tiemey, et al. (2001)
in plant N demand

R, 180

Rs 205

Ry - 305

Dyear  Annual plant N demand Equation (4) 12.0 g-N m~2 per year HBEF web page®

2http://www.hubbardbrook.org/.

9 QIHSYALYM gH WO LI0dXd _fON ONI'TIAOW

£0¢



304 B. HONG ET AL.

obtained from a laboratory incubation study that reported the net N mineralization
rates in the O, horizon, O, horizon, and upper 10 cm of mineral soil at HBEF
averaged across four elevations (Bohlen ef al., 2001). The weighted Ky for the top
soil layer (0.36 g-N m~? per day) was calculated assuming uniform soil properties
in the top 30 cm of mineral soil.

This optimal mineralization rate in situ is modified as the soil temperature and
moisture conditions vary. The Qjo used to calculate the soil temperature factor
(Equation (1)) was setto 3 following Ross and Tate (1993) and Godde et al. (1996).
Ty, the room temperature at which the incubation study was performed, was set
to 24 °C (Verchot et al., 2001). The soil at HBEF has a sandy loam texture. The
soil moisture contents at wilting point (8,,) and at saturation (6s,) in Equation (2)
were set to 0.1 from Campbell and Norman (1998) and 0.6 from Federer (1995),
respectively.

2.3.2. Nitrification
The first-order decay constant for nitrification (k) in Equatlon (5) was estimated
using data reported in an incubation study performed by Vitousek et al. (1982),
in which the weekly concentrations of NO3~ and total inorganic nitrogen were
reported throughout the entire eight-week incubation period, using samples from
forest floor and mineral soil in the Hubbard Brook region. Because we are treating
the forest floor and mineral soil as a single pool, nitrogen concentrations in these
pools were aggregated to represent a single incubation study The decay constant
that gave the best fit to these aggregated data was determmed to be 0.05 per day.
2.3.3. Plant N Uptake N
It was assumed that the change in the relative size of daily plant N demand over
time follows a similar pattern to the change in the daily new fine root growth over
time. Tiemey ef al. (2001) measured the ratio of new fine root length to existing live
fine root length in several plots at HBEF for two years. The new fine root growth
started in late March, reached its maximum in early July, began to decline from late
July, and fell to zero in late October. To reflect this pattern, day-of-year numbers
for Ry, R», Rs, anid R4 (Tabie II) were set to 85, 180, 205, and 305, respectively.
The annual plant N demand (Dyc,r) Was calibrated so that the model reproduced
the estimated average annual N uptake at HBEF W6 from 1964 to 1994. The av-
erage annual N uptake was estimated assuming that: (1) all of the leaves are lost
with the N concentrations equal to ‘what is measured in the litterfall and the same
amount of N lost should be taken up next year, (2) the fine root production at
HBEF in 1997 was 303 g m™2 per year (Tlerney and Fahey, 2001) and the fine
root production in any year can be estimated from the leaf biomass in that year
relative to the leaf biomass in 1997, (3) annual N uptake in the woody. tissue is
the annual net change in wood. biomass (net accumulation) times N concentration
in the woody tissue, and (4) 0. 535 g-N m“2 per year of nitrogen is taken up each
year for growth of herbaceous species (Whittaker ef al., 1979). The tissue biomass
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was estimated by linear interpolation from measurements taken in 1965, 1977,
1982, 1987, 1992, and 1997 (http://www.hubbardbrook.org/yale/vegetation/). Ni-
trogen concentrations in aboveground tissues were obtained from Whittaker
et al. (1979). The species-weighted average N concentrations of fine roots (de-
fined as <1 mm in diameter) and woody roots were calculated to be 1.73% and
0.42%, respectively, using data from Fahey et al. (1988) and Tierney and Fahey
(2001).

Using this information, the average annual N uptake at HBEF W6 during the
period of 1964 to 1994 was estimated to be 9.32 g-N m~2 per year. The model was
run repeatedly with different values of Dyear, until the simulated average annual N
uptake yielded this estimate. The Dy, is therefore not a ‘free’ parameter adjusted
until NO; ™ export fits the measured data. It is adjusted until the simulated N uptake
averaged over the entire simulation period matches the uptake estimated for the
same period. The calibrated value of Dy, Was determined to be 12.0 g-N m™2 per
year. ‘

3. Results
3.1. MODEL EVALUATION

3.1.1. Comparisons with Data

SINIC successfully reproduced the observed high and low streamflow NO; ™ losses
during the periods of high export (1968-1977) and low export (1978-1989), re-
spectively, as well as four observed ‘spikes’ in 1970, 1973, 1976, and 1990
(calendar year) (Figure 2A). However, streamflow NO;~ losses were overpre-
dicted after the 1990 peak and in the low export period. The pattern in observed
yearly streamflow was almost exactly reproduced by SINIC (Figure 2B). Box
and whisker plots of simulated monthly NO5;~ losses over- the 31 years studied
(Figure 3A) reveal that SINIC reproduced the observed seasonal trend, and that
the upward ‘bias of the simulated NO3;~ loss was largely caused by overpredic-
tions in the antumn and early winter. Predicted mean values were somewhat higher
than observed in"October-December, and also in May (Figure 3A). Correspond-
ing monthly ‘patterns, of streamflow (Flgure 3B) revealed that the predictions of
monthly means matched observations well for each month of the year, and that
the distributions of monthly streamflows for the period studied were well repre--
sented: The inodel overpredicted mean streamflow slightly i m March and underpre-
dicted somewhat in June, but the predictioris for the other months were in better
agreeient. »

All N pools (ammonium and nitrate) and fluxes (atmosphenc -deposition, min-
erahzatlon nitrification, plant uptake, denitrification, and ammonia volatilization)
in SINIC showed highly significant positive correlations with measured stream-
flow N03 loss (Table III). Correlations between streamflow NO3; ™~ and climatic
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Figure 2. Comparisons of simulated annual streamflow NO;~ loss (A) and streamflow (B) with
measured values and predictions by PnET-CN, summarized on a calendar year basis. Streamflow
NO;™~ loss predicted by PnET-CN (1964-1994) is from Aber and Driscoll (1997) and streamflow
predicted by PnET-CN (1964-1992) is from Gbondo-Tugbawa et al. (2001).

variables were less strong, however, and air and soil temperatures, PET, AET, and
soil water content were not significantly correlated to streamflow NO;~. However,
the product of soil temperature and moisture factors showed a strong correlation’
with' measured streamflow NO;™ loss even though correlations with temperature.
and moisture factors were much weaker individually (Table III).
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Figure 3. Box and whisker diagram, comparing monthly simulated and observed streamflow NQO;~
loss (A) and streamflow (B), showing the means, standard errors and extreme values over the 31-year
period from 1964 to 1994.

3.1.2. Comparisons with PhET-CN ‘

SINIC predictions of streamflow NO3;~ loss were compared with those of PnET-
CN, a nitrogen model for forest catchments that has been applied to the Hubbard
Brook watershed (Aber and Driscoll, 1997) and has led to conclusions that multiple -
disturbance events produced much of the N loss pattern (Aber et al., 2002). Although
both the PnET-CN and SINIC models reproduced the observed long:term pattern
of streamflow NO3~ loss from HBEF W6 for the 19641994 period well, SINIC
was somewhat better in. generating the four spikes as well as high NO3; ™~ export in



TABLE HI
Mean, standard deviation, coefficient of variation (CV), and correlation coefficient (r) with measured streamflow NO;~ loss of measured and simulated
variables in SINIC for-the entire simulation period (1964-1994). Variables are sifmulated unless indicated as ‘measured’

: Standard
Variable Mean Deviation Ccv r P-value
Measured streamflow NO; ™ loss (g-N m~2 per year) 0.244 0.182 0.746 1.00° 0
Streamflow NO; ™ loss simulated by SINIC (g-N m™2 per year) 0.335 0.171 0510 0.78¢ 1.8 x 1077
Streamfiow NO; ~ loss simulated by PnET-CN(g-N m~? per year)? 0.310 0.134 0431 0.55¢ 0.0014
Measured streamflow (m per year) 0.881 0.204 0.232 0.52¢ 0.0025
Streamflow simulated by SINIC (m per year) 0.935 0.178 0.191 0.48° 0.0062
Stréamflow simulated by PnET-CN (19641992 period) (m per year)" 0.950 0.159 0.168 0.42° 0.022
Atmospheri¢ N input (g-N m~2 per year) ) 0.739 0.120 0.163 0.58¢ 7.1 x 1074
Atmospheric N input as rainfall N + dry deposition (g-N m~2 per year) 0.507 0.104 0.206 042¢ 0.017
Atmospheric N input as snowmelt N (g-N m~2 per year) 0.232 0.054 0.231 0.46° 0.0085
N mineralizatidn (g-N m~2 per year) 8.925 1.790 0.201 0.52°¢ 0.0027
Nitrification (g-N m~2 per year) 0.438 0.330 0.753 0.66° 5.1 x 10-3
Soil NH;* concentration (g-N m~3 soil) 1.786 1.047 0.586 0.73¢ 2.6 x 1078
Soil NO; ™~ concentration (g-N m ™2 soil) 0.190 0.125 0.659 0.73° 39 x 107¢
Soil inorganic N concentration (g-N m~3 soil) 1.976 1.164 0.589 0.74¢ 2.1 x 1076
Plant N uptake (g-N m~2 per year) 9.325 1.587 0.170 0.52° 0.0028
Plant NH,4* uptake (g-N m~2 per year) 8.709 1.411 0.162 0.49° 0.0054
Plant NO;~ uptake (g-N m™2 per year) 0.617 0.229 0.372 0.58¢ 5.7 x 1074
Denitrification (g-N m~2 per year) 0.0010 0.00051 0.494 0.78¢ 2.0 x 1077
NH; volatilization (g-N m™2 per year) 1.4 x 1075 0.635 0.73¢ 3.0 x 107¢

8.9 x 107¢

(Coritinued on next page)
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TABLE I

(Continued)
Standard

Variable Mean Deviation cv r P-value
N mineralization — plant N uptake (g-N m~2 per year) —0.401 0.583 —1.454 0.19 0.31
Nitrification — plant NO;~ uptake (g-N m~2 per year) - ' —-0.179 0.144 ~0.802 0.59° - 54 %10~
Nitrification + atmospheric N input — plant NO; ~ uptake (g-N m™2 per year) 0.560 0219 0.391 0.70° 1.2 x 1073
Temperature factor 0.088 0.010 0.108 0.36° 0.050
Moisture factor 0.928 0.051 0.055 0.31 0.088
Tempetature factor x moisture factor 0.067 0.013 0.200 0.52¢ 0.0026
Measured air temperature (°C) 4.136 0.586 0.142 0.28 0.13
Soil temperature (°C) 6.692 0.344 0.051 0.33 0.070
Measured precipitation (rainfall + snowfall) (m per year) 1.405 0.188 0.134 0.51°¢ 0.0034
Water input as rainifall 4+ snowmelt (m/yr) 1.405 0.211 0.150 0.50° 0.0044
Measured rainfall (m per year) 0.952 0.179 0.188 0.37¢ 0.041
Snowmelt (m per year) 0.453 0.096 0.211 0.41°¢ 0.024
PET (m per year) . . 0.634 0.068 - 0.107 0.07 0.72

- AET (m per year) - ) . 0381 0.042 0.110 0.30 0.10
Soil water content (m® water m~> soil) 0.288 0.017 0.058 0.27 0.14

*From Aber and Driscoll (1997).
>From Gbondo-Tugbawa et al. (2001).
°Correlation coefficients exhibiting significant differences from zero at the 95% level.
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TABLE IV
Statistical comparisons of predictions by SINIC and PnET-CN to observations.

r-square NMSE? NMEP

Annual streamflow NO;~ losvs (1964—1994) SINIC 0.61 0.67 0.37
PnET-CN¢ 0.30 - 0.87 0.27
Annual streamflow (1964-1992) SINIC 0.89 0.18 0.06
PnET-CN¢ 0.74 0.37 0.08
Monthly streamflow NO;~ loss (1964-1994) SINIC 0.61 0.44 0.37
Monthly streamflow (1964-1992) SINIC 0.85 0.17 0.06

Published monthly PnET-CN predictions were not available.

*Normalized Mean Square Error = X(0; — p;)%/E(0;—6)?, where o; is the ith observation, p; is
the ith prediction, and ¢ is the mean of the observations; NMSE = 0 indicates perfect agreement;
NMSE = 1 occurs if the mean of the observations is used as the predictor (values of NMSE of
one or greater indicate that the modeled values would be better substituted by the mean of the
observatlons)

"Normalxzed Mean Error = bias (mean of differences between the observed and predicted values)
divided by mean of observed values; NME = 0 indicates perfect agreement; NME = 1 shows the
predictor is biased upward from the Gbservations by 100% on average.

From Aber and Driscoll (1997).

4From Gbondo-Tugbawa et al. (2001).

high years (Figure 2A). As a result, the r? value for yearly streamflow NO3 ™~ loss
was much higher in SINIC (0.61) than in PnET-CN (0.30), indicating that SINIC
explained a higher proportion of the NO;™ export pattern observed at HBEF W6
(Table IV). Both PnET-CN and SINIC overpredicted.the NO;™ export after 1990
and in the low period (Figure 2A).

Published ‘yearly. streamflow predictions are not available for PHET-CN. In-
stead, yearly streamflow predictions by PnET-BGC, in which a submodel of bio-
geochemical cycling of other elements is added to PnET-CN (Gbondo-Tugbawa
et al., 2001), were compared with SINIC simulations over the 19641992 period.
The PnET- BGC and PnET-CN produce identical results for hydrology (S. Gbondo-
Tugbawa, personal commumcat1on) Measured yearly streamflow was closely re-
produced by both SINIC and PnET (Figure 2B), except for some slight deviations
observed in PoET predlctlons which probably lowered the 2 value relative to
SINIC predlctmns (Table IV). Normalized mean square error (NMSE) values for
NO;™ loss and streamflow were smaller in SINIC, indicating that. SINIC predic-
tions produced smaller deviations from observed values overall (Table IV). Al
notmalized méan error (NME) values were positive and the NME for streamflow .
NO; ™~ loss was higher in:SINIC. Thus N export was overpredicted (i.e. biased
upward) in SINIC more than in PnET-CN. Both models slightly overpredicted
streamflow as well. Monthly statistics in SINIC were similar to yearly StatlStICS
(Table ).
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3.2. COMPARISONS BETWEEN THE PERIODS OF HIGH AND LOW STREAMFLOW
NO;~ LOSS

3.2.1. Results of t-Tests

As shown in Table V, measured annmual NO;~ loss was 51gn1ﬁcant1y higher during
the 1968-1977 period than the 1978-1989 period, although there was no difference
in measured streamflow. SINIC successfully predicted this difference in streamflow
NO;™ loss between two periods. Atmospheric N input was significantly higher in
the high streamflow NO; ™ loss period than in the low period. When the components
of atmospheric N input, including wet and dry deposition and snowmelt N, were
analyzed separately, only the snowmelt N showed a significant difference (P-value
= 0.0018). Snowmelt was also higher in the high period, although the difference
was not as highly significant as was snowmelt N (P-value = 0.041). The measured
air temperature, simulated soil temperature, and soil moisture content were not
significantly different between two periods. While the temperature and moisture
factors were not significantly different between the two periods when analyzed sep-
arately, the product of the soil temperature and moisture factors was significantly
higher in the high period. As a result of the dlfference in the combined effect of
soil temperature and moisture, sxmulated N mineralization, a function of these fac-
tors only, was predicted to be. greater during the high period as well. All simulated
nitrogen pools (ammonium and nitrate) and fluxes (nitrification, plant uptake, den-
itrification, and ammonia volatilization) were also hlgher in the high streamflow
NO3™ loss period than in the low, period. Nitrogen miineralization minus. plant N
uptake was less negative. in the high period, indicating higher soil N avallablhty,
but the difference between the two periods was not s1gmﬁcant because of the large
variation.

3.2.2. Reciprocal Replacement of Time Series (RRTS) Analysis
The response of NO3 ™ loss in streamflow to temporal pattern of one or more driving
variables was evaluated by interchanging (i.e. ‘teciprocally replacing’) a decadal
time series of driving variables between the high streamflow NO3;™ loss years
(1968 —1977) and the last decade of the low years (1980-1989) (Flgure 4). Both
periods were chosen to be 10 years long, and to begin in leap years for analytical
convenience (exact matching of the period lengths). The driving variables selected
for ana1y51s include four climatic variables (precipitation, PET, soil temperature,
and N deposition) that together determine the pattern of simulated streamflow NO3~
loss in SINIC, and nitrogen inputto the system as N deposmon and N mineralization.
We replaced the daily data for these variables for 1968-77 with the data from 1980-
1989 and vice versa to test the influence of the pattern of these dnvmg variables on
model behavior. :

‘When these four climatic dnvmg variables were interchanged, the pattern of 10
years of NO; ™ loss was exchanged exactly, including three spikes in the high period
(Figure 4, case a), confirming that SINIC predicts long-term N export pattern strictly



Nitrification ~ plant NO;~ uptake (g-N m~2 per year)°

TABLEV

Comparison of measured and simulated variables in SINIC between the period of high streamflow NO; ~ loss (1968-1977) and the low period (1978-1989)

Mean Mean Std Dev Std Dev
Variable 1968-1977 1978-1989 1968-1977  1978-1989  P-value
Measured streamflow NO; ™ loss (g-N m™2 per year)° 0.464 0.142 0.118 0.060 73 x 1078
Streamflow NO;™ loss simulated by. SINIC (g-N m™2 per year)® 0:481 0.236 0.133 0.069 1.9 x 10-°
Streamflow N03 loss simulated by PnET-CN (g-N m—2 per year)* 0415 0.218 0.133 0.045 9.4 x 1073
Measured streamflow (m per year) 0.964 0.839 0.215 - 0.182 0.16
Streamflow simulated by SINIC (m per year) 1.000 0.904 0.191 0.152 0.21
Streamflow simulated by PnET-CN (m per year)® 0.998 0.931 0.134 0.173 0.33
Atmospheric N input (g-N m~2 per year)° 0.804 0.691 0.095 0.077 0.0058
Atmospheric N input as rainfall N + dry deposition (g-N m~2 per year) 0.533 0.490 0.104 0.075 0.27
Atmiospheric N input as snpowmelt N (g-N m~2 per year)® 0.271 0.202 0.053 0.038 0.0018
N mineralization (g-N m~? per year)® 9.881 8.139 1.655 1.838 0.031
Nitrification (g-N m~2 per year)° 0.679 0.282 0.324 0.237 0.0035
Soil NH,* coricentration (g-N m™3 soil)® 2.783 1.107 0.965 0.422 2.5 x 1073
Soil NO;~ concentration (g-N m~ soil)® 0.305 0.119 0.134 0.049 0.00023
Soil inorganic N concentration (g-N m~3 soil)® 3.089 1.227 1.089 0.457 2.8 x 1073
Plant N uptake (g-N m~2 per year)° 10.23 8.560 1.543 1.568 0.021
Plant NH,* uptake (g-N m~2 per year)° 9.47 8.03 1.37 1.43 0.026
Plant NO;~ uptake (g-N m~2 per year)* 0.77 053 0.23 0.19 0.017
Denitrification (g-N m2 per year)® 0.0015 0.00073 0.00040 0.00021 2.7 x 1073
NHj volatilization (g-N m~2 per year)® 2.2 x 1076 88x 105 84x10° 44x10™° 0.00013
N mineralization — plant N uptake (g-N m~2 per year) -0.353 -0.422 0.557 0.489 0.76

—0.086 —0.252 0.156 0.077 0.004

(Continued on next page)
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TABLEV

(Continued)
Mean Mean Std Dev Std Dev

Variable 19681977 1978-1989 1968-1977 1978-1989 P-value
Nitrification + atmospheric N input - plant NO; ~ uptake (g-N m~2 per year)® 0.718 0.440 0.187 0.104 0.0003
Temperature factor 0.092 0.089 0.010 0.0094 042
Moisture factor 0.941 0.912 0.060 0.052 0.24
Temperature factor x moisture factor® . 0.075 0.062 0.012 0.014 0.031
Measured air temperature (°C) - 4271 4.007 0.609 0.563 0.30
Soil temperature (°C) ’ 6.812 6.675 0.397 0.280 0.35
Measured precipitation (rainfall + snowfall) (m per year) 1.482 1.376 0.165 0.199 0.19
Water input as rainfall -+ snowmelt {m/yr) 1.484 1.375 0.207 0.190 0.21
Measured rainfall (m per year) 0974 0951 0.188 0.185 0.78
Snowmelt (m per year)® 0.510 0.424 0.074 0.106 0.041
PET (m per year) 0.643 0.638 0.113 0.026 0.89
AET (m per year) 0.390 0.383 0.037 0.054 0.72
Soil water-content (m® water m=2 soil) - 0.289 0.283 0.020 0.016 043

Variables are simulated unless indicated as ‘measured’.
“From Aber and Driscoll (1997).
®From Gbondo-Tugbawa et al. (2001).

“Variables exhibiting significant differences in their mean annual values between these periods at 95% level.
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Figure 4. RRTS analysis of simulated streamflow NO;~ loss from HBEF W6, with the time series
of driving variables swapped between two 10-year periods of 19681977 and 1980-1989; case a:
four climatic variables (precipitation, PET, soil temperature, and N deposition) swapped; case b: N
deposition and fr (temperature factor) x fi (moisture factor) for N mineralization swapped; case c:
N deposition swapped; case.d: fr x fy for N mineralization swapped.

based on year-to-year climatic variability. When inorganic nitrogen input to the soil
(atmospheric N input plus N mineralization) was interchanged between two periods
(Figure 4, case b), the pattern was similarly reversed, although differences between
the two periods were diminished and the second spike originally observed in 1973
was reduced significantly. Interchanging atmospheric N input alone (Figure 4, case
¢) had almost no effect in changing the pattern, although the heights of three spikes
in the high period were decreased slightly. The pattern of NO;™ loss simulated
after interchanging N mineralization was almost identical to that obtained when
total N input to the soil was interchanged (Figure 4, case d), suggesting that N
mineralization, not N deposition, was the actual driver for creating the observed
long-term pattern of N export from HBEF W6.

4. Discussion

4.1. MODEL EVALUATION

SINIC reproduced significant features of the long-term pattern of NO3 ™~ export from
I{BEF W6, including four spikes in 1970, 1973, 1976, and 1990, as well as decadal
trends of high streamflow NO;~ flux in 1968-1977 and low flux in 1978-1989
(Figure 2A). Because SINIC does not include soil freezing, insect defoliation, and
long term effects of drought, we cannot evaluate their roles directly. However, the
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SINIC simulation did explain a large proportion of the long-term N export pattern in
HBEF W6, suggesting that annual variations as well as long-term trends observed
in this watershed may have resulted from variations in soil N mineralization driven
by simple climatic variation. For example, the two spikes of NO; ™~ export in 1990
and in 1973, which have been attributed to soil freezing events during winter periods
(Mitchell et al., 1996; Likens and Bormann, 1995), may have been associated with
high annual temperature (Figure 5A) and precipitation (Figure 5B) which occurred
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Figure 5. Annual streamflow NO;~ loss from HBEF W6 and mean air temperature (A) and water
input to the soil (B) during 1964-1994 period.
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simultaneously in those years. The potential of insect defoliation and drought to
generate a large amount of N export was questioned by Lovett et al. (1998) and
Tietema et al. (1997), respectively. The assumption in SINIC that yearly plant N
uptake potential is constant for all years and was not disrupted by events such as soil
freezing, insect defoliation, and drought did not prevent the model from predicting
the year-to-year fluctuations in streamflow NO3 ™~ flux.

A key assumption in SINIC is that there had been little change in the size and
chemical properties of SOM durmg the simulation period, which permits mineral-
ization to be represented as a zero™-order process with respect to the SOM pool,
dependent upon soil temperature and moisture only. Even the most extreme form .
of forest disturbance, the clearcutting of HBEF W5, did not change the. SOM pool
size (Huntington and Ryan, 1990) nor its chemistry (Dai et al., 2001) significantly.
The only part of the SOM that shows large variation in a relatively short time period
is the aboveground forest floor. Many nitrogen cycle models stich as TRACE (Cur-
rie'and Nadelhoffer, 1999), Century (Parton et al., 1993), and FORTNITE (Aber
et al., 1982) include detailed submodels of SOM with more than one pool for the
aboveground forest floor. However, Aber et al. (1997) reported that these pools
had little control on overall N dynamics and may well be aggregated into the SOM
pool. In field studies, litter removal did not have 51gn1ﬁcant effects on microbial
activities (Fisk and Fahey, 2001) and aboveground responses (Fahey et al., 1998),
suggestmg that its effect on N dynamics may be buffered by the much larger be-
lowground SOM pool, which has a greater control of soil nutrient cycling (Fisk
and Fahey, 2001). Under the assumption of a relatively constant SOM pool, soil N
dynamics such as N mineralization ratés may be predicted by modifying the results
of 4 standardized laboratory incubation stidy, as a function of soil temperature
and moisture (Schmidt, 1982). A close match between N dynamics obtained from
laboratory incubation and field measurements has been demonstrated previously,
suggesting that laboratory 1ncubat10n is- a good way of estimating the in situ N
cy¢ling rates (Ollinger etal., 2002; Verchot et al., 2001).

Despite these observations, we acknowledge that the assumptlon of a relatively
unchanging SOM pool may:be overly slmphstlc and may be responsible for some
deviations from observations in the SINIC simulation results. The degree of over-
prediction gradually 1ncreased from the 19805 and ‘became substantial after 1990
(Flgure 2A), suggesting that there may have been a gradual change in the SOM
pool’ throughout the- 81mu1at10n period. It'is not ¢lear why SINIC overpredicted
nitrate loss in the later period: of simulation. ‘Some studies suggested that net N
mineralization.rate may décrease with time as'microbial demand for inorganic ni-
trogen increases because of accumulatlon of detrital blomass in the forest (Fisk
et al., 2002) and higher rates of microbial turnOVer and N 1mmoblhzat10n (Fisk
and Fahey, 2001; Aber et al., 1998). However, it is generally’ :recogmzed that older-
forests are expected to have hlgher rates of N {oss (Goodale et al., 2000; Goodale
and Aber, 2001) due to higher N mmerahzatlon and lower plant N uptake (Vitousek
et al., 1989; Aber et al., 1989). In any case, this forest clearly has not entered the
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stage when demand is greatly exceeded by mineralization, and SINIC seems to be
overestimating mineralization in the later period of simulation. As noted above,
changes in plant and SOM pools are not explicitly calculated in SINIC, which
makes the model inappropriate for simulating nitrogen dynamics over centuries
when significant changes in plant and SOM pools are to be expected (Parton et al.,
1983). However, to keep the model as simple as possible, no additional processes
were introduced to improve the fit over the latter, relatively small, portion of the
data record. The model simulates N flux during the periods of 1968-1977 and
1978-1989 well enough that it can be used as a tool to investigate the diffetences
between these two periods.

4.2. PROCESSES CONTROLLING THE LONG-TERM PATTERN OF NO3~ EXPORT

It is surprising that most variables in SINIC, summarized on a yearly basis, were
positively correlated with measured streamflow NO;™ loss (Table IIT). Such de-
pendencies among flux variables make it difficult to determine which factors con-
trol the pattern of nitrogen export using only correlation or regression analyses
(Murdoch et al., 1998; Williard et al., 1997; Kortelainen et al., 1997). Comparisons
between the periods of high (1968-1977) and low (1978-1989) streamflow NO3~
loss (Table V) suggest that inorganic nitrogen input to the soil, both as deposition
and mineralization, was significantly. higher in the high period. As a result, soil
nitrogen availability and all N fluxes limited by nitrogen availability (nitrification,
plant uptake, denitrification, and ammonia volatilization), as well as N export, were
significantly hlgher in the period: of high streamflow NO;™~ loss. Since the differ-
ence in mineralization between the high and low periods was more than 10 times
higher than the difference in atmospheric N input (1.742 g-N m~2 per year vs. 0.113
g-N'm~2 per year), it can be surmised that N mineralization was more important
in controlling NO3™ export from HBEF W6. This conclusion is supported by the
RRTS analysis (Figure 4), which demonstrated that replacing the time series of
atmospheric N deposition between the high and low periods had almost no effect
on the long-term pattern of NO3 ™ export, whereas replacing the time series of N
mineralization almost reversed the pattern. The results of RRTS analysis indicate
that the positive correlation between N deposition and streamflow N should not be
interpreted as a cause-effect relationship.

Nitrate loss was notuniformly distributed over the year. Summertime losses were
negligible, some losses occurred during the fall, but the greatest losses occurred
during the late winter and spring runoff (Figure 3A). The biggest monthly difference
in nitrate outflow between the high ahd low periods usually occurred during spring
runoff period (average of maximum monthly loss is 0.2'g-N m™2 mo~! + 0.06
during 1968-1977 compared to 0.075 g-N m‘2 mo~! &+ 0.05 during 1978-1989,
a difference of: .approximately 0.12 g-N m~2 mo™!). The peak month averages
42% of the annual measured loss diring the high flux penod and 49%, during
the low period. Nitrate loss showed significant differences between two periods



318 B. HONG ET AL.

in all months except January and February. Differences in monthly atmospheric
N input were relatively weak, appearing only at the 90% level in April, May and
July. The product of soil temperature and moisture factors, and thus simulated N
mineralization, were significantly different in May, July, September and October.
Over the eight months preceding the peak month of spring outflow, simulated
cumulative differences in mineralization between the high and low periods averaged
1.5 g-N m~2, cumulative differences in nitrification averaged 0.37 g-N m~2. These
processes led to a cumulative difference between the two periods of 0.12 g-N m—3
in the soil NOz™ pool over the same 8 months, and a 0.11 g-N m™3 difference in
soil NO3~ concentration during the peak spring outflow month. Consequently, the
difference in nitrate lost between the high and low periods durmg the peak month
is equivalent to one third of difference in the nitrate generated during the previous
8 months. The seasonal pattern appears to be that while some nitrate leaks from the
watershed during the fall and winter months, it generally accumulates in the soil
until there is sufficient water to flush it out during the thaws of the following spring. ‘

For the mineralized ammonium to be exported from a watershed with stream-
flow, it must be nitrified to nitrate, which has much higher mob111ty in the soil’
than ammonium (Vitousek and Melillo, 1979). Thus nitrification is referred to as a

‘gatekeeper’ for nitrogen losses (Robertson, 1982). High nitrification potential has

been related to high stream NO;~ in'two experimental watersheds in West Virginia
(Christ et al., 2002). Isotopic: tracer studies have revealed. that stream NO;~ orig-
inates from nitrification, not directly from atmospheric deposmon (Mayer et al.,
2002; Nadelhoffer et al., 1999). In our study, measured annual NO;7 export was
more strongly correlated with nitrification than with N mmerahzatlon (Table TII),
and the difference between the high and low periods of streamflow NO; ™ loss was
more s1gn1ﬁcant for nitrification than for N mineralization (Table V). These obser-
vatlons ‘suggest that nitrification, rather than N mmerahzatlon, may have played a
key role in controlling the pattern of N loss from HBEF wé. o

To investigate the relative importarice of various processes on the control of
nitrate loss, we: performed a series of additional RRTS analyses (Figure 6). Nitrifi-
cation is calculated in SINIC as-a function of the product of soil temperature and
moisture factors and soil NH4+ ava11ab111ty (Equatlon 5)). When the time series of
the: mod1fy1ng factors (the product of temperature and moisture factors) for hitri-
fication was rec1proca11y replaced little change occurred in the long-term pattern
of sirhulated NO;~ export (Flgure 6, case a). The pattern was alinost reversed,
however when the time: series of mod1fymg factors both for N mmerahzatlon and
n1tr1ﬁcat10n 'were replaced (Figure 6, case b). The additional rcc1proca1 replace-
ment of atmospheric N deposrtlon showed only a minor contribution to the pattern
(Figure 6, case c). Reciprocal replacement of atmospheric N deposition and nitri-
fication together did not. change the NO3~ export pattern significantly (Flgure 6,
case d), suggestlng that NH4 supply from atmospheric deposition isnot the-dom-
inant source: for nitrification. Based on these analyses, we conclude that the rate of
nitrification is heavily dependent upoh avarlabﬂlty of soil ammonium supphed by
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Figure 6. RRTS analysis of simulated streamflow NO;~ loss from HBEF W6, with the time series
of driving variables swapped between two 10-year periods of 1968—1977 and 1980-1989; case a: f;
(temperature factor) x fi (moisture factor) for nitrification swapped caseb: fr x fiy for N mineraliza-
tion and nitrification swapped; case c: N.deposition and fr x fu for N mineralization and mmﬁcatlon
swapped; case d: N deposition and fy X fy for nitrification swapped.

mineralization. The apparent temperature and moisture dependence of nitrification
rate lies in the direct effects of these factors on N mineralization, the source of
the ammonium pool. The importance of soil NH,™ mineralized from organic mat-
ter in controlling the rates of nitrification has been discussed by Rosswall (1982),
Robertson and Vitousek (1981), and Gbondo-Tugbawa and Driscoll (2002). In a
soil incubation study at HBEF, N mineralization rates and stream NO;™~ concen-
trations showed the same increasing trend with increasing elevation (Bohlen et al.,
2001). Watersheds in the mid-Appalachian region with high, medium, and low N'
mineralization rates showed high, medium, and low nitrification rates and NO3~
leaching, respectively (Williard et al., 1997). Links between N mineralization rate,
soil NO;~ pool and NO;™ leaching loss were demonstrated in northern hardwood
forests in western Upper Michigan (Fisk et al., 2002).

In SINIC daily variation'in the product of soil temperature and moisture fac-
tors is* the only deterrhinant of thé daily N mineralization. If N mineralization
has excrted an important’ 1nﬂuence on N dynamics and streamflow NOs~ flux at
HBEF W6 this product must have followed a similar pattern. Indeed, a nonlin- -
ear fit of the average product of the da11y temperature factor and moisture factor
toa slmple function of time, such as a linear trend plus a damped sine term (to
remove the hlgher frequency components of the time series) exhibits a long-term
pattern roughly similar to that observed in streamflow NO;~, with a large peak in
the 1970s, a large’ valley in the 1980s, and a smaller peak around 1990 (Figure 7).
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Figure 7. Yearly standardized (mean subtracted and divided by standard deviation) f; (temperature
factor) x fu (moisture factor). The solid line is the nonlinear fit of a linear trend plus exponential/sine
function.

Therefore, we conclude that changes over time in the interaction of temperature and
moisture factors on N mineralization produced the shifts in long-term streamflow
NO; ™ loss simulated in SINIC and possibly in the NO3; ™ export patterns observed
at HBEF W6 as well. Neither the temperature factor nor the moisture factor alone
displayed this pattern. Although the product of the temperature factor and mois-
ture factor was significantly higher in the high NO3;™~ export period than in the
low period, these individual factors were not significantly different between two
periods (Table V). Climatic variables that are used to calculate the temperature
factor (air and soil temperatures) and the moisture factor (precipitation and PET)
also did not show significant differences. Longer term climatic record (1956-2003)
available at HBEF W1, which is close to W6, did not suggest any long term trend
in precipitation and air temperature that could explain the difference in NO;~ ex-
port between two periods (http://www.hubbardbrook. org/research/data/data htm).

The climatic variables i in these periods did not seem to deviate from average long -
term climatic condition. Although Murdoch et al. (1998) reported that mean air
temperature alone was s1gn1ﬁcantly correlated with N export at the Biscuit Brook
watershed in the Catskill Mountams NY, this was not the case at HBEF W6 (Ta-
ble III). Thus, while the cumulatlve interaction of climatic factors was sufficient
to explain most features of the long-term’ pattem of streamflow NO3 loss from
this watérshed, this relatlonshlp would not have been revealed by exammmg in-
dividual climatic vanables We believe that this study 111ustrates the value of a
modeling approach, together with carefully constriicted assumptions and proper
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‘probing’ tools such as RRTS analysis, for evaluating the interactive effects of in-
terannual climatic variability on soil N dynamics and NO;~ losses from forested
ecosystems. ’

4.3. MISSING PROCESSES

How likely is it that processes omitted from these simulations, such as disturbance,
N fixation, and abiotic immobilization could indirectly have played a role in caus-
ing the difference in NO3;~ export between the two periods? In SINIC, the initial
state of the system is embedded in several parameters including ki, (daily net N
mineralization rate under optimal conditions; Equation (3)) and Dy, (annual plant
N demand; Equation (4)). The exact values of these parameters may reflect the
disturbance history of the watershed being modeled, and may be an integration of
many site-specific properties-such as C:N ratio (Ollinger et al., 2002; Kortelainen
et al., 1997), site fertility (Williard et al., 1997), soil pH (Christ ez al., 2002), species
composition (Lovett et al., 2000), and topographic features (Bohlen et al., 2001).
The applicability of SINIC to other watersheds may be limited by data availability,
because estimating kpin and Dyear requires data from soil incubation study and forest
inventory, respectively. Spatial and temporal variation in potential mineralization
rate observed in soil incubation studies (Bohlen ef al., 2001) may also make the
estimation of ki, difficult.

SINIC does not include some nitrogen cycling processes such as N fixation and
abiotic 1mmob111zatxon of inotganic N into SOM. Nltrogen fixation at HBEF W6
has been estlmated to be as high as 1.42 g-Nm™ 2 per year, although this value is
obtained by difference from balancing the N budget (Bormann et al., 1977). Abiotic
immobilization may play an important role in N retention in forested ecosystems,
but quantitative description of this process has not been accomplished yet (Dail
et al., 2001; Aber ef al., 1998). SINIC also does not include all components of
streamflow N export. Dissolved organic nitrogen (DON) was a major component
of streamflow N loss from forested watersheds in the northeastern United States
including HBEE W6 {Campbell ez al., 2000) and i it is known that DON and ammo-
nium can be the dominant forms-of N in pristine forest streams (Perakls and Hedin,
2002). However, despite the prominent role that has been identified for these’ pro-
cesses under spec1ﬁc conditions, there is no reason to suspect that their addition to
the model would i improve its predtctlve ability, and there is no obvious'reason why
changes in these processes between the two periods would result in the differences
in NO;™ loss. We have shown that. arelatively simple nitrogen cycle model was able
to reproduce most of the multl—decadal patterni of N éxport from HBEF' W6 without
considering the effects of extreme events on soil N dynamlcs Ni 1trogen ~m1nerahza-
tion was the most likely driver for the long-term pattern. Although mtnﬁcatlon isan
important process generating the: soil N O3~ pool, the supply of: ammonjum from N
mineralization drives the nitrification rate. Because the interaction of s01l ‘tempeta-
ture and moisture is the only determinant of the N mmerahzatlon rate in"SINIC, we
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conclude that these factors produced the shifts in long-term NO; ~ export simulated
in our model and likely those observed at HBEF W6. These results are important
because they differ from previous analyses, which have ascribed the pattern of N
loss to a complex of processes including soil freezing and insect defoliation that
are difficult to measure or predict accurately, and to delayed effects of drought or
hurricane damage over multiple decades. In contrast to these earlier reports, our re-
sults suggest that the interaction of daily temperature and moisture effects, without
significant lag periods, plays a dominant role in predicting the observed pattern of
NO;~ export.
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