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In order to effectively use ecosystem models to understand the combined influence of these

perturbations, the level of detail, or resolution, of input data must be carefully matched to the

scale of analysis. By interpreting historic accounts of anthropogenic forest disturbances in

the Adirondack Park between 1860 and 1916 into GIS models, we developed two realistic dis-

turbance history scenarios of differing resolution. Using these models, we found predictions

of present-day N cycling obtained from an ecosystem process model, PnET-CN, to be sensi-

tive to the resolution of century-old disturbance input data. PnET-CN predictions obtained

using the higher-resolution (more complex) disturbance scenario produced significantly dif-

ferent predictions of N cycling for selective-cut versus clear-cut disturbance regimes. Our

experience with the combined use of GIS and a biogeochemical model suggests that the

development of spatially explicit disturbance history information from historic accounts

may enable future research to: (1) develop more precise quantitative disturbance history

inputs at appropriate resolutions for ecosystem process models, and (2) more adequately

characterize field-testable differences in old-growth, selective-cut, and clear-cut disturbance

regimes.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction

The legacy of historic disturbance is a crucial factor in under-
standing ecological pattern and process (Foster et al., 2003).
Unfortunately, the logistics, time, and monetary expense of
obtaining disturbance history information rapidly increase
with the resolution (i.e., level of information) of the data. As
researchers leverage the combined technologies of GIS, remote
sensing, and ecosystem process models to understand broad-
scale ecological problems at increasingly fine spatial and tem-
poral resolutions (e.g., Ollinger et al., 2002; Schulze et al., 2002;
Steffen et al., 2004; Turner et al., 2004; Keller et al., in press), the
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large costs of obtaining high-resolution disturbance informa-
tion (e.g., via land record archives, dendrochronology, pollen
analysis, pedologic analysis) will require environmental sci-
entists to carefully match the resolution of forest disturbance
information to the scale and method of analysis.

This research considers the role of disturbance history
within the problem of nitrogen (N) pollution in the northeast
United States (NE US, Driscoll et al., 2003). The cycling of N in
the NE US is a human dominated system; almost every por-
tion of this region has undergone extensive land-cover change
during the past 200 years (Foster and Aber, 2004) and, on aver-
age, currently receives over 18 times more anthropogenically
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fixed N than natural inputs (Boyer et al., 2002). Across this
historically human dominated landscape, the current large
amount of additional N can cause serious environmental con-
sequences to the quality and health of air, forests, surface
waters, and estuaries in the NE US (Driscoll et al., 2003). As
human activity continues to assert its dominant role in this
system, there is an increasing need to identify and describe the
character of our past and present contributions to the func-
tioning of this system. Most importantly, human contributions
must be understood across scales of analysis, ranging from
localized, acute land-cover change (Foster and Aber, 2004) to
the regional, chronic effects of atmospheric N deposition to
ecosystems throughout the region (Aber et al., 2003).

Researchers in the NE US have long recognized this need
for a multi-scale, regional understanding of the anthropogenic
manipulation of N cycling. Over 10 years ago, Aber et al. (1993)
developed a modelling approach to understand the function-
ing of forests across the region. This approach combined
geographic information systems (GIS) and simple statistical
models to parameterize a simple, lumped-parameter forested
ecosystem model, PnET (Photosynthesis and EvapoTranspira-
tion). Since the development of this approach, the PnET family
of models have been tested and validated extensively at sites
throughout the region, and shown to be capable of assist-
ing in the development of policies concerning acid deposition
(Driscoll et al., 2001) and N pollution (Driscoll et al., 2003).

FIA and state-level census information are typically too coarse,
and fine-resolution, localized knowledge of disturbance his-
tory is extremely difficult to obtain for large areas.

The purpose of this research is to test the sensitivity of
PnET-CN predictions of present-day N cycling using two reso-
lutions of historically documented anthropogenic disturbance
within a large region of the NE US, the Adirondack Park, New
York. In our description of this sensitivity analysis, we will
(1) discuss the use of GIS for “interpreting” historic records
and modelling realistic scenarios of disturbance, (2) describe
the use of these disturbance models as input to PnET-CN, and
(3) answer the research question: are PnET-CN predictions of
present-day N cycling sensitive to the different anthropogenic
disturbance regimes that occurred within the Adirondack Park
during 1860–1916?

2. Methods

2.1. Study area

2.1.1. Physical geography and N cycling
Originally protected by an 1894 amendment to the constitu-
tion of New York State requiring forest preserve lands to be
“forever kept as wild forest lands”, the current 2.4 million
hectare Adirondack Park of northern New York State, USA
(Fig. 1), contains a globally unique mountainous landscape of

wetlands, northern hardwood and boreal forests, alpine tun-
dra, and over 3000 lakes (Driscoll et al., 1991; Jenkins and Keal,
2004). The Park’s downwind location from the industrialized

Fig. 1 – Study area map. The five regions discussed in the
text are designated by the white boundaries and roman
numerals (I = Hudson, II = East Canada Creek, III = West

Canada Creek, IV = St. Lawrence, and V = Champlain). The
five sample watersheds within each region are displayed in
dark grey. Major rivers draining each region are also shown.
As identified by studies using the PnET-CN version of the
model (Aber et al., 1997), a major consideration within the
PnET approach to understanding N cycling in ecosystems lies
within its parameterization of disturbance history (Aber et al.,
1997; Goodale et al., 2002). In the NE US, disturbance causes
N to be leached from the forest ecosystem, and counteracts
the accumulation of atmospherically deposited N (Aber et al.,
1998). The linkage between disturbance and leaching of N from
ecosystems has been recognized for some time (Likens et al.,
1970; Vitousek et al., 1979), but the potential long-term (i.e.,
100–300 years) legacy of disturbance on N cycling has only
recently been recognized by researchers in the NE US. As sug-
gested by field studies (Goodale et al., 2000; Goodale and Aber,
2001) and evident within past PnET-CN modelling studies (e.g.,
Aber and Driscoll, 1997), the magnitude of the measurable
legacy of disturbance upon current rates of N cycling may be
dependent on the type, timing, frequency, intensity, and spa-
tial extent of disturbance.

In PnET-CN, disturbance history is parameterized as a
yearly record of forest biomass mortality and removal. For
previous validations of PnET-CN, the level of detail, or res-
olution, of disturbance history information has been highly
dependent upon the scale of analysis. Aber et al. (1997) val-
idated and applied PnET-CN in small watersheds (10−2 km2)
using high-resolution disturbance data obtained with sub-
stantial localized historical knowledge. Goodale et al. (2002)
validated and applied PnET-CN in large watersheds (103 to
104 km2) of the eastern United States by using county-level
United States Forest Service (USFS) Forest Inventory and Anal-
ysis (FIA) data on forest age-class structure, and state-level
US census information on agricultural abandonment. While
successful at their respective scales of measurement, imple-
mentation of either methodology at intermediate scales (i.e.,
10−1 to 102 km2) presents substantial difficulty: county-level



e c o l o g i c a l m o d e l l i n g 1 9 5 ( 2 0 0 6 ) 281–295 283

Ohio River valley and proximity to major east coast urban
centers cause portions of the Park to receive some of the
highest rates of nitrate (NO3

−) and ammonium (NH4) depo-
sition in the NE US (NADP, 2004). As measured with N input
and output budgets by Ito et al. (2005), watersheds in the
Adirondack Park currently exhibit highly variable rates of N
retention. There are five principal spatially variable factors
in the Adirondack Park that could influence this variability
in N retention: watershed topography/hydrological pathways,
climate, nitrate deposition, species composition, and site dis-
turbance history (Aber et al., 2003). Techniques to efficiently
model or remotely observe the spatial variability of the first
four factors are readily available, and include hydrological
analysis of available USGS 10 m DEMs, determination of cli-
mate and nitrate deposition values using regression equations
incorporating latitude, longitude, and elevation (Ito et al., 2002)
and the use of remote sensing to determine species composi-
tion (e.g., Martin et al., 1998). However, existing techniques to
map the spatial patterns of disturbance history (e.g., pollen
analysis, land-deed surveys) are comparatively difficult – if
not impossible – to implement across the large expanse of the
Adirondack Park.

2.1.2. Disturbance history
Unlike the majority of forest lands within the United States,
USFS FIA forest age-class structure data are not recorded on
the “forever wild” designated lands of much of the Adiron-
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Fig. 2 – Modelled primeval land cover map, with selected
geographic features mentioned in the text. Predicted spruce
areas are shown in dark grey and major water bodies are
shown in light grey. All other areas were predicted as
mixed northern hardwood forest.

ferent parts of the present day Adirondack Park. Unlike the
more omni-present agricultural clearing that occurred across
much of New England during the 19th century (Foster and
Aber, 2004) our interpretation of McMartin’s historic record
lead us to characterize disturbance regimes in the Adiron-
dacks into five distinct regions (Fig. 1), with each region gen-
erally delineated by principal watershed boundaries. The one
exception to this delineation was in the Hudson region, where
we considered the lands draining into Lake George – part of the
Lake Champlain watershed – (see Fig. 2) to have disturbance
patterns more similar to the adjacent Hudson valley. The dis-
turbance regimes that diffused within each of these regions
were characterized by unique mixes of three disturbance
types: agricultural clearing, clear-cut logging for charcoal pro-
duction, and selective-cut spruce harvests (Table 1). Agricul-
tural land uses began in the early to mid 19th century, and

isturbance typeb at each mapped time snapshot within the

West Canada creek St. Lawrence Lake Champlain

M M Ag
F L Ch
M P Ch
L R P

(L), pu
ack Park. Nevertheless, the Adirondack Park has a substantial
ecorded history of both natural and anthropogenic distur-
ance, available in the form of a thoroughly researched written
istory (McMartin, 1994), historic maps from 1885 and 1916

Jenkins and Keal, 2004), and several GIS datasets (APA, 2001).
hese sources document many natural disturbances, includ-

ng an extensive 1998 ice storm, large blowdown events in 1950
nd 1995, and slash fires following logging in the early 20th
entury. Anthropogenic disturbance was minimal through the
re-European period, and then limited to small farming com-
unities in the eastern lowlands of the Park from the Euro-

ean settlement period until the mid 19th century (McMartin,
994). However, the anthropogenic disturbances to Adiron-
ack forests during the late 19th century and early 20th cen-
ury mark the region’s most intensive period of disturbance
ince the ice age (McMartin, 1994).

An emergent trend within the historic record during
860–1916 is the uneven distribution of disturbance across dif-

Table 1 – Regional disturbance historiesa, as identified by d
study period

Hudson East Canada creek

1860 Ag Ag
1885 M M
1892 L L
1909 P P
1916 R R

a Regions correspond to those identified in Fig. 1.
b Agriculture (Ag), selective-cut spruce harvests of mast (M), lumber

charcoal production (Ch); see text for detail.
P M R

lp (P), and high-elevation/remote (R) logs, clear-cut fuel harvests for
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were confined to lowland areas within the eastern regions of
the Park. Due to the ease of transport onto nearby Lake Cham-
plain, the clear-cutting of both hard and softwood forests for
the production of charcoal (used in iron smithing) was ram-
pant in the northeastern region of the Adirondack Park during
the mid-late 19th century. Selective-cut logging (i.e., harvest
of spruce trees for lumber or pulp) was the most widespread
and recurring disturbance type during the 1860–1916 time
period; affecting almost every part of the Park. Unlike the
widespread clear-cut logging in the White Mountains of New
Hampshire (Goodale and Aber, 2001), logging was predomi-
nately focused on the selective harvest of spruce trees. As
technology and demand increased throughout the 1860–1916
time period, logging became progressively more intensive
and spatially extensive. Much of the Adirondacks was logged
repeatedly (McMartin, 1994): first for large “mast” logs (>12′′

in diameter), then for lumber logs (>8′′ in diameter), and
finally for pulp logs (>4′′ in diameter). Following these three
harvests of easily accessible forests, more intensive selective
logging occurred on high slopes (e.g., High Peaks area; see
Fig. 2) and remote areas. According to McMartin’s account,
the timing and spatial extent of logging was primarily dic-
tated by the developing transportation networks. The arter-
ies of the logging trade in each of the five regions were first
and foremost along the rivers manipulated for the “driving”
of logs, but later included the newly constructed railroads.
Roads and wagon trails served to transport logs to these main

Based on available historical records of forest disturbance,
which only allowed us evaluate GIS models at discreet time
intervals, we created five “snapshot” maps (Langran, 1992),
which depict the spatial extent of forest disturbance occurring
between two dates. We selected the end dates of 1860, 1885,
1892, 1909, and 1916 based on availability of historic records
and their proximity to key events. The year 1860 was chosen
to spatially represent all the extant agricultural activity that
preceded our time period. A commission was granted in 1885
by New York State to survey the land for its value as a Park;
the resulting map of this commission describes a rough pic-
ture of the extent of logging activity in the Park until that time
(see map in Jenkins and Keal, 2004). The year 1892 witnessed
the construction of the Adirondack division of the New York
central line in the western portion of the Park – the only rail-
road ever to cross the park – and the beginning of state land
acquisitions. These two factors dramatically changed the spa-
tial pattern of disturbance in the Park. Finally, we chose 1909
and 1916 based on the availability of historic maps. The 1909
map (Wood and Smith, 1909) documented the extent of the
rail and road transportation network, an important input to
our models. The 1916 fire response map (APA, 2001) gave a
rough picture of the land cover status of each tract of land
within the Park.

2.2.2. Input data
We obtained nine input datasets from the Adirondack Park
arteries.
Coevolving with the increasing intensity of logging and

construction of railroads during the 1890s, the State of New
York earnestly began to acquire tracts for designation as “for-
ever wild” land within the newly created Adirondack For-
est Preserve. The story of the competition for land between
state preservationist interests and logging interests during the
years of 1890–1910 is quite unique to the Adirondacks and
beautifully described by McMartin (1994). The result of this
competition is a highly variable pattern of land disturbance
history across the Adirondack Park, but one driven by consis-
tent, broad-scale trends.

2.2. GIS models

2.2.1. Background
The theoretical background for our spatial interpretation
of the disturbance history trends in the Adirondacks is
found from the work of David Foster and his colleagues
at Harvard Forest, Massachusetts (e.g., Foster, 1992, 1995;
Motzkin et al., 1996; McLachlan et al., 2000). As measured
by pollen analysis, historical land ownership records, his-
toric air photos, and dendrochronology, Foster and his col-
leagues find patterns of anthropogenic disturbance history
for central New England to be closely linked to environ-
mental controls (e.g., distance from roads, slope, and soil
drainage). With this guiding theoretical background, and
through implementation in a GIS, we developed the hypoth-
esis that, for each region in the Adirondacks, it would be
possible to “translate” historical records (e.g., McMartin, 1994)
into models describing spatio-temporal patterns of distur-
bance history through the 1860–1916 time period of intensive
disturbance.
Agency (2001) with spatial coverage throughout our study area:
(1) a United States Geological Survey (USGS) 1 arc second Dig-
ital Elevation Model (DEM); (2) a percent slope map derived
from the DEM; (3) a dataset describing the location and year of
each state land acquisition; (4) a nine-class, 1:250,000 scale soil
drainage map; (5) delineations of the 14-digit USGS Hydroloic
Unit Code (HUC) level watersheds; (6) USGS Digital Line Graph
(DLG) data of current roads; (7) USGS DLG rivers data; (8) USGS
DLG towns data; (9) USGS Digital Raster Graphic (DRG) 1:24,000
topographic map data. We also obtained a hardcopy 1:126,720
scale map describing the historic rail and road transportation
network (Wood and Smith, 1909). From these data, and fol-
lowing descriptions found in McMartin (1994), we derived two
further input datasets for use in our GIS models: primeval for-
est lands cover, and transportation network, described below.

The primeval forest land cover dataset classifies every 1
arc second pixel within the Adirondack Park boundary into
one of three land cover types: spruce forest (100% spruce),
mixed forest (25% spruce, 75% hardwoods), and water (Fig. 2).
The basis of our classification was a diagram and descrip-
tion of the primeval land cover found in McMartin (1994,
p. 38), which predicts pure spruce forests on poorly drained
soils or elevations above 2500 ft (762 m). The remainder of the
land area is assumed to be primeval mixed northern hard-
woods, which, on average, included approximately 25% spruce
(Pinchot, 1898). Using a 1 arc-second soil type map and DEM
available digitally from the Adirondack Park Agency (APA,
2001), we classified pure spruce stands as all pixels having
either: (a) soil attribute of “somewhat-poorly drained” to “very
poorly drained” or (b) an elevation attribute of greater than
762 m (2500 ft). Water areas were selected as all pixels having a
soil drainage attribute of “water”. The mixed forest areas were
defined as all areas neither classified as water nor spruce.
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The transportation network dataset describes the trans-
portation type (i.e., river navigable for log driving, road, or
railroad) and date of construction (when obtainable) for each
mode of transport used during the 1860–1916 time period. Each
segment of navigable river was selected from the DLG rivers
data, and, according to the descriptions found in McMartin
(1994), attributed with the year it became available for log driv-
ing. Each segment of road was selected from the DLG roads
data based on its presence on Wood and Smith’s (1909) map.
We did not find a reliable means to attribute the year of con-
struction for each road segment. Each segment of railroad
was digitized according to Wood and Smith’s (1909) map and
attributed with the year of its construction using the descrip-
tions of McMartin (1994). We digitized the spatial location of
each railroad using the DLG towns and DRG data as back-
ground layers.

2.2.3. Model development
Our purpose in developing the GIS models of disturbance his-
tory was to provide realistic inputs for testing the sensitivity of
the PnET-CN model. We developed two GIS models of differing
resolution. Each model produced five snapshots of the spatial
extent of disturbance occurring within our study period. Model
1 was a simple, low-resolution model, simulating the spatial
diffusion of one disturbance regime across the entire study
area. Model 2 was a more complex, high-resolution model (i.e.,
increased information content), simulating the spatial diffu-
s
r

t
s
(
s
l
t
S
r
l
l
s
f
s
s
f
d
d
a
b
p
d
b
d
e
t
b
t
i
H
f

Table 2 – Model 1 buffer widths (in km) about the
transportation network

Rivers Roads Railroad

1860 5 1 a

1885 7 1 5
1892 7 2 5
1909 7 3 5
1916 15 5 5

a Railroad not present.

logs down the major Hudson River to the rapidly industrializ-
ing east coast urban centers, and financial backing of wealthy
New York city entrepreneurs. The unevenness of the human
factors of technology, capital, and demand driving logging in
the Adirondacks during our study period has recently received
an elegant cartographic description by Jenkins and Keal (2004).

The output of both GIS models was a binary, snapshot map
for each time interval (i.e., for each time interval, areas pre-
dicted to be disturbed = 1, not disturbed = 0). Model 1 simulated
the spatial diffusion (along transportation networks) of once-
over (i.e., no repeat harvests of the same area) logging for
spruce. For each time iteration of this simple model, distur-
bance diffused at the same rate across the entire study area
from each type of transportation (Table 2). Our final predic-
tions of the spatial extent of logged areas during each time
interval were achieved by masking the areas predicted to be
cut in all previous iterations (Fig. 3).

Model 2 simulated the more complex, region-specific dif-
ferences in disturbance regimes. As seen in Table 3, we deter-
mined the spatial extent of the diffusion of disturbance on
a per-region basis. In this model, we allowed repeated har-
vests of the same area, and generally only masked areas that
had been previously clear-cut or completely exhausted of all
spruce timber. There was only one exception to this practice
of masking in model 2; for the 1909 time interval we allowed
a pulp harvest of spruce re-growth from charcoal clear-cuts in
the Champlain valley.
ion of the disturbance regimes unique to each of the five
egions within the study area.

For both models, the spatial diffusion of disturbance from
ransportation networks was modelled across a cost-distance
urface. We developed the cost distance surface in order to:
1) impede the diffusion of disturbance as the gradient of
lope increased, and (2) prohibit disturbance from entering
and acquired by the state, or lands known to be “virgin” prior
o state acquisition (McMartin, 1994; Jenkins and Keal, 2004).
ince McMartin (1994) described logging as diffusing more
apidly on easily accessible areas with gentle terrain, and only
ater on steeper areas, we reclassified the slope map using
ogarithmic weighting as follows: 0–15% slope = 1; >15–30%
lope = 10; >30% slope = 100). The effect of this reclassification,
or example, made diffusing through a pixel containing a 35%
lope 100 times more difficult relative to a pixel with a 5%
lope. Pixels within areas acquired by the state were excluded
rom the diffusion process. Since state land acquisition was
ynamic through our time period, we created a different cost-
istance surface for each time interval. Similarly, we created
different transportation network map for each time interval
ased on the attributed time of construction for each trans-
ortation segment. In this way, our predictions of the spatial
iffusion of disturbance were specific to each time interval. For
oth models, we determined the buffer length (i.e., distance of
iffusion from either side of the transportation network) for
ach time interval (and each region in model 2) by interpreting
he written history of McMartin (1994). Specifially, variation in
uffer length expresses the unevenness in space and time of
he technology, demand, and capital that drove the logging
ndustry during our study period. For example, logging in the
udson region occurred sooner, and extended farther into the

orest (relative to other regions) due to the ease of transporting
2.2.4. Calculation of PnET-CN input from the GIS
predictions of disturbance extent
The PnET-CN model is commonly run in order to model the
forest processes occurring within a watershed. Within each of
the five regions within the study area, we randomly selected
five HUC watersheds to use in our PnET-CN analysis, for a total
of 25 watersheds within the study area (Fig. 1). For each time
interval in models 1 and 2, we calculated the percent biomass
removed in each watershed using: (1) the predicted spatial
extent of disturbance in the watershed; (2) the proportion of
each primeval forest cover type within this spatial extent; (3)
the type of disturbance predicted for each time interval (Fig. 3).
After clipping the binary GIS model output and the primeval
forest cover type map to each HUC watershed extent, we mul-
tiplied the binary map by the primeval forest cover type map to
produce a disturbance/cover type map. This disturbance/cover
type map displayed, for example, the location of disturbed
pure spruce forests within the watershed. Using the distur-
bance/cover type map, we calculated the proportional area of
each disturbed forest cover type within the watershed. For the
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spruce logging disturbance regime in model 1, we assumed
a 99% biomass removal from disturbed pure spruce forests,
and a 25% biomass removal from disturbed mixed forests. Our
assumptions of the percent biomass removal in each disturbed
cover type differed by the regional disturbance regime and
time interval in model 2 (Table 4). Similar to our interpretation
of buffer distances in space and time, we based our assump-
tions of forest removal on the disturbance type (Table 1) and
the extensive data available in McMartin (1994) describing the
spatio-temporal patterns in technology, capital, and demand.
For both models 1 and 2, the PnET-CN input value for each
watershed at the end date of each time interval was the sum
total of the watershed proportional area multiplied by the per-
cent biomass removal within each disturbed cover type (Fig. 3).

2.2.5. GIS model validation
We validated the realism of our GIS models through visual
comparison with the 1916 Fire Hazard Map (APA, 2001), which
depicts the land cover the end of our study period. A quanti-
tative evaluation of our models against this historic map was
not possible due to the fact that the historic map’s land cover
classes could not be directly matched to the results of our
models. For our visual comparison, we aggregated four cat-
egories on the original historic map (open land, waste and
denuded lands, burned over area, and logged for both soft-
wood and hardwood) into the category “cleared”. We also
reclassified the categories of “logged for softwood only”, and

“green timber—virgin and second growth” as “selective-cut”
and “old-growth”, respectively.

In order to compare the predictions of our quantitative
models with the categorical 1916 map, we reclassified both GIS
models into categorical land cover maps. To generate the map,
we summed the five snapshot predictions of biomass frac-
tion removed from each pixel (which varied by land cover type
in model 1 and land cover type, region, and year in model 2)
and classified this summed fraction into three categories: old
growth (no biomass removed), selective-cut (0.01–0.49), and
cleared (0.5–0.99).

2.3. PnET-CN modelling

The PnET-CN model (Aber et al., 1997) is a generalized,
lumped-parameter model designed to simulate the cycling of
water, carbon (C), and nitrogen (N), in forest ecosystems. The
model was parameterized and validated in forests within the
NE US (Aber et al., 1997), and has been applied toward the study
of the legacy of forest disturbance upon N cycling in NE US for-
est ecosystems (Aber and Driscoll, 1997; Goodale et al., 2002).
In order to generate yearly output predictions of water balance
and C and N cycling, PnET-CN requires monthly climate and
N deposition data. Rates of photosynthesis (Pn), evapotranspi-
ration (ET), and C and N cycling respond to the monthly input
data, but also are controlled by the size of internal pools of
water, carbon, and nitrogen. Disturbance (i.e., biomass mortal-
ity and removal) serves to reduce the pools of C and N within
the model, and subsequently has a long-term affect upon rates
of Pn, ET, and C and N cycling.

We used PnET-CN version 5.1-1.4vb, as downloaded from
the PnET website (http://www.pnet.sr.unh.edu) on April 10,
2003. The purpose of our PnET-CN analysis was to test the

http://www.pnet.sr.unh.edu/
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Fig. 3 – Example watershed-level determination of PnET-CN input from GIS model predictions of disturbance history. Model
2 predictions of areas cleared in 1860 and 1885 (black cross-hatching) are superimposed on the primeval landcover map
(light to dark gray tones indicating water, mixed, and spruce cover types, respectively). Description of model rational, buffer
widths, and cover-type fraction removed are available in the text and Tables 1, 3 and 4.

sensitivity of the model to disturbance history, which was cal-
culated from the GIS models (see Section 2.2.4) and entered
for each model run as the % biomass mortality and % biomass
removal from a watershed in each of the five end years of the
time intervals in our study period. Since the disturbances we
modelled were extractive in nature, we assumed the biomass
mortality and biomass removal values to be equal. In order to
isolate the effects of disturbance history within our sensitivity
analysis, we held all other inputs and parameters consistent
between runs. We used the climate and nitrogen deposition
parameter set developed by Aber and Driscoll (1997) for their
mean-climate disturbance analyses at Hubbard Brook Exper-
imental Forest, New Hampshire. The use of this previously
validated parameter set is unrealistic insofar as climate and
deposition in the Adirondacks differ from that of New Hamp-
shire; however, it had the advantage of enabling us to directly

compare the N-cycling outcomes of our modelled disturbance
histories against the well-documented disturbance histories
examined within the model runs of Aber and Driscoll (1997).
The assumptions in the parameter set of Aber and Driscoll
(1997) include: mean climate (monthly mean values for each
climate parameter), an N deposition ramp from 0 in 1600 to
2001 actual values (measured at Hubbard Brook), constant N
deposition after 2001, Northern Hardwoods vegetation, and no
effects of CO2 or O3. Using this consistent parameter set and
the disturbance scenarios generated by models 1 and 2 for
each of the 25 sample watersheds, we used PnET-CN to gen-
erate 50 predictions of the 2003 rates of N cycling (N uptake,
N mineralization, nitrification, N leaching, and foliar N con-
centration). Due to the fact that it demonstrated a consistent
legacy response to disturbance in the study conducted by Aber
and Driscoll (1997), we focused our statistical analysis on the

Table 4 – Cover-type specific biomass removal percentages from model 2 predicted disturbed areas, given by region

Hudson East Canada creek West Canada creek St. Lawrence Lake Champlain

Spruce Mixed Spruce Mixed Spruce Mixed Spruce Mixed Spruce Mixed

1860 99 99 99 99 25 5 25 5 99 99
1885 25 10 25 10 75 20 75 20 99 99
1892 25 5 25 5 75 20 75 20 99 99

1909 50 10 50 10 25
1916 75 25 99 25 99
5 25 5 99 25
25 99 25 75 25
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2003 rates of plant N uptake, a value that responds to the
availability of ammonium and nitrate in the soil (outcomes
from N mineralization and nitrification, respectively) but also
directly relates to a plant’s relative demand for N (Aber et al.,
1997).

Though agriculture was present in some regions of the
Adirondacks, the current structure of PnET-CN does not allow
its agriculture routine by to be used within our methodology
used to derive spatially explicit biomass removal percentages
from GIS models. As developed by Aber and Driscoll (1997),
the agriculture routine in PnET-CN necessitates the assump-
tion that the entire watershed was converted to agriculture,
and biomass removals are made yearly. To partially circum-
vent this limitation of our methodology, we input a clear-cut
occurring in the first year of our disturbance models for all
lands we predicted to have been converted to agriculture prior
to 1860. While this did incorporate some of the intensive dis-
turbance effects inherent within agricultural disturbance, it in
no way can represent the legacy of prolonged effects of agri-
culture upon N cycling (300+ years) as measured in Aber et al.
(1997).

As a means to place the sensitivity analysis afforded by our
disturbance scenarios within a more general and simplified
context, we also ran a series of PnET-CN model runs designed
show the effect of increasing the percent biomass removed in
a single year. We performed five model runs for this purpose,
using inputs of 0%, 25%, 50%, 75% and 99% biomass loss and

3. Results and discussion

3.1. GIS models

Our purpose in using GIS to model disturbance history was
to, in effect, “translate” a historic account of disturbance
(McMartin, 1994) into realistic scenarios capable of testing the
sensitivity of PnET-CN N cycling predictions to the resolution
of disturbance history information. Here, after presenting the
results and validation of the two models, we discuss the use
of GIS models with regards to: (1) their utility in describing,
interpreting and visualizing historic accounts of disturbance,
and (2) their utility for providing spatially explicit inputs to
ecological process models.

3.1.1. Results and validation
As we anticipated, the transportation network dataset was
very important in determining the spatial extent of distur-
bance predicted by both models 1 and 2 in each time interval
(Fig. 4). For example, during 1892 time interval, the completion
of the Adirondack division of the New York central railroad
caused both models to predict large increases in disturbed
area for the western portion of the Park. Both models predict
the occurrence of forests that were not disturbed during our
time period, which is primarily due to the model constraint of
excluding disturbance from state acquired lands. Most impor-
removal in 1890, which was near the median year of our time
period.

2.4. Statistical analyses

The primary data used for statistical analysis consisted of 50
biomass inputs (expressed as the five time-interval sum of
the % biomass removed) and output PnET-CN N uptake pre-
dictions obtained from 25 sample watersheds and the two
disturbance history models of differing resolution. We used
the non-parametric Kolmogorov–Smirnov (K–S) two-sample
test in order to test the null hypothesis that disturbance his-
tory resolution would have no effect on PnET-CN N uptake
predictions. Using only the 25 N uptake predictions derived
from the more complex (model 2) GIS disturbance history
model, we used repeated K–S two-sample tests in order to test
the null hypothesis that regional differences in disturbance
regime would have no effect on PnET-CN uptake predictions.
Also, in order to test that our GIS models did produce sig-
nificant differences in disturbance regime, we performed the
same series of K–S tests on the fraction biomass removed
from the 50 watersheds. We chose the non-parametric K–S
two-sample test instead of the parametric two-sample T-test
because our data (biomass inputs and N uptake outputs) vio-
lated the assumption of normality (as tested with the Shapiro-
wilk statistic and evaluated on Q–Q plots), and also violated
the assumption of equality of variance (as tested with Lev-
ene’s and the folded F statistic). The K–S test assesses the
hypothesis that two samples are drawn from different pop-
ulations (or distributions), which is adequate to evaluate the
sensitivity of the PnET-CN model predictions to the reso-
lution of disturbance information and differing disturbance
regimes.
tantly, as an artifact of our simple and complex interpretations
of McMartin’s (1994) historical account, models 1 and 2 differed
sharply in the timing and spatial pattern of the diffusion of
disturbance between 1885 and 1916 (Fig. 4). Especially obvi-
ous in Fig. 4 is the observation of a much more extensive and
continuous pattern of areas affected by disturbance in the
model 2 time series. However, this observation should not be
taken to suggest that model 2 always simulated a more severe
disturbance regime. As seen in Fig. 3, our models assume
that, in addition to the spatial extent of disturbed areas, the
land-cover change (quantified as % biomass removed) in a
watershed at a given time interval is heavily contingent upon
the fractional biomass removed from each land cover type,
and the proportion of each land cover type in the disturbed
area.

The land-cover changes resulting from the disturbance
regimes predicted within models 1 and 2 was visualized
in the categorical land cover maps produced for validation
against the 1916 historic map (Fig. 5). As observed in Fig. 5,
both the low- and high-resolution models predicted similar
areas of old growth forest, which generally coincided with
areas classified as old growth on the historic map. Since
most of the modelled old growth areas occurred on state
acquired lands, this result highlights the importance and
value of the simple constraints we included in both diffusion-
ary models. The effect of model resolution became impor-
tant in predicting areas that were cleared, and is expressed
by the inability for model 1 to predict the extensive cleared
areas in the Hudson and Champlain regions. This finding
also supports the general assumption made within the more
complex model: that there were important regional differ-
ences in the disturbance regimes within the Adirondack
Park.
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Fig. 4 – Disturbance time series maps, as predicted by model 1 (a) and model 2 (b). For each year, the models predict new
areas affected by anthropogenic disturbance (dark grey), as buffered from the transportation network (black lines), and
constrained by state land acquisitions (white areas). The 1860 and 1884 maps show the chronosequence of the opening of
rivers for log driving, and the 1892, 1909, and 1916 maps show the construction of the rail network. Roads were assumed to
be used in all years and are not shown.
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Fig. 5 – Land cover in 1916, as defined by a four-class system: old growth (dark green); selective cut (light green); cleared
(light tan); water (blue), as depicted on the 1916 Fire Protection Map (APA, 2001), and predicted using high resolution
(model 2) and low resolution (model 1) GIS models.

The predictions of model 2 in particular are likely more
reflective of real conditions than suggested by direct visual
comparison against the historic map. A large component of
the apparent inaccuracy between model 2 and the 1916 map
may be due to the ambiguity of classifications on the original
1916 fire map. On the historic map, the areas we reclassified
as “old growth” were areas that were originally designated as
“green timber—virgin and second growth”. Since a large por-
tion of this “green timber” was on areas mapped as selectively
cut or cleared on the 1885 historic map (Jenkins and Keal,
2004), these would have been predicted to be “selective-cut”
or “cleared” by the classification criteria used with our mod-
els.

An alternative view of the difficulty in comparing our model
predictions to the historic maps suggests that the derivation
of land cover from our models is perhaps most limited by the
inability of our models to express the re-growth of forests dur-
ing our time period. Our models’ inability to predict the onset
of the fires, which occurred following logging in the early 20th
century also resulted in errors of omission of cleared areas
(relative to the 1916 map), particularly in the western areas of
the park adjacent to the Adirondack line railroad. Future mod-
elling efforts would do well to include improved treatments of
these sources of inaccuracy.

3.1.2. GIS models for reconstructing disturbance history
Despite its limitations, we found the use of GIS models to be

drivers and mechanisms of land-cover change enabled us to
use informed predictions to increase the quantification and
temporal resolution (e.g., predict land cover for years not
covered by historic maps) of century-old disturbance history
information.

Nevertheless, the use of GIS models for predicting distur-
bance history, or any other outcome of human–environment
interactions, should be executed cautiously. Specifically, this
type of modelling should carefully consider the environment
and phenomena being modelled. Our models relied upon a
context- and scale-dependent assumption of humans acting
as a singular disturbance “agent” through space and time. At
finer scales or in other contexts, more explicit modelling of
the interactions of diverse human agents (e.g., loggers ver-
sus farmers), may be necessary to achieve realistic scenar-
ios of disturbance histories (Parker et al., 2003). Our study
also had a relatively simplistic focus on logging; land-cover
change driven by more complex human–environment interac-
tions may necessitate more complex socio-economic models
(Weber et al., 2001). Finally, our GIS modelling approach was
conducted almost entirely within the GIS itself; but combining
GIS with other tools may be more appropriate for modelling
human–environment interactions within other applications
or contexts. For instance, previous work presented within the
pages of Ecological Modelling has demonstrated the synergy
obtained through combining GIS with tools such as sequen-
tial Gaussian simulation (Mowrer, 1997), discriminant analysis
a relatively quick and effective means to reconstruct realistic
disturbance history scenarios in the Adirondack Park during
our time period. The visual validation of our relatively sim-
ple models highlight many important outcomes, and collec-
tively suggest promise for other researchers seeking to use
historic information to reconstruct regional patterns of land-
cover change. Overall, the use and validation of GIS models
allows for the creation and testing of hypotheses regarding
the drivers, mechanisms, and outcomes of land-cover change.
This type of process-based understanding can add to exist-
ing knowledge (e.g., historic maps), which is often sparse,
or of low quality. In our study, the capacity to model the
(Tappeiner et al., 1998), artificial neural networks (Hilbert and
Ostendorf, 2001), remote sensing (Matĕjı́ček et al., 2003), or
wind models (Blennow and Sallnäs, 2004).

Ultimately, the decisions of how to interpret and model
the spatio-temporal geography of any human–environment
interaction must come from a careful examination of available
data. We attribute the successes of our modelling strategy to
the availability Barbara McMartin’s (1994) thorough and con-
sistent historical account of the processes governing forest
disturbance in the Adirondack Park from 1860 to 1916. There
were four principal factors in McMartin’s account which aided
our spatial interpretation: (1) the clear identification of vectors
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of diffusion; (2) an insightful description of the uneven spa-
tial distribution of motivating factors (i.e., the regional differ-
ences in the availability of technology, capital, and demand);
(3) locational knowledge of the resource to be extracted; (4)
delineation of the constraints to diffusion. To the extent that
written and/or oral histories of other regions contain informa-
tion on one more of these factors, the GIS-enabled geographic
interpretation of historic accounts of disturbance may pro-
vide fruitful paths for reconstructing disturbance histories and
educating understanding of ecological pattern and process.

3.1.3. GIS models as inputs for ecological process models
The methodology we used to derive inputs to PnET-CN from
the GIS models provided a flexible means to quantify the
many components of a disturbance regime; namely, the type,
timing, frequency, intensity and spatial extent. Our charac-
terization of a total spruce harvest disturbance regime in the
low-resolution model (model 1) resulted in an average total
removal of 32% and a standard deviation of 6.1% (Table 5),
which is consistent with accounts of the relative percentage
of spruce in the primeval Adirondack forest (Pinchot, 1898;
McMartin, 1994). The variation between the 25 watersheds is
attributable to one of two factors: differences in the relative
percentage of pure spruce stands, or differences in the rela-
tive percentage of predicted old growth stands.

The regionally specific disturbance regimes we character-
ized in model 2 resulted in an average total removal of 58.1%
a
e
s
i
L
v
C

Champlain region was statistically different (p = 0.0135) from
all the regions except Hudson, suggesting that our methodol-
ogy was capable of distinguishing this intensive disturbance
regime from spruce harvests (St. Lawrence and West Canada
Creek), and spruce harvests with small amounts of agricul-
ture (East Canada Creek). However, our methodology exhib-
ited mixed results in distinguishing the combined agricul-
ture/spruce harvest from a simple spruce harvest. The East
Canada Creek region was not significantly different from any
of the regions (besides Champlain), but the Hudson region was
statistically different from the spruce harvest regimes of the
St. Lawrence and West Canada Creek (p = 0.0135). Collectively,
these results suggest that our GIS methodology for providing
inputs to the PnET-CN model distinguished very different dis-
turbance regimes, but could not statistically distinguish more
similar disturbance regimes due to its poor sensitivity to small
differences in the disturbance type.

The inability of our methodology to draw categorical dis-
tinctions between similar disturbance regimes does not sim-
plify the difficult task of characterizing disturbance. Rather,
our simple models reinforce the idea that disturbance regimes
must be measured along a gradient of severity. Character-
izing the gradient of severity in disturbance may be best
achieved through spatially and temporally explicit measure-
ment of each individual component within a disturbance
regime (e.g., type, intensity, spatial extent). Towards this end,
our methodology should be viewed as groundwork for future
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92, 1
nd standard deviation of 29.6%, which was statistically differ-
nt from model 1 (p = 0.0023). As seen in Table 5, the regionally
pecific average total removals ranged from 32% (1� = 1.9%)
n the case of the total spruce harvest simulated in the St.
awrence region to 103% (1� = 14.5%) for the charcoal har-
est and re-harvesting of secondary growth simulated in the
hamplain region. This simulated disturbance regime in the

Table 5 – Summary of PnET-CN biomass removal inputs an

Inputa

% Biomass removed
1860–1920

N uptake
(kg ha−1 yr−1)

1890 single-cut scenarios
0% cut 0 106.2
25% cut 25 104.7
50% cut 50 103.0
75% cut 75 100.8
99% cut 99 96.6

Model 1
All watershedsb 32.4 (6.1) 104.5 (0.3)

Model 2
All watershedsb 58.1 (29.6) 103.0 (1.6)
Hudsonc 71.2 (19.8) 102.1 (1.9)
East Canada creekc 47.2 (18.0) 103.7 (0.9)
West Canada creekc 36.8 (8.5) 104.1 (0.4)
St. Lawrencec 32.6 (1.9) 104.4 (0.1)
Lake Champlainc 103.0 (14.5) 101.0 (0.7)

a Model 1 and model 2 values represent the sum of the 1860, 1885, 18
b Values represent the mean (and 1�) for 25 watersheds.
c Values represent the mean (and 1�) for five watersheds.
improvement; our ability to separately measure components
of a disturbance regime was limited due to the requirement
of conforming to the structural constraints of the PnET-CN
model (i.e., the requirement of an aggregate (point based)
value for the fraction biomass lost in a year). We suggest
that further interpretation and use of similarly quantified, and
spatio-temporally explicit disturbance inputs may improve

lected 2003 N cycling predictions

Output

ineralization
kg ha−1 yr−1)

Nitrification
(kg ha−1 yr−1)

N leaching
(kg ha−1 yr−1)

Foliar N
(leaf % N)

103.7 18.8 5.6 2.41
100.1 15.7 5.0 2.39

99.2 12.7 4.3 2.37
96.3 9.0 3.4 2.34
90.9 3.4 2.3 2.27

101.3 (0.5) 15.7 (0.7) 4.9 (0.1) 2.39 (0.01)

99.3 (2.2) 13.0 (2.9) 4.4 (0.6) 2.37 (0.02)
98.0 (2.5) 11.3 (3.2) 4.0 (0.7) 2.36 (0.03)

100.3 (1.3) 14.2 (1.7) 4.6 (0.4) 2.38 (0.02)
100.8 (0.6) 14.9 (0.9) 4.8 (0.2) 2.39 (0.01)
101.2 (0.2) 15.3 (0.4) 4.9 (0.1) 2.39 (<0.01)
96.5 (1.1) 9.3 (1.3) 3.6 (0.3) 2.34 (0.01)

909, and 1916 % biomass removal input values.
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the characterization of disturbance regimes for the PnET-CN
model, and for other contexts, scales, and methods of analysis.

3.2. Sensitivity analysis of the PnET-CN model

In accordance with previous research (Aber and Driscoll,
1997), our model runs demonstrate that PnET-CN model pre-
dictions of 2003 N uptake are sensitive to century-old dis-
turbances (Table 5). Predicted N uptake values ranged from
106.2 kg ha−1 yr−1 for the case of the 1890 no biomass removal
scenario to 96.6 kg ha−1 yr−1 in the 1890 clear-cut harvest case.
We caution that these and the rest of our predicted values (e.g.,
Table 5) are intended to be useful in relation to each other, or in
relation to other model results obtained with the same inputs
of deposition and climate (i.e., mean-climate model runs of
Aber and Driscoll, 1997). Actual N uptake values would differ
from our estimates according to climatic and N deposition dif-
ferences between New Hampshire (the validation site of our
parameter set) and the Adirondack Park. While there is great
variability of climate and N deposition within the Adirondack
Park (Ito et al., 2002), as a whole, the Adirondacks have a sim-
ilar mean climate, but receive more N deposition than New
Hampshire (NADP, 2004). Increased deposition would gener-
ally be expected to raise N uptake values, but the interactive
effects of climate, disturbance, and N deposition can lead to
complex, and counter-intuitive N cycling dynamics (Aber et al.,
2002). Our decision to use a previously validated input param-

Fig. 6 – Sensitivity of the PnET-CN model predictions of
2003 N uptake to the resolution of disturbance history
input. The height of the models 1 and 2 bars represent the
mean of PnET-CN predictions from the 25 sample
watersheds (see Fig. 1). PnET-CN predictions obtained using
the models 1 and 2 disturbance history inputs are placed
within PnET-CN predictions of 2003 N cycling obtained from
input values of 0% (ymax), 25%, 50%, 75%, and 99% (ymin)
biomass removal in 1890. Error bars on models 1 and 2
indicate the upper and lower 95% confidence intervals of
the mean. Means of models 1 and 2 are significant at
p < 0.0001.

the 25 runs of PnET-CN predicted a mean watershed N uptake
value of 104.5 kg ha−1 yr−1 and a very small range of values
about the mean (0.3 kg ha−1 yr−1). Overall, the model 1 inputs
to PnET-CN resulted in N uptake values that were highly clus-
tered around the value predicted by the 25% biomass removal
single-cut model run (104.7 kg ha−1 yr−1). Using inputs from
the more complex GIS model, model 2, the 25 PnET-CN model
runs predicted a mean N uptake value of 103.0 kg ha−1 yr−1,
which is equivalent to that predicted by the 50% biomass
removal single-cut model run. Unlike the highly clustered val-
ues of model 1 predictions, the range of values obtained from
the model 2 inputs to PnET-CN was analogous to the range
predicted between the 25% and 75% single-year harvest model
runs.

3.2.1. Sensitivity of the PnET-CN model to the resolution
of historic disturbance information
The sample of the 25 watershed N uptake values predicted
from the inputs derived from the simple, lower resolution
model 1 to PnET-CN were significantly different (p = 0.0002)
from those obtained from the more complex, higher resolu-
tion model 2 (Fig. 5). This result suggests that our PnET-CN
predictions of 2003 N uptake are sensitive to the resolution
of disturbance history input data for this time period in the
Adirondack Park.

3.2.2. Sensitivity of the PnET-CN model to Adirondack
eter set enabled us remove uncertainty potentially caused by
these complex dynamics and focus on testing the sensitivity
of the PnET-CN model to realistic scenarios of disturbance.
In all model runs, increased disturbance resulted in lower
2003 N uptake values. This result is aligned with the N sat-
uration hypotheses of Aber et al. (1998), whereby disturbance
is understood to counteract increases in N uptake caused by
accumulating atmospheric N deposition.

The N cycling values from our sensitivity analysis were
within those obtained with the same PnET-CN parameter set
and inputs of disturbance history from several well-studied
locations in the White Mountains of New Hampshire (Aber
and Driscoll, 1997). Comparison of our predictions with the
New Hampshire locations suggests that our method of param-
eterizing PnET-CN from GIS models of disturbance history
was relatively conservative compared to parameterization of
the model with these more detailed histories. For example,
our method likely underestimated the legacy of the extensive
clear-cut logging and fires that spread through the Adirondack
Park in the early 1900s (McMartin, 1994). Aber and Driscoll sim-
ulated the effects of a severe fire in 1820 at the Cone Pond
watershed in New Hampshire, and obtained N cycling values
markedly lower than any of our simulations of clear-cuts dur-
ing the 1860–1916 time period. The enhanced legacy of fire
within Aber and Driscoll’s model runs was simulated through
a one-time reduction of the PnET-CN pools of soil C and N
pool. These effects of fire could be incorporated into future
implementations of our methodology by adding a sub-routine
predicting the spatio-temporal diffusion of fire.

The inputs to PnET-CN provided by the models 1 and 2 GIS
disturbance scenarios, resulted in 2003 N uptake predictions
that are within the range of our 1890 single-year harvest model
runs (Fig. 6). Using inputs from the simpler GIS model, model 1,
Park disturbance regimes
In our disturbance history scenarios, we increased the resolu-
tion of disturbance history input in model 2 by increasing the
complexity (i.e., information content) within our description
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Fig. 7 – Sensitivity of PnET-CN predictions of 2003 N uptake
to simulated region-specific disturbance regimes. Mean
values (of five watersheds) for regions including clear-cut
type disturbance are shown in open symbols, and those
with only selective-cut type disturbance are shown in
closed symbols. X and Y error bars represent +/− the
standard error of the mean. Different letters (a, b, c or x, y,
z) indicate significant differences (p = 0.0135 in all cases, see
text) in biomass input (horizontal bars) and PnET-CN model
predictions (vertical bars).

of the disturbance regimes affecting different regions of the
study area. In comparing these regions, we observed a wide
variation in PnET-CN N cycling predictions (Table 5) and sig-
nificant differences between many of the regional samples
(five watersheds) of N uptake values (Fig. 7). The PnET-CN
predictions of 2003 N uptake from the two regions that experi-
enced clear-cut type disturbance, the Hudson River and Lake
Champlain drainages, were significantly different (p = 0.0135)
from the two regions that only experienced spruce har-
vests (Fig. 7), which suggests that PnET-CN is sensitive to
differences between clear-cut, and selective-cut disturbance
regimes. The disturbance regime of the East Canada Creek
drainage included limited clear-cut type disturbance, but was
not significantly different than the spruce harvest disturbance
regimes of the West Canada Creek and St. Lawrence River
drainages, nor was it significantly different from the more
extensive clear-cutting in the Hudson drainage. This result,
and the increased variability of PnET-CN predictions within
the East Canada Creek drainage (Table 5) suggest that the N
cycling legacy of its disturbance regime lies between that of
clear-cut and selective cut disturbance types.

Generally, N uptake predictions decreased linearly with
the severity of the simulated disturbance regime within a
region (Fig. 7). However, the variability in N uptake predic-
tions within the sample of five watersheds in a region (Fig. 7)
tended to increase relative to the biomass inputs (Fig. 7, hor-
izontal error bars) in the regions that experienced the early
a
c

watersheds within these two regions experienced different
amounts of simulated agricultural influence, which may be
directly attributed to relative differences in spatial extent of
diffusion within a watershed. However, the increased variabil-
ity relative to the biomass inputs suggests that PnET-CN was
especially sensitive to the extensive early clear-cut harvests
in some watersheds.

Previous field and modelling research exploring the effect
of historical anthropogenic forest clearing on current pat-
terns of N cycling in the NE US have demonstrated sig-
nificant differences between agriculture, clear-cut, and old
growth forests disturbance regimes (Aber and Driscoll, 1997;
Goodale and Aber, 2001; Goodale et al., 2002; Foster and Aber,
2004). Our model results reinforce the importance of agricul-
tural and clear-cut logging, but also suggest that selective-
cut disturbance regimes may leave a distinguishable legacy
upon modelled, and possibly field-observed patterns of N
cycling.

However, since some selective-cut disturbance regimes
may leave a similar legacy to the characteristic natu-
ral disturbances that have occurred even within the old-
growth forests in the Adirondack Park (see Section 2.1.2
and Jenkins and Keal, 2004), distinguishing these two distur-
bance regimes in modelling and field studies may prove to
be difficult. Including natural disturbances within a model
sensitivity analysis such as we have presented would be
a valuable opportunity to evaluate the distinctiveness of
gricultural removals (Hudson and East Canada Creek). The
ause of the variability lies within the fact that the sample
selective-cut and naturally disturbed old-growth disturbance
regimes.

4. Conclusions

We conclude that PnET-CN predictions of present-day nitrogen
cycling are sensitive to the resolution of realistic, century-old
anthropogenic disturbance scenarios within the Adirondack
Park. When coupled to a complex, spatially-explicit scenario of
anthropogenic disturbance history between 1860 and 1916 in
the Adirondack Park, PnET-CN predicts significant differences
in nitrogen cycling rates between clear-cut and selective-cut
disturbance regimes. Further use of written historical records,
maps, and government documents for developing spatially
explicit disturbance history information may be used to quan-
tify precise inputs to biogeochemical ecosystem process mod-
els such as PnET-CN, and enable researchers to more ade-
quately characterize field-testable differences in disturbance
regimes.
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