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Abstract.  A module of dynamic parameterization is added into the HSPF wa-
tershed software for simulation of dissolved inorganic nitrogen (DIN) export 
from forest associated with gypsy moth defoliation. It simulates a changing 
ecosystem following the breakout of defoliation, such as increasing mineraliza-
tion and nitrification rates and soil temperature, and decreasing interception of 
precipitation, plant nitrogen uptake rate and evapotranspiration.  These parame-
ter values vary with the stages of a defoliation event, such as the progressive pe-
riod, the peak period, and the recovery period, the simulated DIN export from a 
multi-occurrence defoliation area in Shenandoah National Park in Virginia, 
USA, is comparable with the observed data.   

  
 
1 Introduction 
 
Forest is one of the important landuses in the Chesapeake Bay watershed (Fig. 1), 
covering about 60 percent of the area.  The load of nitrogen (mass per unit area) is 
usually much lower from forest than from other landuses due to low nitrogen input, 
and high uptake and storage potential.  However, increased dissolved inorganic nitro-
gen (DIN) export from mid-Appalachian forest following insect defoliation by the 
gypsy moth caterpillar (Lymantra dispar) has been observed at numerous sites [1,2].  
Efforts have been made to simulate such conditions in computer models in order to 
improve watershed calibration and loading computations, with varying degrees of 
success [3,4].  However, these efforts are not successfully associated within the 
widely applied watershed models, such as HSPF (Hydrologic Simulation Program – 
Fortran) [5].  The HSPF software is the primary tool to estimate nutrient load to the 
Chesapeake Bay, the largest estuary in the USA, from its watershed.  The current 
Chesapeake Bay Watershed Model (CBWSM, which uses HSPF) does not consider 
nutrient processes involving gypsy moth defoliation [6].  It is desired for HSPF to 
have the capability in simulation of DIN export associated with gypsy moth defolia-
tion, so that to provide more accurate information for nutrient management decisions.  
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The implementation of a watershed model with gypsy moth defoliation requires 
understanding of physical, chemical, and biological processes associated with the 
defoliation, and a model structure capable of simulating these processes.  Wang et al. 
[7] discussed the consequences of ecosystem changes after defoliation and the ad-
justment of related parameters in HSPF for the ecosystem simulation.  They obtained 
elevated DIN export, and demonstrated a prospective of using HSPF to simulate 
gypsy moth defoliation.  However, the parameter adjustments were confined in the 
parameter blocks of the HSPF input-deck.  The HSPF allows these parameters to vary 
among months but with the same values in every year for that months, and cannot 
specify a value in the middle of a month. Therefore, the simulated daily DIN export 
did not match well with the observed.  The timing of outbreak, and the duration and 
intensity of gypsy moth defoliation are different in different occurrences. Therefore, it 
is important to have a dynamic parameterization for different stages in a defoliation 
event and for different occurrences of defoliation. Although the “Special Action” of 
the HSPF allows dynamic change in many parameters, its restrictions do not fully 
meet our requirements. We setup a module to change parameter values dynamically.  
This paper describes how we setup the module of dynamic parameterization in HSPF, 
and presents the simulated DIN export from a multi-occurrence defoliation area over 
a few years.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Location of Shenadoah National Park and Chesapeake Bay watershed, USA 
 

 Shenandoah National Park
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2   Method 
 
HSPF version 11 is the base code for the model simulation.  A dynamic parameteri-
zation module was added, so that parameter values can change with the changing 
ecosystem in different stages of a defoliation event.  Note: the original HSPF ver-
sion 11 code yielded lower DIN exports under higher flows when using the Micha-
elis-Menton saturation kinetics for plant nitrogen uptake [8].  Prior to adding the 
dynamic module, the associated code was corrected to yield a positive relationship 
between DIN export and flow in high flow conditions [9].  Most of the parameters 
used in this study are based on the CBWSM Phase 4.3 calibration for non-
defoliation forest in the above-fall-line of the Piegmont area of the Rappahannack 
River basin, which is referred to as the “base condition” in the following text.  

Defoliation could result in a variety of effects on the forest [10], such as 1) re-
duction in transpiration rate, 2) decrease in uptake of nutrient by plants, 3) higher 
soil temperature due to increased radiant energy flux to forest floor, and 4) altera-
tions in microbiological activity.  In the simulation of gypsy moth defoliation, the 
above changes in the ecosystem are considered.  While other external conditions 
(i.e., precipitation, other meteorological conditions, and atmospheric nitrogen depo-
sition) are set the same as in the base calibration.  The dynamic parameterization 
module allows user to specify the following information related with a defoliation 
even: the beginning, peak and ending date of defoliation, percent coverage of defo-
liation area versus the forested area, intensity of defoliation (i.e., percentage of trees 
is defoliated in the defoliation area), parameter values such as plant uptake rate, 
mineralization and nitrification rates, evapo-transpiration rate, intercept of precipi-
tation, and soil temperature factors in the peak and normal conditions.  The lag time 
between the maximum change of some parameter values and the peak defoliation 
can be set by the user for ease of calibration, although it is not required.  

The module converts the information to daily parameter values that vary with 
the stage of defoliation.  During the recovery of the forest, the parameter values 
change back gradually to the normal condition.  The model can also handle multi-
occurrence of defoliation events.  With the module, the HSPF updates these pa-
rameters in the simulation run.  The module is, in fact, a bridge between the HSPF 
simulation and the info of dynamic changes in parameters associated with defolia-
tion stages.  The defoliation events in this study are referred to a forested water-
shed, Piney River watershed of Shenandoah National Park (Fig. 1), during the pe-
riod 1987-1993.  The area of mapped defoliation is 3.8%, 32.3%, 34.0%, 15.2%, 
0.0%, 14.2% and 0.0% in 1987-1993, respectively. The intensity of defoliation is 
set at 50%, i.e.,  moderate heavy.  
 
 
3 Result 
 
With the above setting of parameters for gypsy moth defoliation, high DIN export 
was yielded (Fig. 2).   
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Fig. 2. Simulated DIN load from Piney River watershed in Shenandoah National Park using 
HSPF with a dynamic parameterization module 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Observed DIN loads from Piney River watershed in Shenandoah National Park, which 
undergone gypsy moth defoliation 
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The pattern of the simulated DIN export (Fig. 2) is similar to that observed from the 
Piney River watershed (Fig. 3). The Piney River watershed is forested.  Defoliation 
broke out in 1987 and the consecutive years, while elevated DIN export did not occur 
until late 1989, showing about 2-3 years of lag time between defoliation and elevate 
DIN export. This simulation run is a preliminary one, without an intensive calibration.  
In the model, the defoliation-related parameters are set dynamically for the simulated 
area, but may not be set optimally.  Moreover, other non-defoliation related parame-
ters, such as soil conditions, slope of land, size of forested area, average elevation, 
etc, are based on model segment 230 of CBWSM, which may not represent the simu-
lated area correctly.   

Flow is a primary force of DIN export. Hydrology is an important factor control-
ling the amount and timing of peak nitrogen export after defoliation, and the lag time 
between defoliation breakout and elevated DIN exports [7].  Figure 4 is the simulated 
flow.   

Without considering defoliation, the simulated DIN export would be low, as 
shown in Fig. 5.  Defoliation causes an elevated DIN export (Figs. 2 and 3).   

This work shows that the DIN export associated with a real defoliation case can 
be simulated.  It demonstrates that the HSPF is capable of simulating the conditions of 
gypsy moth defoliation with the help of a dynamic parameterization module.   
 
 
 

Fig. 4.  Simulated edge of stream flow from Piney River watershed 
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Fig. 5. Imulated DIN loads from forest of Segment 230 under the base calibration  (i.e., without 
simulating defoliation)  
 
 
 
 
4 Discussion 
 
4.1   Transformation of Organic Nitrogen to Inorganic Nitrogen 
 
The products of insect defoliation, such as insect biomass, frass, and litters, are impor-
tant sources of organic nitrogen, and cause, through mineralization and nitrification, 
an increase in inorganic nitrogen availability [11][12].  The model simulates these 
sources as organic nitrogen and ammonia in the soil surface layer.  These nitrogen 
constituents on the surface layer further transforms throughout the simulation period. 
Higher mineralization and nitrification rates after defoliation cause DIN more avail-
ability and higher export [7]. The mineralization rates of organic nitrogen and nitrifi-
cation rates in the top soil layer are set as high as 10 times of the base calibration set-
ting for a severe ecosystem change. The module allows a specification of lag time 
between the peak defoliation and the peak of tortured ecosystem.  The rates and lag 
time can be adjusted through model calibration.  
 
 
4.2   Plant Uptake 
 
In the CBWSM, plant uptake rate (U)for forest is simulated with the Michaelis-
Menten saturation kinetics: 
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U  =  Um  * (C / (Ks + C) ,    (1) 
 
where, Um is the maximum plant uptake rate, C is the concentration in soil, Ks is the 
half saturation constant.  The Ks of nitrate and ammonia are usually referred to former 
work or the literature [12]and finalized by model calibration.  Um is dependent on 
forest conditions.  Under constant Ks and a specific C, higher Um yields higher U.  In 
the CBWSM, Um is specified monthly, with higher in the summer and lower in the 
winter, and differs among soil layers.  Plant uptake decreases significantly after defo-
liation (Bormann and Likens, 1979), which is one of the major cause of elevate DIN 
export after defoliation [7].  Correct simulating plant uptake is important in moderat-
ing nitrogen export from defoliated areas [13].  In gypsy moth defoliation model, the 
Um for a soil layer is suggested to be set at the lowest month rate of the base calibra-
tion in the temperate forest.  
 
  
4.3   Evapotranspiration (ET) 
 
In the CBWSM, evapotranspiration is determined by various factors, such as meteoro-
logical, soil, and vegetation conditions.  The potential evapotranpiration (i.e., de-
mand) is determined by meteorological conditions.  The sources for evapotranspira-
tion are, according to moisture availability for the demand, from the storage or out-
flow of soil layers.  The loss of leaves by gypsy moth defoliation could cause signifi-
cant reduction in transpiration of moisture taken by roots from the lower zone. This 
can be simulated through adjusting the lower zone evapotranspiration parameter, 
LZET.  Reduction in LZET after defoliation could cause higher discharge and in-
crease DIN export.  Our assessment in Shenandoah National Park suggested that set-
ting LZET at about a half of the base calibration value be appropriate in peak defolia-
tion.  
 
 
4.4   Soil Temperature 
 
In the CBWSM, surface soil temperature is estimated by regression from empirical air 
and soil temperatures: 
 

Ts = Y + S * Ta ,                                  (2) 
 
where, Ts = surface layer temperature (degrees C), Y  = y-intercept of regression, S 
=  = slope of the regression, and Ta = air temperature (degrees C).  The regression 
coefficients vary with months.  The monthly y-intercept ranges from 2 to 16 de-
grees C from winter to summer in the base calibration.  In the gypsy moth defolia-
tion simulation, the y-intercepts range from 5 to 25 degrees C from winter to sum-
mer, while the slope is set the same as the base calibration.  The elevated soil tem-
perature in the simulation causes less organic nitrogen but slightly more DIN export 
[7].  This may be due to elevated soil temperature that promotes mineralization of 
organic nitrogen to DIN and subsequent nitrification.  On the other hand, elevated 
soil temperature may also increase the evaporation rate, causing less flow and less 
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DIN export.  The overall effect of elevated soil temperature appears to cause lower 
organic nitrogen (OrN) for a long period, higher DIN in the earlier period following 
defoliation, but less DIN in later period due to depletion of organic nitrogen in the 
soil storage [7]. 
 
 
4.5   Interception of Precipitation 
 
In the CBWSM, interception is specified monthly, with highest values in the summer 
and lowest values in the winter.  In modeling gypsy moth defoliation, the interception 
values were set as the January value in the base calibration to simulate the decrease of 
interception capacity of tree after defoliation.  A decrease of interception after defolia-
tion causes more water to infiltrate and slightly higher DIN exports based on a 10-
year average [7]   

Wang et al. [7] noticed that in some high flow days after the defoliation DIN ex-
port is slightly less than that by assuming a higher interception as the base calibration 
setting.  This may be due to the fact that on high precipitation days the soil moisture 
storage meets ET demand in both defoliation and non-defoliation cases.  In the defo-
liation case, less interception has more remaining ET demand for the lower layers and 
has lower ratio in groundwater/surface runoff, causing a relatively lower DIN/OrN 
ratio in export, because DIN export is related more with interflow or groundwater 
flow, and OrN export is related more with surface flow.  Moreover, a high export of 
OrN in the early period of gypsy moth defoliation may allow less conversion of OrN 
to DIN in later days [7].  Nevertheless, in a 10-year average, both DIN and OrN ex-
ports are higher under the lower interception condition.  
 
 
 
5 Conclusion 
 
The above work shows that dynamic parameterization enables the HPSF watershed 
software to simulate gypsy moth defoliation.  Under the defoliation conditions, insect 
biomass, frass, and leaf debris are important nitrogen sources for the forest soil.  The 
changes in the forest ecosystem following defoliation play important roles in control-
ling rates of nitrogen export.  The decrease of plant uptake is an important factor.  The 
increase in biological activities causes higher availability of DIN in soil layer, leading 
to higher nitrogen export.  Decrease in transpiration and interception increases flow 
and nitrogen export.  The increase in soil temperature can increase evaporation rates 
and decrease flow and DIN export.  However, the increase in soil temperature in-
creases ammonification and nitrification rates, increasing DIN export.  Hydrology  
pattern controls the amount and timing of nitrogen export.  The availability of nitro-
gen in soil and hydrological forcing determine the lag time of peak DIN export after 
defoliation.  The effect of gypsy moth defoliation can affect nitrogen export for sev-
eral years. 
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