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Abstract. An integrated biogeochemical model (PnET-BGC) was applied to 60 Direct/
Delayed Response Program (DDRP) lake watersheds in northern New England and Maine
to investigate processes regulating spatial and temporal patterns in lake SO4

22 concentra-
tions, past changes in the acid–base status of soil and surface waters, and their response
to future emission control scenarios. Model simulations indicate that watershed elevation
is an important factor influencing inputs of atmospheric S deposition to the watersheds and
thus spatial patterns in lake SO4

22 concentrations. Wetland S retention, vegetation com-
position, and thickness of surficial deposits were also found to influence lake SO4

22 con-
centrations. Model simulations also suggest that decreases in lake SO4

22 concentrations
observed during 1984–2001 were mostly a result of decreases in atmospheric S deposition.
Decreases in lake SO4

22 concentrations were coupled with a near-stoichiometric decline in
base cation concentrations. Comparison of atmospheric deposition of base cations and
simulated drainage loss during this period indicates that decreases in atmospheric base
cation deposition were partially responsible for decreases in lake base cation concentrations.
Decreases in drainage loss of base cations were mainly a result of declines in net loss from
soil exchange sites associated with decreases in SO4

22 leaching. Model forecasts generally
suggest further decreases in SO4

22 concentrations and increases in acid neutralizing capacity
(ANC) in lake water and soil percent base saturation (BS) at most of the DDRP lake
watersheds under three future emission control scenarios, with the more aggressive control
scenarios resulting in faster recovery from acidic deposition. Under an aggressive control
scenario, surface water ANC is simulated to increase at a median rate of 0.30 meq·L21·yr21

in northern New England and 0.22 meq·L21·yr21 in Maine. However, although marked
improvement is expected, recovery to background conditions will probably not occur before
2050.

Key words: acidic deposition; acid neutralizing capacity; base cations; Clean Air Act; modeling;
recovery; sulfate.

INTRODUCTION

Concerns over acidic deposition and its widespread
impacts on terrestrial and aquatic ecosystems across
Europe and North America have led to national and
international legislation reducing emissions of acid
forming substances (SO2 and NOx; Stoddard et al.
1999). Across the northeastern United States, concerns
over the health of red spruce and sugar maple, and
decreases in species richness of fish have been reported
since the early 1950s. The Title IV of the 1990 Amend-
ments of the Clean Air Act (CAAA) was established
to reduce effects of acidic deposition by reducing emis-
sions of SO2 from electric utilities (Driscoll et al. 2001).
As a result of the 1970 and 1990 CAAAs, surface wa-
ters in northeastern United States have shown wide-
spread decreases in SO4

22 concentrations, and increases
in acid neutralizing capacity (ANC) have been reported
in some surface waters (Driscoll et al. 2003, Stoddard
et al. 2003).
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Northern New England (NNE) and Maine (ME) are
among the subregions of the United States that have
been impacted by acidic deposition. Many forests,
soils, and surface waters in these two subregions are
sensitive to acidic deposition. A recent assessment of
Long-Term Monitoring (LTM) trends in surface water
chemistry indicated that SO4

22 concentrations in New
England region have declined, coupled by a stoichio-
metric decline in base cation concentrations and no
significant change in ANC (Stoddard et al. 2003). For-
ests and aquatic biota of these subregions thus are still
under the stress from acidic deposition. The objectives
of this study were to investigate factors contributing
to these trends in surface water chemistry and to de-
termine whether acidification stress will continue under
several future emission scenarios, exploring the extent
of recovery that might occur over the next 50 years.

We conducted a regional application of an integrated
biogeochemical model (PnET-BGC) at 60 sites in these
two subregions in order to accomplish these objectives.
The model PnET-BGC was first developed and applied
to a northern hardwood forest, the Hubbard Brook Ex-
periment Forest (HBEF) in New Hampshire (Gbondo-
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FIG. 1. Locations of Direct/Delay Response Program
(DDRP) sites in Northern New England (NNE) and Maine
(ME) subregions.

Tugbawa et al. 2001). The model links a C, N and water
model (PnET; Aber et al. 1997) with a soil biogeo-
chemical model (BGC; Gbondo-Tugbawa et al. 2001)
to simulate cycling of major elements within northern
forests and reactions in soil and surface waters. The 60
lake watersheds located in NNE and ME were statis-
tically selected by the Direct/Delayed Response Pro-
gram (DDRP) initiated by the U.S. EPA to represent
the acid-sensitive watersheds in the northeastern Unit-
ed States (Fig. 1; Church et al. 1989). Chemistry of
these lakes was surveyed during National Surface Wa-
ter Survey in 1984 (Linthurst et al. 1986, Landers et
al. 1988). To evaluate the response of these lakes to
recent changes in atmospheric deposition, these lakes
were resurveyed in the summer of 2001 and results
from these two surveys during different time periods
were compared (R. A. F. Warby, C. E. Johnson, and C.
T. Driscoll, unpublished manuscript). Here, we present
a synthetic analysis of the results from the model ap-
plication to these lake watersheds, including S dynam-
ics, N status, changes in base cations, and surface water
ANC, as well as other critical indicators in response
to past emissions and future control scenarios.

S DYNAMICS

Base-case simulation

Atmospheric S deposition.—Across the northeastern
United States, wet S deposition generally decreases
from the west to the east, with dry deposition decreas-
ing from more urban areas of the south to the north
(Ollinger et al. 1993). Total S deposition thus shows a
spatial pattern of decreasing values from southwest to
northeast. This gradient in deposition was found to gen-
erally regulate the spatial pattern in lake SO4

22 con-
centrations across the northeastern United States
(Church et al. 1989, Driscoll et al. 1998). To reflect
this gradient, we calculated average deposition for each

watershed for the period 1980–1990 by multiplying
SO4

22 concentrations in precipitation by precipitation
quantity estimated from regional empirical models of
Ollinger et al. (1993, 1995). Ollinger et al. (1993) es-
timated SO4

22 concentrations in precipitation as a func-
tion of latitude, while precipitation was estimated as a
function of latitude, longitude and elevation. The lat-
itude, longitude, and elevation of the lake were used
to estimate wet deposition for the entire lake watershed.

Since the mid 1800s, there has been considerable
change in SO2 emissions in the United States (Driscoll
et al. 2001). Wet S deposition has followed this trend,
as indicated by a close relationship between annual SO2

emissions for the source area of the Northeast and an-
nual SO4

22 concentrations in bulk deposition at the
HBEF (Likens et al. 2001). This relationship along with
the reconstruction of historical emission records has
been used to derive the temporal changes in wet S
deposition at the HBEF for the period 1850–1963
(Gbondo-Tugbawa et al. 2002). The reconstructed de-
position reflects trends in annual SO4

22 concentrations.
However, monthly variations in precipitation quantity
were accounted for by averaging long-term monthly
precipitation. For 1963–1998, the direct measurements
of monthly SO4

22 concentrations in precipitation and
monthly precipitation quantity were used to derive the
monthly bulk S deposition (data available online).2 In
order to apply the reconstructed temporal patterns in
bulk S deposition to all the sites in NNE, these values
were converted into scalars by standardizing to the an-
nual average deposition of 1980–1990 (from measure-
ments) at HBEF. Temporal patterns of wet S deposition
for sites in NNE therefore were estimated by multi-
plying these scalars with the annual average deposition
of 1980–1990 estimated from models of Ollinger et al.
1993. Similarly for sites in Maine, temporal patterns
in wet deposition were first reconstructed based on data
from a National Atmospheric Deposition Program
(NADP) site located in the Bridgton, Maine (ME02;
data available online)3 and applied to all the sites as
scalars.

In previous model applications, the dry-to-wet S de-
position ratio was assumed to be constant and dry S
deposition was assumed to change in the same pro-
portion relative to wet deposition (e.g., Gbondo-Tug-
bawa et al. 2002). Data from Clean Air Status and
Trends Network (CASTNET; data available online)4

and Atmospheric Integrated Research Monitoring Net-
work (AIRMoN; data available online)5 suggest a close
relationship between dry-to-wet S deposition ratios and
air SO2 concentrations across the northeastern United
States, indicating dry-to-wet deposition ratios could
vary with SO2 concentrations in the air (Chen and Dris-

2 ^http://www.hubbardbrook.org/research/data/data.htm&
3 ^http://nadp.sws.uiuc.edu/sites&
4 ^http://www.epa.gov/castnet&
5 ^http://www.arl.noaa.gov/research/programs/airmon.

html&
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coll 2004). Therefore, dry-to-wet deposition ratios may
vary over time. At HBEF, relative changes in dry S
deposition appear to be different than bulk deposition
(Palmer et al. 2004). The observed relationship be-
tween air SO2 concentrations and dry-to-wet deposition
ratios as well as relationship between air SO2 concen-
trations and SO2 emissions were used to reconstruct the
temporal patterns in dry S deposition. The reconstruct-
ed temporal patterns in dry S deposition were again
converted into scalars and applied to all the DDRP sites
in the NNE and ME subregions.

SO4
22 adsorption coefficients.—In the PnET-BGC

model, a pH-dependent SO4
22 adsorption isotherm was

used to simulate adsorption/desorption of SO4
22 within

soil (Gbondo-Tugbawa et al. 2001, 2002). The DDRP
study provided detailed characterization of vegetation,
geology, soil properties (e.g., adsorbed SO4

22 concen-
trations, soil pH, exchangeable cation concentrations)
and other watershed and lake characteristics (e.g., wa-
tershed area, lake residence time, wetland area) for each
lake watershed (Church et al. 1989). Soil properties for
each watershed were based on aggregating 38 soil sam-
pling classes in the region. In our analysis, these es-
timates of soil properties were used to derive model
inputs. The estimates of exchangeable cation concen-
trations were used to derive cation exchange selectivity
coefficients. The estimates of adsorbed SO4

22 in soil,
soil pH and lake SO4

22 concentrations (as a surrogate
of soil solution SO4

22 concentrations) were used to de-
rive the pH-dependent adsorption coefficients for the
soils in watersheds of the NNE and ME subregions,
according to the approach described by Gbondo-Tug-
bawa et al. (2002).

Wetland retention.—Although rates of S reduction
within wetlands could vary with locations within the
watershed and portion of watershed drainage through
wetlands, watershed S retention was found to increase
with the percentage of wetlands in the DDRP water-
sheds (Church et al. 1989). The relationship developed
by Kelly et al. (1987) to calculate in-lake retention of
S thus was adopted to simulate S retention within wet-
lands:

SSR 5 (1)S (R /P ) 1 SO W S

where RS is the retention coefficient of S in wetlands,
SS is the mass transfer coefficient (m/yr), RO is the
runoff (m/yr), and PW is the wetland percentage within
the watershed. An assumed mass transfer coefficient of
2 m/yr seems to yield good agreement between sim-
ulated S retention and observed data (Chen and Driscoll
2004). Thus, for our base case simulation, Eq. 1 and
this mass transfer coefficient were used to calculate S
retention within wetlands.

Residual analysis

The simulated lake SO4
22 concentrations in 1984

showed little variation when compared to the 1984 sur-

vey data. As indicated in a previous study (Chen and
Driscoll 2004), the lack of variation in predictions
could be attributed to (1) variations in inputs of at-
mospheric deposition that are not fully captured by the
regional regression models; (2) watershed character-
istics (e.g., soil depth) are not well characterized in the
available data sets and/or; (3) biogeochemical pro-
cesses (e.g., wetland retention) that contribute to var-
iations in lake SO4

22 that are not well represented in
the model.

We attempted to improve model predictions by first
examining the relationship between the residuals in
model predictions and a series of watershed charac-
teristics, including geographic position, wetland cov-
erage, vegetation composition, and surficial geology,
which were available from the DDRP study (Church
et al. 1989). We then identified the watershed charac-
teristic that was most responsible for the residuals and
attempted to address the apparent bias in predictions
by either formulating a simple algorithm in the model
to better represent that process or modifying model
inputs. We then reexamined the residuals and repeated
the above steps until no significant relationships were
found between the residuals and the available water-
shed characteristics in the DDRP data set. Although
not part of the model simulation, limitations in the
available data sets and the regional nature of the ap-
plication suggested that this analysis was critical in
order to better quantify the variations in regional lake
SO4

22 concentrations.
For residual analysis, we evaluated the effectiveness

of simulations using two criteria: the root mean square
error (RMSE) and efficiency (Eff). The RMSE and Eff
are defined as

n
2ˆRMSE 5 (Y 2 Y ) /n (2)O i i!i51

n
2ˆ ¯(Y 2 Y )O i i

i51Eff 5 (3)n
2¯(Y 2 Y )O i i

i51

where Ŷi and Yi are the predicted and measured value
for site i, n is the total number of sites, and Ȳi is the
average measured value from all sites. Smaller RMSE
values represent less error resulting from model sim-
ulations. An Eff of 1 indicates the model is able to
reproduce all the variance in the measured data. Initial
simulations for lake SO4

22 in the northern New England
subregion had a RMSE of 19.2 meq/L and Eff of 0.50.
RMSE and Eff for the Maine subregion were 20.3 meq/
L and 0.63, respectively.

For sites in both NNE and ME, elevation was found
to be the most significant watershed characteristic that
contributed to the residuals (Table 1). In both subre-
gions, significant negative correlations between the re-
siduals and elevation indicated that the influence of
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TABLE 1. Correlations between residuals and watershed characteristics for base-case simulations and simulations with
modifications in watershed characteristics and RMSE and Eff values for the simulations.

Subregion

NNE simulations ME simulations

Parameter 1 2 3 4 1 2 3 4

Latitude 20.15 20.12 20.12 20.15 20.45 20.09 20.16 20.08
Longitude 20.15 0.05 0.09 0.11 0.05 0.18 0.18 0.07
Elevation 20.59 0.15 0.25 0.21 20.61 20.14 20.22 20.15
Wetland (%) 20.03 0.02 20.08 20.10 0.38 0.47 0.31 0.23
Wetland area 0.08 20.32 20.31 20.22 0.44 0.39 0.21 0.22
Wet vegetation 20.05 20.03 0.00 20.02 0.32 0.30 0.20 0.12
DOC 20.16 0.06 20.06 20.07 0.33 0.49 0.28 0.25
Depth to bedrock 20.25 20.23 20.23 20.23 0.43 0.40 0.34 0.34
BRDpLT2† 20.26 20.33 20.21 20.14 20.22 20.11 20.12 20.23
BRDpLT3‡ 20.36 20.30 20.15 20.16 20.13 20.13 20.16 20.23
Mean flow path 0.19 0.05 0.18 0.20 0.17 0.11 0.04 0.11
Coniferous (%) 20.11 0.12 20.03 20.05 20.02 20.06 0.10 0.10
Deciduous (%) 0.16 0.26 0.29 0.10 20.20 20.15 20.14 20.22
Mixed forest (%) 20.17 20.27 20.32 20.13 0.11 0.12 0.12 0.22
Pine (%) 0.02 0.01 0.04 0.08 0.40 0.33 0.36 0.32
Hardwood–spruce mixture 0.03 0.03 0.09 0.15 20.52 20.35 20.47 20.03

RMSE 19.2 15.9 15.0 13.4 20.3 16.6 12.5 10.1
Eff 0.50 0.77 0.97 0.90 0.63 0.54 0.66 0.67

Notes: Simulation 1 is the base-case simulation. Simulation 2 is corrected for errors caused by elevation. Simulation 3 is
corrected for soil depth at NNE (northern New England) and wetland percentage at ME (Maine). Simulation 4 is corrected
for mixed forest. The largest correlation for each simulation is shown in bold.

† BRDpLT2 is the percentage of watershed with depth to bedrock less than 0.5 m.
‡ BRDpLT3 is the percentage of watershed with depth to bedrock less than 1 m.

elevation on SO4
22 concentrations was not negligible

(Table 1; Fig. 2). For ME sites, the correlation between
the residuals and latitude was also significant. This cor-
relation was believed to be a result of high elevation
coinciding with high latitude, as suggested by the cor-
relation between elevation and latitude. In an analysis
of SO4

22 budgets for DDRP sites in Maine, Norton et
al. (1988) observed that the amount of lake SO4

22 un-
explained by wet deposition decreased from northwest
to southeast. They attributed the unexplained SO4

22 to
higher dry S deposition at northern high elevation sites.
Wet S deposition was also believed to increase with
elevation. Either way, the influence of elevation on lake
SO4

22 was probably manifested through inputs of at-
mospheric S deposition to the watersheds. We ad-
dressed this consideration by adding an elevation com-
ponent into the SO4

22 concentration model of Ollinger
et al. (1993) in deriving the deposition inputs. The
coefficient for the elevation term was specified to be
the same as the model of Ito et al. (2002), assuming
effects of elevation on deposition was the same in NNE
and ME as the Adirondack region of New York. The
original empirical model for average SO4

22 concentra-
tion in precipitation during 1980–1990 was

22SO (in meq/L) 5 2599.19 1 10.08 3 longitude4

where longitude is measured in degrees. Adding ele-
vation to the model for the NNE sites became

22SO 5 2599.19 1 10.08 3 longitude4

1 0.14(elevation 2 300)

where elevation is measured in meters. The adjusted

model for ME differed slightly for sites with elevation
.115 m:

22SO 5 2599.19 1 10.08 3 longitude4

1 0.14(elevation 2 115).

With consideration of elevation in wet deposition,
RMSE for NNE sites decreased to 15.9 meq/L and Eff
increased to 0.77. RMSE for ME sites decreased to
16.6 meq/L while Eff slightly decreased to 0.54.

For NNE sites, the percentage of shallow surficial
deposits was the second most significant watershed
characteristic that contributed to the residuals (Table
1). The model tended to underpredict lake SO4

22 at
watersheds with a larger percentage of shallow surficial
deposits and overpredict SO4

22 at watersheds with a
smaller percentage of shallow deposits (Fig. 2). This
discrepancy could be due to the relatively uniform soil
depth we used in model simulations. There was no good
characterization of soil depth at these DDRP water-
sheds except depth to bedrock; therefore we choose to
use a relatively uniform soil depth of 0.5 m. For wa-
tersheds with a larger percentage of shallow surficial
deposits, precipitation could be routed to surface waters
by shallow flow paths limiting contact with the soil,
resulting in higher lake SO4

22 concentrations and vice
versa. We tried to correct for this factor by specifying
a shallower soil depth for sites with shallow surficial
deposits (BRD LT3 . 40%; where BRD LT3 5 per-
centage of watershed with depth to bedrock less than
1 m) and using depth to bedrock as soil depth for sites
with little area of shallow surficial deposits (BRD LT3
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FIG. 2. Relationships between residuals and the watershed characteristics for NNE sites (a–c) and ME sites (d–f).
BRD LT3 is the percentage of watershed with depth to bedrock less than 1 m.

, 20%). Using a shallower soil depth did not improve
model simulations at watersheds with shallow surficial
deposits, indicating the underprediction at these sites
is probably due to other factors. The use of a deeper
soil depth for watersheds with thick surficial deposits,
however, significantly improved model results. Thus
we corrected for the influence of thickness of surficial
deposits by changing soil depth to depth to bedrock at
sites with thick surficial deposits (BRD LT3 , 20%).
The resulting simulations reduced RMSE to 15.0 meq/
L and improved Eff to 0.97.

With the correction of elevation and surficial geol-
ogy, vegetation emerged as another significant water-
shed characteristic for the NNE sites, showing negative
correlations between residuals and the percentage of
mixed forests (Fig. 2). Enhanced collection of dry S
deposition in coniferous and mixed forests has been
reported at many locations in the northeastern United
States (e.g., Mollitor and Raynal 1982, Cronan 1985).

To correct for this effect, we used a dry deposition
enhancement factor of 1.75 for mixed forests and 2.5
for coniferous forests based on Mollitor and Raynal
(1982). Thus the new dry-to-wet deposition ratio could
be estimated based on the original ratio, the percentage
of deciduous forest, coniferous and mixed forest, and
the enhancement factors. The resulting simulations sig-
nificantly reduced RMSE, while Eff remained at 0.90.

For ME sites, wetlands appeared to be another sig-
nificant watershed factor affecting lake SO4

22. The con-
sistent positive correlation between residuals and wet-
land percentage, wetland area, and lake dissolved or-
ganic carbon (DOC) concentrations indicated that ov-
erprediction in lake SO4

22 occurred at watersheds with
a high wetland percentage (Table 1; Fig. 2). This pattern
suggested that the assumed mass transfer coefficient of
2 m/yr was likely too low to effectively predict wetland
S retention for sites in Maine. We accounted for this
observation by specifying a larger mass transfer co-
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FIG. 3. Predicted concentrations of SO4
22, Ca21, Mg21, and ANC in 1984 (solid circles) and 2001 (open circles) compared

to concentrations obtained from surveys for (a–d) NNE lakes and (e–h) ME lakes.

efficient for lakes with large wetland coverage in the
watershed (.4%) and had overpredictions of lake
SO4

22. The resulting simulations significantly de-
creased RMSE, but decreased Eff slightly (Table 1).

For sites in Maine, the residuals were found to be
positively correlated with the percentage of pine forest
coverage in the watershed and negatively correlated
with the percentage of hardwood–spruce mixture for-
ests, suggesting an overprediction in lake SO4

22 under
pine forests and an underprediction under mixed hard-
wood and spruce forests. It is not clear why the model
overpredicted lake SO4

22 in watersheds with pine for-

ests. However, mixed hardwood and spruce forests
could influence watershed S dynamics through en-
hanced collection of dry S deposition. Thus similar to
NNE sites, a dry deposition enhancements factor of
1.75 was applied to sites with mixed hardwood–spruce
coverage. This correction further reduced the RMSE
of the simulations to 10.1 meq/L.

By considering these factors, the model was able to
explain about 75–78% of the variation in lake SO4

22

concentrations (Fig. 3). The predicted spatial pattern
of lake SO4

22 generally agreed with the pattern exhib-
ited in the 1984 survey.
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FIG. 4. Distribution of predicted rates of change in SO4
22

compared to rates derived from surveys for (a) NNE lakes
and (b) ME lakes for 1984–2001.

FIG. 5. (a) Estimated rates of change in atmospheric SO4
22

deposition in relation to simulated changes in desorption,
mineralization, uptake, and stream loss of SO4

22 and (b) the
relationship between changes in S deposition and lake wa-
tershed loss of SO4

22 for Northern New England (NNE) and
Maine (ME) over the period 1984–2001. Values in (a) are
means 6 SD.

Changes in SO4
22 concentrations in response

to changes in atmospheric deposition

In response to declines in atmospheric S deposition
in recent years, the model predicted decreases in lake
SO4

22 concentrations in both subregions. The predicted
lake SO4

22 concentrations in 2001 compared well with
concentrations measured in the survey during summer
2001 (regression R2 5 0.71 for NNE sites and 0.65 for
ME sites; Fig. 3). The predicted median rates of change
in lake SO4

22 of 21.80 meq·L21·yr21 for NNE and
21.74 meq·L21·yr21 for ME during 1984–2001 com-
pared well with rates observed at long-term monitoring
(LTM) sites in New England (21.77 meq·L21·yr21;
Stoddard et al. 2003). The predicted rates of change
for 1984–2001 compared well with rates derived from
the 1984 and 2001 synoptic surveys (Fig. 4).

The widespread decreases in lake SO4
22 concentra-

tions were mostly a result of decreases in S deposition
resulting from SO2 emission controls. A comparison of
decreases in atmospheric S deposition and declines in
drainage loss of SO4

22 to surface waters indicated that
changes in lake SO4

22 were largely driven by changes
in S deposition (Fig. 5a). Moreover the rates of de-
crease in drainage loss of SO4

22 were closely related
to rates of decrease in atmospheric S deposition (Fig.
5b). Predicted rates of change during 1990–2001 were
greater than rates for the longer period of 1984–2001

(median rate of 21.80 and 21.74 meq·L21·yr21

vs.21.21 and 21.37 meq·L21·yr21 for NNE and ME,
respectively). The greater rates of change in lake SO4

22

during 1990–2001 especially during 1996–2001 were
mostly due to the additional SO2 emission controls as-
sociated with the implementation of Title IV of the
1990 CAAA (Stoddard et al. 2003, Driscoll et al. 2003).

The estimated decreases in S deposition during
1984–2001 were 20.026 6 0.007 g S·m22·yr21 for NNE
and 20.019 6 0.004 g S·m22·yr21 for ME. These rates
of change in S deposition if fully translated into surface
waters, would result in decreases in lake SO4

22 of
22.17 6 0.40 meq·L21·yr21 for NNE and 21.61 6 0.40
meqL21·yr21 for ME through mass balance calculations.
However, predicted changes in lake SO4

22 flux were
20.015 6 0.005 g S·m22·yr21 for NNE sites and 20.011
6 0.007 g S·m22·yr21 for ME sites. Predicted changes
in lake SO4

22 concentrations were 21.16 6 0.48
meq·L21·yr21 for NNE sites and 21.40 6 0.51
meq·L21·yr21for ME sites. Model calculations suggest-
ed that the delayed response of surface water SO4

22

was largely due to the net desorption of previous ad-
sorbed SO4

22 in response to decreases in atmospheric
deposition (Fig. 5). For period of 1984–2001, predicted
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average desorption rates were 0.028 6 0.030 g
S·m22·yr21 for NNE sites and 0.038 6 0.020 g
S·m22·yr21 for ME sites. Note that predicted rates of
net SO4

22 desorption exhibited an increasing trend of
0.009 6 0.006 g S·m22·yr21 for NNE and 0.005 6 0.005
g S·m22·yr21 for ME during this period. The rates of
net SO4

22 desorption agreed with the rates previously
estimated for the HBEF by Gbondo-Tugbawa et al.
(2002). Model predictions indicate smaller effects of
mineralization and vegetation uptake on S retention
during this relatively short period (Fig. 5). The model
predicted slight decreases in net S mineralization.
These fluxes were almost completely balanced by de-
creases in net plant uptake of S (Fig. 5).

N DYNAMICS

Model inputs related to N dynamics

N deposition.—Similar to S deposition, N deposition
also exhibits a distinct gradient across the northeastern
United States, decreasing from southwest to northeast
(Ollinger et al. 1993). There have also been consid-
erable changes in NOx emission and N deposition over
the last 100 years. However unlike S, NOx emissions
and N deposition have remained relatively constant
during the last 20 years. Similar to S, the spatial pattern
of atmospheric N deposition was derived from ion con-
centrations in precipitation and precipitation quantity
estimated from regional models of Ollinger et al. (1993,
1995). The temporal pattern of N deposition was also
scaled from the reconstructed time series at the rep-
resentative NADP site in each subregion.

Vegetation type.—Vegetation type has a strong in-
fluence on N dynamics in forested ecosystems (e.g.,
Aber et al. 2003, Lovett et al. 2002). In our model
simulations, inputs for the dominant vegetation type
were obtained from the original DDRP data (Church
et al. 1989).

Land-disturbance history.—Past land disturbances
have considerable impact on N cycling within forest
ecosystems (Aber et al. 1997, Goodale et al. 2000).
Forests of New England and Maine have experienced
severe disturbances and generally followed a pattern
of decreases in forest area through the late 1700s, a
peak in agricultural lands from 1830–1890, and rapid
reforestation from farmland abandonment through the
late 19th and early 20th centuries (Foster 1995). A
major hurricane in 1938 impacted forests in central and
northern New England. Site-specific land-disturbance
history is difficult to obtain for our study sites. For
these watersheds, two major classes of disturbance pat-
terns were assumed: (1) continuous forest (primary for-
ests that have never been cleared), and (2) post agri-
culture (clearing for agriculture and reforestation on
the abandoned field; Goodale et al. 2002). A large per-
centage of sites in New England and Maine contain
open lands (pasture or abandoned farmland) and ag-
ricultural lands, suggesting possible agriculture activ-

ities in the past. Thus for sites with open lands or ag-
riculture lands, we assumed the post agriculture land
use pattern. While for sites without open land or ag-
riculture land, continuous forest land use pattern was
assumed. After Goodale et al. (2002), we assumed for-
est clearing in 1750 followed by continuous removal
of 5% biomass through 1880 for post-agriculture land
use and an 80-yr harvest cycling for continuous forest
land use.

Simulated NO3
2 pattern

Predicted NO3
2 concentrations in 2001 were 3.66 6

2.38 meq/L at NNE sites and 1.81 6 1.12 meq/L at ME
sites. These ranges of concentrations compared well
with concentrations reported by Aber et al. (2003) for
the region. The predicted rates of change in NO3

2 dur-
ing 1984 and 2001 were generally small. During 1984
and 2001, the estimated average NO3

2 deposition was
0.45 g·m22·yr21 at NNE sites and 0.35 g·m22·yr21 at ME
sites. The predicted NO3

2 leaching to surface water was
around 0.05 and 0.03 g·m22·yr21 for NNE and ME,
respectively, indicating strong N retention in these wa-
tersheds. The relatively large N retention at these sites
was probably a result of extensive land disturbance in
the past. Note that atmospheric N deposition and wa-
tershed NO3

2 leaching were lower in NNE and ME than
in the Adirondack and Catskill regions of New York
immediately to the west that exhibit higher NO3

2 leach-
ing (Aber et al. 2003, Chen et al. 2004).

BASE CATIONS

Model inputs related to base cations

Base cation deposition.—Unlike S and N deposition,
base cation deposition deceases from the coast to inland
and from southeast to northwest (Ollinger et al. 1993).
The regional models of base cation concentrations in
precipitation chemistry and precipitation quantity as a
function of geographic position by Ollinger et al.
(1993) were used to derive wet deposition of base cat-
ions at each site. Again temporal patterns from long-
term precipitation chemistry sites were scaled out for
other sites.

Measurements or estimates of dry deposition of base
cations are rare. Dry-to-wet deposition ratios estimated
during the DDRP study for Na1, Mg21, K1, and Ca21

were 1.61 6 0.42, 2.43 6 0.53, 2.24 6 0.53, and 1.09
6 0.35, respectively, for NNE and 1.12 6 0.44, 1.57
6 0.65, 1.98 6 0.66, and 0.816 0.52, respectively, for
ME sites (Church et al. 1989). The estimated ratios for
Na1 and Mg21 were higher than values summarized by
Baker (1991; 0.37 and 0.75) for the northeastern United
States. The ratios for K1 and Ca21 were very close to
the values of Baker (1991; 2.21 and 1.19, respectively).
In the Integrated Forest Study (IFS), Johnson (1992)
found that dry-to-wet deposition ratios were generally
,1 for Na1 at sites without marine influence, ,1 for
Mg21 except for one site in Maine, 1.2–3.3 for K1, and
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,1 for Ca21 at low-elevation eastern sites. Based on
these values, the estimated dry-to-wet deposition ratios
of K1 and Ca21 used for the DDRP were considered to
be reasonable, while the ratios of Mg21 might be over-
estimated. Given that watersheds in NNE and ME
might be impacted by marine aerosols, the DDRP val-
ues of Mg21 were still used in the model simulations.

Sea salt correction.—The inputs of base cations from
marine salt spray were calculated based on a Cl2 mass
balance. For sites with a Cl2 output that exceeded the
estimated deposition, the unexplained portion of Cl2

in surface water was assumed to originate from either
road salt or marine salt. We based our assumption of
the Cl2 source for individual watersheds on their lo-
cation (i.e., near coastal areas, adjacent to roads). Based
on the estimated input of Cl2 from sea salt, inputs of
other elements were calculated using their molar ratios
to Cl2 in seawater (S/Cl, 0.10; Mg/Cl, 0.195; Ca/Cl,
0.038; K/Cl, 0.018; Na/Cl, 0.859). Inputs from sea salt
were assumed to be constant over time.

Mineral weathering.—Direct measurements of
weathering rates are not available for these sites, thus
weathering inputs used in this analysis were obtained
through adjusting weathering inputs until predicted sur-
face water outputs for 1984 matched observed values
(R2 . 0.90; Fig. 3). The calibrated weathering inputs
were used as constant inputs for the simulation period.
A paired t test of weathering rates derived in this model
application with rates derived through another model
application at these sites (Church et al. 1989) showed
no significant difference between the two methods.

Changes in watershed base cations

Predicted changes compared to survey data and
trends at LTM sites.—The model predicted a general
trend of decreases in base cation concentrations in lake
waters for the period of 1984–2001. Data from the 2001
survey, however, indicated only a slight decrease or
increase in Mg21 concentrations from the 1984 survey
(R. A. F. Warby, C. E. Johnson, and C. T. Driscoll,
unpublished manuscript). The survey data also indi-
cated larger decreases in Ca21 concentrations than mod-
el predictions and the LTM trends (Stoddard et al.
2003). As a result, the predicted concentrations of Ca21

in 2001 were higher than the 2001 survey data and the
concentrations of Mg21 were lower (Fig. 3). The pre-
dicted median rates of decrease in Ca21 1 Mg21 during
1990–2000 were 21.41 meq·L21·yr21 at NNE and
21.09 meq·L21·yr21 at ME, which compared well to the
observed LTM trends (median of 21.48 meq·L21·yr21;
Stoddard et al. 2003).

Predicted changes in base cations in relation to
changes in strong acid anions.—The changes in base
cations in relation to changes in strong acid anions have
implications in recovery of surface water ANC. Based
on model calculations, we estimated the ratios of
changes in base cations during 1984–2001 to the an-
ions. The calculated ratios were generally above 1, in-

dicating changes in base cations were at similar or fast-
er rates than strong acid anions. In a study by Kirchner
(1992), the theoretical stoichiometric ratios of change
in base cations in relation to change in acidic anions
(FSBC) could be estimated from chemistry of the re-
ceiving waters (Kirchner 1992). Using methods de-
scribed in Kirchner (1992) and lake chemistry data
obtained from the 1984 survey, we calculated the the-
oretical stoichiometric ratios for acid-sensitive sites
(i.e., ANC ,50 meq/L; Table 2). We then calculated
expected rates of change in base cations based on the
estimated FSBC values and predicted rates of change in
strong acid anions. The estimated rates of change in
base cations were found to be very similar to predicted
rates of changes in base cations (r 5 0.727). This pat-
tern indicated that at these sites, base cation concen-
trations decreased at similar or higher rates in response
to decreases in strong acid anions, therefore resulting
in little or no change in lake ANC. Note that seven out
of these 17 acid-sensitive sites showed larger predicted
decreases in base cations than the calculated values,
indicating depletion of base cation exchangeable pools
in soils of at these watersheds might have caused a
shift in the stoichiometric ratios.

Changes in drainage loss of base cations in relation
to other processes.—Several processes may contribute
to decreases in drainage loss of base cations to surface
waters, including decreases in base cation deposition,
decreases in mineral weathering, decreases in the net
release of base cations from the soil exchange complex,
and/or increases in net plant uptake. A comparison of
simulated changes in fluxes related to these processes
during 1984–2001 indicated that decreases in atmo-
spheric deposition generally contributed 20% of the
decreases in drainage loss at NNE sites and 40% for
ME sites (Fig. 6). The results for NNE agreed with
modeling results of Gbondo-Tugbawa and Driscoll
(2003), in which they also showed that decreases in
deposition contributed 20% of the decreases in base
cation drainage loss. The model predictions also
showed decreases in mineral weathering inputs, which
appeared to be due to decreases in water availability
during the simulation period. Changes in the net release
of base cations from the soil exchange complex gen-
erally accounted for 60–80% of the decreases in drain-
age loss of base cations in lake waters in NNE and
ME. It is difficult to determine if the changes in cation
exchange reactions were due to decreases in inputs of
mobile anions and/or the depletion of cation exchange
pools. However, calculations from section above in-
dicated that for at least seven of the 17 acid-sensitive
watersheds, depletion of exchangeable base cation
pools was evident. The depletion of exchangeable base
cation pools was further supported by changes in sim-
ulated soil percent base saturation (%BS). Simulated
soil %BS decreases at rates of 20.02 6 0.03%/yr at
all the sites, and 20.05 6 0.02%/yr at the acid-sensitive
sites of NNE, and 20.01 6 0.04%/yr for all sites and
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TABLE 2. Predicted rates of change in the sum of base cation concentrations in relation to
changes in strong acid anion concentrations for acid-sensitive watersheds (ANC , 50 meq/L)
in NNE and ME.

Site name DCA† DCB‡ FSBC§ DCB9 \

Lincoln Pond 20.64 20.83 1.06 20.69
Upper Beech Pond 21.42 21.41 1.30 21.85
Star Lake 21.58 21.81 1.16 21.83
Mendums Pond 21.10 21.44 1.07 21.17
Juggernaut Pond 22.00 21.86 0.84 21.67
Cranberry Pond 21.69 22.38 1.27 22.15
Moores Pond 20.97 21.16 1.16 21.13
Babbidge Reservoir 22.00 22.17 1.02 22.03
Pemigewasset Lake 20.63 21.06 1.19 20.75
Lt. Greenwood Pond (West) 21.73 21.25 1.25 22.17
Lower Oxbrook Lake 21.30 21.69 1.64 22.13
Duck Lake 21.83 22.22 1.27 22.33
Greenwood Pond 21.10 21.16 1.50 21.65
Long Pond 20.98 21.46 1.00 20.98
Nelson Pond 22.02 22.34 0.98 21.97
Gross Pond 21.76 21.76 0.95 21.68
Kalers Pond 21.29 21.54 1.22 21.57
Mean 21.41 21.62 1.17 21.63
SD 0.46 0.47 0.20 0.51

† DCA is the predicted rate of change in anions for 1984–2001, calculated as dNO3
2 1 dCl2

1 dSO4
22, in meq·L21·yr21.

‡ DCB is the predicted rate of change in base cations for 1984–2001, calculated as dNa1 1
dMg21 1 dK1 1 dCa21, in meq·L21·yr21.

§ FSBC is the theoretical ratio of changes in base cations relative to acidic anions, calculated
as ([Na1] 1 2[Mg21] 1 [K1] 1 2[Ca21])/([Cl2] 1 [NO3

2] 1 2[SO4
22]), according to Kirchner

(1992). Concentrations are values of 1984 survey data, in meq/L.
\ DCB9 is the theoretical rate of change in base cations given the predicted rate of change in

anions, calculated as DCA 3 FSBC. Sites with DCB exceeding DCB9 (indicated in bold) show
depletion of base cations in exchangeable soil pools.

20.05 6 0.02%/yr for acid-sensitive sites in at ME.
Effects of biotic processes were generally negligible in
the mass balances of base cations at NNE sites (i.e.,
net mineralization, net plant uptake). However, model
simulation indicated a net release of base cations from
biotic processes at ME sites. This release was probably
a result of colder temperature at ME than NNE, which
might result in less plant production and demand for
base cations.

SIMULATIONS IN SURFACE WATER ANC AND

RESPONSE TO FUTURE CONTROL SCENARIOS

Simulations in surface water ANC

Predicted lake ANC in 1984 and 2001 compared well
with survey data (Fig. 3). The model predicted minor
increases in surface water ANC at NNE sites of 0.46
6 0.78 meq·L21·yr21 and a continuous decrease in ANC
at ME sites of 0.48 6 1.23 meq·L21·yr21. These rates
of change compared well to trends observed in the LTM
sites in NNE and ME, with a median rate of 0.11
meq·L21·yr21 (Stoddard et al. 2003). For sites in NNE
and ME, declines in SO4

22 have been largely offset by
decreases in base cation concentrations, thus resulting
in little or no change in ANC, as indicated by model
simulations and the calculated FSBC values shown
above.

Historical acidification

Model hindcasts of lake and soil chemistry prior to
the onset of marked increases in SO2 and NOx emissions
(circa 1850) help show the impacts of acidic deposition
as well as establish a baseline of reference conditions
upon which to evaluate the extent of recovery. In our
analysis, the model hindcasts were conducted under the
same conditions as simulation 4 (i.e., with all the cor-
rections in S simulations). Our analysis showed that
prior to increases in acidic deposition, lake concentra-
tions of SO4

22 and NO3
2 were low across the subre-

gions. Simulated background SO4
22 concentrations of

these two subregions were generally less than 20 meq/
L, with median values of 8–9 meq/L. Simulated con-
centrations of NO3

2 prior to increases in acidic depo-
sition were generally less than 1 meq/L in 1850.

Calculated background pH and ANC in 1850 have
median values of 6.7 and 116 meq/L for NNE and 6.7
and 109 meq/L for ME, respectively. For current acid-
sensitive watersheds (i.e., ANC , 50 meq/L), the model
estimated median background pH and ANC as 6.3 and
56.3 meq/L, respectively. For acid-sensitive water-
sheds, predicted background concentration of inorganic
monomeric Al was 0.09 mmol/L.

Response to future scenarios

Future scenarios.—Current emission reduction pro-
posals call for 50–75% reductions in emissions of SO2
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FIG. 6. Estimated rates of change in base cation deposi-
tion (DEP) in relation to rates of change in mineral weathering
(WEA), net cation exchange (CEX), net effect of biotic pro-
cesses (BIO), and stream loss of base cations (STR) for (a)
all sites and (b) acid-sensitive sites (ANC , 50 meq/L) in
northern New England (NNE) and Maine (ME) for the period
1984–2001. Values are mean 6 SD.

TABLE 3. Summary of the three future scenarios used in model simulations.

Model Summary

1990 CAAA (base case) SO2 emissions from utility capped at 8.95 million short tons (8.12 3 106 Mg). Non-utili-
ty SO2 emissions capped at 5.6 million short tons (5.08 3 106 Mg). Overall ;40%
reduction in SO2 emissions achieved by 2010 (through Phase I and Phase II), relative
to 1990 emissions. Overall ;5% reduction in NOx emissions by 2010.

Moderate control Reduce the utility SO2 emissions to 6 million short tons (5.44 3 106 Mg); ;20% reduc-
tion in annual NOx emissions and ;55% reduction in SO2 emissions by 2010, relative
to 1990.

Aggressive control Reduce the utility SO2 emissions to 1 million short tons (0.91 3 106 Mg); ;30% reduc-
tion in annual NOx emissions and ;75% reduction in SO2 emissions by 2010, relative
to 1990.

from electric utilities beyond full implementation of
Title IV of the 1990 CAAA and 70–75% reduction from
1997 levels in NOx emissions to be implemented by
various dates (Driscoll et al. 2001). To evaluate effects
of possible future emission controls, we considered
three future control scenarios of (1) the base case (im-
plementation of the1990 CAAA); (2) the moderate con-
trol; and (3) the aggressive control (Table 3). These
reductions in emissions were assumed to be imple-
mented linearly during 2010–2020. Similar to the mod-
el hindcasts, the simulations for future scenarios were
conducted under the same conditions of simulation 4
of the S analysis (see Table 1). Simulations for future
scenarios were conducted also under the assumption

that deposition of base cations and NH4
1 remains as

the average values of the 1990s. We also assumed con-
stant climate for the future scenarios.

Extent of recovery.—Predicted lake SO4
22 concen-

trations decrease under all three future scenarios for
the period 2010–2050 (Fig. 7). The rates of decrease
in SO4

22 are generally uniform under each scenario and
additional controls accelerate the declines of SO4

22.
The rates of decline are slightly greater at NNE sites
than ME sites. This pattern could be due to the fact
that the same amount reduction of SO2 emissions would
likely result in larger decreases in S deposition at the
NNE sites that are closer to the source area than ME
sites. Predicted SO4

22 concentrations for 2050 are also
relatively uniform under each scenario and are gen-
erally less than 60 meq/L (Fig. 8). Predicted SO4

22 con-
centrations under the aggressive control scenario are
generally less than 30 meq/L for both NNE and ME
sites, but still considerably greater than our estimated
background values.

The relatively rapid declines in SO4
22 will result in

increases in ANC at most of the lakes in both NNE
and ME. Under the base case scenario, predicted me-
dian rates of increase in ANC are about 0.03
meq·L21·yr21 at NNE and 0.02 meq·L21·yr21 at ME. Ad-
ditional control greatly enhances the recovery of ANC
to 0.30 meq·L21·yr21 at NNE and 0.22 meq·L21·yr21 at
ME under the aggressive control scenario. These results
are similar to the predictions in the Adirondacks, al-
though predicted median rates of ANC increase are
slightly higher in the Adirondacks (0.4 meq·L21·yr21

under the aggressive control scenario; Chen and Dris-
coll 2005). For soils, the decreases in SO4

22 will gen-
erally result in increases of soil %BS (Fig. 7). However,
the rates of increase in soil %BS are relatively small,
suggesting ongoing depletion of available nutrient cat-
ion pools.

Status in 2050.—Critical chemical thresholds that
appear to coincide with the onset of deleterious effects
to biotic resources include (1) the molar Ca/Al ratio of
soil water ,1.0 and soil percent base saturation ,20%,
which indicate that forest vegetation is at risk with
respect to soil acidification from acidic deposition
(Cronan and Schofield 1990, Cronan and Grigal 1995);
and 2) surface water pH ,6.0, ANC ,50 meq/L and
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FIG. 7. Distribution of predicted rates of changes in surface water SO4
22 concentrations (meq·L21·yr21), ANC (meq·L21·yr21),

and soil %BS (percent base saturation, %/yr) during 2001–2050 under the three scenarios of base case (1990 CAAA),
moderate control, and aggressive control at (a–c) northern New England (NNE) sites and (d–f) Maine (ME) sites.

inorganic monomeric Al concentrations .2 mmol/L,
which indicate that aquatic biota are at risk from sur-
face water acidification due to acidic deposition
(McAvoy and Bulger 1995).

Predicted soil solution Ca/Al ratios in 2050 are gen-
erally higher than the critical values of 1 for sites at
both subregions. Soil %BS at 80% of the NNE sites
and 60% of the ME sites are generally less than critical
value of 20%. Median background %BS is 26.8% at
ME and 22.2% at NNE.

Since most of the DDRP sites in these two subregions
had ANC values greater than 50 meq/L in 1984, pre-
dicted surface water pH and ANC in 2050 are generally
above the critical values, and for inorganic monomeric
Al concentrations below the critical values. However,
about 20% of the sites will have pH less than 6, and
ANC of around 25% of the watersheds will remain
under 50 meq/L in 2050.

CONCLUSIONS

We summarize the main findings from this study:
1) For both northern New England and Maine, el-

evation appeared to be an important factor influencing
inputs of atmospheric S deposition to watersheds. In-
cluding elevation as a component in estimating S de-
position inputs significantly improved model predic-
tions in lake SO4

22 concentrations.
2) Changes in lake SO4

22 concentrations were re-
lated to changes in atmospheric deposition, although
desorption of soil SO4

22 delayed the response of lake
water to decreases in atmospheric S deposition.

3) The declines in SO4
22 1 NO3

2 concentrations
were coupled with stoichiometric decreases in base cat-
ion concentrations, as indicated by the model predic-
tions. As a result, changes in surface water ANC in
response to changes in atmospheric deposition were
minor.
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FIG. 8. Predicted surface water (a) SO4
22 concentrations, (b) NO3

2 concentrations, (c) inorganic Al concentration, (d)
pH, (e) ANC, and (f) soil %BS (percent base saturation) in 2050 under three scenarios for northern New England (NNE)
and Maine (ME) sites.

4) Decreases in base cation deposition contributed
an average of 20% and 40% to decreases in drainage
loss of base cations for sites in NNE and ME, respec-
tively. The decreases in lake base cation concentrations
were largely due to declines in the net release of basic
cations from the soil exchange complex.

5) Future reductions in S deposition will contribute
to the recovery in soil and surface waters. Although
marked improvement is expected, chemical and bio-
logical recovery to the background conditions will not
be expected at all the sites in 2050.

ACKNOWLEDGMENTS

Support for this study was provided by the W. M. Keck
Foundation, the National Science Foundation, and the U.S.
Environmental Protection Agency Clean Air Markets Divi-
sion. We thank Richard Warby, Chris Johnson, and Jack Cos-
by for supplying data for this study.

LITERATURE CITED

Aber, J. D., C. L. Goodale, S. V. Ollinger, M. Smith, A. H.
Magill, M. E. Martin, R. A. Hallett, and J. L. Stoddard.
2003. Is nitrogen deposition altering the nitrogen status of
northeastern forests. BioScience 53:375–389.



1796 LIMIN CHEN AND CHARLES T. DRISCOLL Ecological Applications
Vol. 15, No. 5

Aber, J. D., S. V. Ollinger, and C. T. Driscoll. 1997. Modeling
nitrogen saturation in forest ecosystems in response to land
use and atmospheric deposition. Ecological Modelling 101:
61–78.

Baker, L. A. 1991. Regional estimates of atmospheric dry
deposition. Pages 645–652 in D. F. Charles, editor. Acidic
deposition and aquatic ecosystems: regional case studies.
Springer-Verlag, New York, New York, USA.

Chen, L., and C. T. Driscoll. 2004. An evaluation of processes
regulating spatial and temporal patterns in lake sulfate in
the Adirondack region of New York. Global Biogeochem-
ical Cycles 18:3024–3033.

Chen, L., and C. T. Driscoll. 2005. Regional application of
a biogeochemical model (PnET-BGC) to the Adirondack
region of New York: response to current and future changes
in atmospheric deposition. Environmental Science and
Technology 39:787–794.

Chen, L., C. T. Driscoll, S. Gbondo-Tugbawa, M. J. Mitchell,
and P. S. Murdoch. 2004. The application of an integrated
biogeochemical model (PnET-BGC) to five forested wa-
tersheds in the Adirondack and Catskill regions of New
York. Hydrological Processes 18:2631–2650.

Church, M. R., K. W. Thornton, P. W. Shaffer, D. L. Stevens,
B. P. Rochelle, and G. R. Holdren. 1989. Future effects of
long-term sulfur deposition on surface water chemistry in
the Northeast and southern Blue Ridge Province. EPA/600/
3-89/061. U.S. Environmental Protection Agency, Wash-
ington, D.C., USA.

Cronan, C. S. 1985. Biogeochemical influence of vegetation
and soil in the ILWAS watersheds. Water Air and Soil
Pollution 26:355–371.

Cronan, C. S., and D. F. Grigal. 1995. Use of calcium/alu-
minum ratios as indicators of stress in forest ecosystems.
Journal of Environmental Quality 24:209–226.

Cronan, C. S., and C. L. Schofield. 1990. Relationships be-
tween aqueous aluminum and acidic deposition in forested
watersheds of North America and Northern Europe. En-
vironmental Science and Technology 24:1100–1105.

Driscoll, C. T., K. M. Driscoll, K. M. Roy, and M. J. Mitchell.
2003. Chemical response of lakes in the Adirondack region
of New York to declines in acidic deposition. Environ-
mental Science and Technology 37:2036–2042.

Driscoll, C. T., G. B. Lawrence, A. J. Bulger, T. J. Butler, C.
S. Cronan, C. Eager, K. F. Lambert, G. E. Likens, J. L.
Stoddard, and K. C. Weathers. 2001. Acidic deposition in
the northeastern United States: sources and inputs, eco-
system effects and management strategies. BioScience 51:
180–198.

Driscoll, C. T., G. E. Likens, and M. R. Church. 1998. Re-
covery of surface waters in the northeastern U. S. from
decreases in atmospheric deposition of sulfur. Water Air
and Soil Pollution 105:319–329.

Foster, D. R. 1995. Land-use history and four hundred years
of vegetation change in New England. Pages 253–319 in
B. L. Turner, A. G. Sal, F. G. Bernaldez, and F. Castri,
editors. Global land use change: a perspective from the
Columbian Encounter. Consejo Superior de Investigaciones
Cientificas. Dodecaedro, S. A. Santa Clara, Spain.

Gbondo-Tugbawa, S. S., and C. T. Driscoll. 2003. Factors
controlling long-term changes in soil pools of exchangeable
basic cations and stream acid neutralizing capacity in a
northern hardwood forest ecosystem. Biogeochemistry 63:
161–185.

Gbondo-Tugbawa, S. S., C. T. Driscoll, J. D. Aber, and G.
E. Likens. 2001. Evaluation of an integrated biogeochem-
ical model (PnET-BGC) at a northern hardwood forest eco-
system. Water Resources Research 37:1057–1070.

Gbondo-Tugbawa, S. S., C. T. Driscoll, M. J. Mitchell, J. D.
Aber, and G. E. Likens. 2002. A model to simulate the

response of a northern hardwood forest ecosystem to chang-
es in S deposition. Ecological Applications 12:8–23.

Goodale, C. L., J. D. Aber, and W. H. McDowell. 2000. The
long-term effects of disturbance on organic and inorganic
nitrogen export in the White Mountains, New Hampshire.
Ecosystems 3:433–450.

Goodale, C. L., K. Lajtha, K. J. Nadelhoffer, E. W. Boyer,
and N. Jaworski. 2002. Forest nitrogen sinks in large east-
ern US watersheds: estimates from forest inventory and an
ecosystem model. Biogeochemistry 57:239–266.

Ito, M., M. J. Mitchell, and C. T. Driscoll. 2002. Spatial
patterns of precipitation quantity and chemistry and air
temperature in the Adirondack Region of New York. At-
mospheric Environment 36:1051–1062.

Johnson, D. W. 1992. Base cations. Pages 236–245 in D. W.
Johnson and S. E. Lindberg, editors. Atmospheric depo-
sition and forest nutrient cycling. Ecological Studies 91.
Springer-Verlag, New York, New York, USA.

Kelly, C. A., J. W. M. Rudd, R. H. Hesslein, D. W. Schindler,
P. J. Dillon, C. T. Driscoll, S. A. Gherini, and R. E. Hecky.
1987. Prediction of biological acid neutralization in acid-
sensitive lakes. Biogeochemistry 3:129–140.

Kirchner, J. W. 1992. Heterogeneous geochemistry of catch-
ment acidification. Geochimica et Cosmochimica Acta 56:
2311–2327.

Landers, D. H., W. S. Overton, R. A. Linthurst, and D. F.
Brakke. 1988. Eastern Lake Survey: regional estimate of
lake chemistry. Environmental Science and Technology 22:
128–135.

Likens, G. E., T. J. Butler, and D. C. Buso. 2001. Long- and
short-term changes in sulfate deposition: effects of the 1990
Clean Air Act Amendments. Biogeochemistry 52:1–11.

Linthurst, R. A., D. H. Landers, J. M. Eilers, D. F. Brakke,
W. S. Overton, E. P. Meier, and R. E. Corwe. 1986. Char-
acteristics of lakes in the eastern United States. Volume 1.
Population description and physico-chemical relationships.
EPA/600/4-86/007a. U.S. Environmental Protection Agen-
cy, Washington, D.C., USA.

Lovett, G. M., K. C. Weathers, and W. Sobczak. 2002. Con-
trol of nitrogen loss from forested watersheds by soil car-
bon:nitrogen ratio and tree species composition. Ecosys-
tems 5:712–718.

MacAvoy, S. E., and A. J. Bulger. 1995. Survival of brook
trout (Salvelinus fontinalis) embryos and fry in streams of
different acid sensitivity in Shenandoah National Park,
USA. Water, Air, and Soil Pollution 85:439–444.

Mollitor, A. V., and D. J. Raynal. 1982. Acid deposition and
ionic movements in Adirondack forest soils. Soil Science
Society of American Journal 46:137–141.

Norton, S. A., J. S. Kahl, D. F. Brakke, G. F. Brewer, T. A.
Haines, and S. C. Nodvin. 1988. Regional patterns and
local variability of dry and occult deposition strongly in-
fluence sulfate concentrations in Maine lakes. Science of
Total Environment 72:183–196.

Ollinger, S. V., J. D. Aber, G. M. Lovett, and J. M. Ellis.
1995. Modeling physical and chemical climate of the
northeastern United States for a geographical information
system. U.S. Department of agriculture, Forest Service,
Northeastern Forest Experiment Station, Radnor, Pennsyl-
vania, USA.

Ollinger, S. V., J. D. Aber, G. M. Lovett, S. E. Millham, R.
G. Lathrop, and J. M. Ellis. 1993. A spatial model of at-
mospheric deposition for the northeastern U. S. Ecological
Applications 3:459–472.

Palmer, S. M., C. T. Driscoll, and C. E. Johnson. 2004. Long-
term trends in soil solution and stream water chemistry at
the Hubbard Brook Experimental Forest: relationship with
landscape position. Biogeochemistry 68:51–70.

Stoddard, J. L., et al. 1999. Regional trends in aquatic re-



October 2005 1797REGIONAL MODEL APPLICATION

covery from acidification in North America and Europe.
Nature 401:575–578.

Stoddard, J. L., J. S. Kahl, F. A. Deviney, D. R. DeWalle, C.
T. Driscoll, A. T. Herlihy, J. H. Kellogg, P. S. Murdoch, J.

R. Webb, and K. E. Webster. 2003. Response of surface
water chemistry to the Clean Air Act Amendments of 1990.
EPA 620/R-03/001. U.S. Environmental Protection Agen-
cy, Washington, D.C., USA.




