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This simple mass balance equation estimated that 17% of US forest soils exceed their critical acid load by
more than 250 eq ha�1 yr�1, and these areas are predominantly located in the northeastern US.

Abstract

Concern regarding the impacts of continued nitrogen and sulfur deposition on ecosystem health has prompted the development of critical acid
load assessments for forest soils. A critical acid load is a quantitative estimate of exposure to one or more pollutants at or above which harmful
acidification-related effects on sensitive elements of the environment occur. A pollutant load in excess of a critical acid load is termed exceed-
ance. This study combined a simple mass balance equation with national-scale databases to estimate critical acid load and exceedance for forest
soils at a 1-km2 spatial resolution across the conterminous US. This study estimated that about 15% of US forest soils are in exceedance of their
critical acid load by more than 250 eq ha�1 yr�1, including much of New England and West Virginia. Very few areas of exceedance were
predicted in the western US.
Published by Elsevier Ltd.
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1. Introduction

The potential impacts of acid deposition on forests caused
much concern among environmental scientists and policy
makers across New England in the mid-1980s and early
1990s. Reports of high-elevation forest mortality prompted nu-
merous studies to assess the short- and long-term effects of

* Corresponding author. Tel.: þ1 919 515 9489; fax: þ1 919 513 2978.

E-mail addresses: steve_mcnulty@ncsu.edu (S.G. McNulty), eccohen@fs.

fed.us (E.C. Cohen), jmooremyers@fs.fed.us (J.A. Moore Myers), tim.

Sullivan@esenvironmental.com (T.J. Sullivan), hli@fs.fed.us (H. Li).
1 Tel.: þ1 919 513 3189.
2 Tel.: þ1 919 515 9497.
3 Tel.: þ1 541 758 5777.
4 Tel.: þ1 843 769 7004.
0269-7491/$ - see front matter Published by Elsevier Ltd.

doi:10.1016/j.envpol.2007.05.025
nitrogen (N) and sulfur (S) compounds (the two principle com-
ponents of acid deposition) on ecosystem health. Research
studies suggested that long-term deposition of acidic com-
pounds could negatively impact stream, lake, forest sustain-
ability, and biodiversity (Wright and Schindler, 1995).

The Clean Air Act Amendments (CAAAs) were enacted to
address acidic deposition impacts on human and ecosystem
health (CAAA, 1990). The CAAA primary focus was to reduce
industrial emissions of S but mandated little change in N emis-
sions (CAAA, 1990). Since the passage of the CAAA, S
deposition has decreased by as much as 30% across the eastern
US, but N deposition has changed little from 1980s’ levels
(Baumgardnerh et al., 2002).

During the 1980s, European forests were also receiving high
rates of acidic deposition (Cowling, 1981), and European
nations began using simple mass balance equations (SMBEs)
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to estimate forest soil critical acid loads (CALs) (Hall et al.,
2001; Posch et al., 2001). A CAL can be defined as a quanti-
tative estimate of ecosystem exposure to one or more pollut-
ants below which significant harmful effects on specified
sensitive elements of the environment do not occur, according
to present knowledge (Nilsson and Grennfelt, 1988; Gregor
et al., 2004). When pollutant loads exceed the CAL there is
an increased risk of harmful ecosystem impacts. Pollutant
load (in the form of acidic deposition) in excess of the CAL
is termed the exceedance (Gregor et al., 2004). As exceedance
increases, the potential for negative forest health impacts also
increases (Sverdrup and De Vries, 1994). The objectives of
European and, more recently, Canadian studies were to cir-
cumscribe areas where N and S loads were potentially degrad-
ing forest health.

Research studies suggest that ecosystems with high rates of
acidic deposition and low CAL are more likely to experience
nitrate leaching, forest mortality, reduced forest productivity,
reduced biological diversity, and increased stream acidity
(Driscoll et al., 2001). Whereas forest soil CAL and exceed-
ance studies have been developed on national-scales for both
Europe and Canada, much less research has been conducted
on CAL for forest soils in the United States (US) (Aherne
and Watmough, 2005). The objective of this study was to
use an SMBE to estimate the current CAL and exceedance
of the CAL for forest soils across the conterminous US. The
intention was to locate forest soil areas that could potentially
be in exceedance of the CAL as a first step toward an assess-
ment of the long-term impacts of acidic deposition on forest
ecosystem health in the conterminous US.

2. Methods

2.1. Simple mass balance equation

National-scale vegetation, soil, and climate databases were compiled to es-

timate the critical acid load for forest soils. CAL was modeled using a steady

state, SMBE of ecosystem N and S inputs, sinks, and outputs. An SMBE as-

sumes that the ecosystem is at equilibrium over time, and that the point of

equilibrium is equal to the ecosystem’s CAL. The estimates of forest soil

CAL and exceedance were modeled within a geographic information system

(GIS), where each SMBE parameter was represented by data on a 1-km2

grid system. The forest soil CAL of N and S was expressed in equivalents

per hectare per year (eq ha�1 yr�1) and calculated using the following

equation:

CAL
�
SþN

�
¼BCdep�CldepþBCw�BCuþNiþNuþNde�ANCle;crit ð1Þ

where CAL(SþN) is the forest soil critical acid load for S and N; BCdep is

base cation (i.e., calcium (Ca)þ potassium (K)þmagnesium (Mg)þ sodium

(Na)) deposition; Cldep is chloride deposition; BCw is base cation weathering;

BCu is uptake of base cations (i.e., CaþKþMg) in trees; Ni is nitrogen im-

mobilization; Nu is uptake of nitrogen in trees; Nde is denitrification; and AN-

Cle,crit is forest soil acid neutralizing capacity of CAL leaching (Gregor et al.,

2004).

CAL exceedance (eq ha�1 yr�1) was calculated using the following equa-

tion:

Ex
�
Sþ Ndep

�
¼ Sþ Ndep � CAL

�
Sþ N

�
ð2Þ
where Ex is exceedance of the forest soil critical N and S loads; SþNdep is the

deposition of SþN; and CAL(SþN) is the forest soil critical load of SþN

(Gregor et al., 2004). Higher Ex-values reflect greater exceedance of acidic

deposition above the level associated with an increased likelihood of environ-

mental harm.

3. Databases

Input data for the SMBE with the finest possible spatial res-
olution and regional to national extent were selected and com-
piled. All data sets except dry deposition were acquired in
a GIS grid format. The dry deposition data were acquired in
a point format and interpolated with ArcGIS using the nearest
neighbor method (Minami, 2000).

The soil map unit database was used as the base grid, and
all other spatial data were aligned to the soil map by syn-
chronizing the grid’s spatial extent. This ensured that each
grid had the same number of rows and columns, and that
the geographic location of each cell did not vary between
the data sets. All data sets were originally mapped at differ-
ent scales (Table 1) and resampled to 1-km2 using the nearest
neighbor method (Minami, 2000). This method was chosen
because the cell value remains the same throughout the pro-
cessing. However, the interpretation of the modeled outputs
is limited by the coarsest spatial resolution of the original
database.

3.1. Deposition

The National Atmospheric Deposition Program/National
Trends Network (NADP/NTN) collects wet atmospheric depo-
sition at 250 monitoring sites located across the US. NADP/
NTN developed annual isopleth maps of ion concentration,
precipitation, and total ion deposition for the continental US
(NADP, 2005). The average ion deposition isopleth grids for
the western US from 1994 through 2000 were input into the
SMBE after being resampled from 2.5 km2 to 1-km2 using
the nearest neighbor method.

Grimm and Lynch (2004) created a high-resolution wet de-
position map of the eastern US that produced estimates with
less error than 2D multiquadric algorithm or kriging model.
Their model integrated National Oceanic and Atmospheric
Administration (NOAA) precipitation data, precipitation

Table 1

Original resolution of input databases

Data set Source Original

display scale

Original grain

(cell size)

Dry deposition CASTNET (US EPA, 2007) n/a n/a

Forest type National Atlas

(USFS and USGS, 2000)

1:7,500,000 1.1-km

Runoff Gebert et al. (1987) 1:7,500,000 1-m

Soils STATSGO (USDA NRCS,

1995)

1:250,000 6.25-km

Wet deposition Grimm and Lynch (2004) n/a 330-m or 1-km

NADP annual isopleth

maps (NADP, 2005)

n/a 2.5-km
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chemistry data from NADP/NTN sites, and elevation, slope,
and aspect data to estimate wet deposition. Wet deposition
was estimated east of the 94�W longitude and from 25�N to
49�N latitude. The spatial resolution of the modeled data
ranged from 353 m2 at 25�N to 300 m2 at 49�N (Grimm and
Lynch, 2004). Both of these data sets were aggregated to
a 1-km2 resolution. The Grimm and Lynch data for 1994 to
2000 were input into the SMBE after averaging the years
and combining the data set with the NADP/NTN isopleth
data for the western US (NADP, 2005). Wet deposition was ex-
pressed in eq ha�1 yr�1 for S, N, base cations (i.e., Ca, Mg,
and K), and Cl.

Gregor et al. (2004) suggested that wet deposition data used
for estimating forest soil CAL should be corrected for sea-salt
within 70 km of the coast. We applied the methods prescribed
by Gregor et al. (2004) for this correction to the Atlantic, Gulf,
and Pacific coastlines. However, the method clearly over cor-
rected the wet deposition estimates (data not shown) in some
areas. Therefore, we elected to use the uncorrected wet depo-
sition data, acknowledging that the SMBE may have over es-
timated forest soil CAL within 70 km of the coast. Additional
work is needed to develop equations that will accurately cor-
rect wet deposition for marine sources throughout all coastal
areas of the US.

The Clean Air Status and Trends Network (CASTNET) has
approximately 80 monitoring sites throughout the US that col-
lect both dry and wet deposition data (US EPA, 2006). Sulfur
and nitrogen dry deposition surfaces were interpolated to a
1-km2 spatial resolution from the CASNET dry deposition
point data using ordinary kriging. Cloud deposition data
were not used in predicting CAL in this study due to the
lack of availability of cloud data sets and the complexity
in spatially interpolating these forms of deposition. The au-
thors acknowledge the limitation of using only wet and dry
deposition in calculating forest soil CAL but determined
that the uncertainty associated with cloud deposition inputs
would not improve the spatial accuracy of SMBE estimates
of forest soil CAL exceedance areas. Methods for reducing
spatial resolution errors associated with cloud deposition
and spatial distribution are in progress, and cloud deposition
may be incorporated into forest soil CAL estimates in the
future.

3.2. Base cation weathering

The base cation weathering rate was estimated using the
clay correlation-substrate method (Sverdrup et al., 1990).
This method used a combination of parent material and clay
percent to determine the weathering rate. Base cation weather-
ing rate (eq ha�1 yr�1) was calculated as:

Acid substrate: W ¼
�
56:7�%clay

�
�
�
0:32�%clay2

�
Intermediate substrate : W ¼ 500þ

�
53:6�%clay

�
�
�
0:18�%clay2

�
Basic substrate: W ¼ 500þ ð59:2�%clayÞ ð3Þ
where W is base cation weathering. A temperature correction
can be applied to this method, but this correction is more suit-
able for northern climates and was not used in the model.

The Earth System Science Center (ESSC) at Pennsylvania
State University developed CONUS-SOIL, a 1-km2 multi-layer
soil data set based on the Natural Resource Conservation Ser-
vice (NRCS) State Soil Geographic Data Base (STATSGO)
(Miller and White, 1998). The STATSGO data set was a compi-
lation of geology, topography, vegetation, climate, Landsat
Thematic Mapper (TM) satellite imagery, and detailed, county-
level soil survey data. Each soil map unit in STATSGO includes
multiple components and data layers (USDA NRCS, 1995).
STATSGO is organized by state and consists of one geospatial
vector representing the soil map units for that state and 15 tables
describing characteristics of those map units. Multiple soil
layers are associated with each map unit. Soil layer sampling
depth is not consistent within a state or between states. ESSC
converted the vector map unit layer to a 1-km2 grid, remapped
many of the original STATSGO attribute layers, and defined 11
standard soil layers (Miller and White, 1998; Table 2). These
data layers and tables linked the standardized data set to the
original STATSGO data set distributed by ESSC as 1-km2 soil
map unit grids for the conterminous US. The CONUS-SOIL
was much better suited for national-scale forest soil CAL mod-
eling than the original STATSGO attribute layers and was there-
fore used in this study. Key soil data inputs for the CAL SMBE
included CONUS-SOIL map units and clay fraction (Miller and
White, 1998).

The forest soil percent organic matter (OM) layer was cre-
ated using the ESSC technique for remapping STATSGO
layers into CONUS-SOIL layers. First, the maximum and min-
imum recorded values for OM were averaged for each layer in
the STATSGO data set. Second, the average OM layers were
remapped into the 11 standard CONUS-SOIL layers using
a weighted average to redistribute the average OM STATSGO
layers into the CONUS-SOIL layers. If a STATSGO layer was
completely contained in a CONUS-SOIL layer, then the aver-
age OM was multiplied by the component percent to deter-
mine the average OM contribution to the standard layer. If
the STATSGO layer overlapped more than one CONUS-
SOIL layer, then the proportion of overlap was multiplied by
the average OM and the component percent, where the

Table 2

CONUS-SOIL standard layers (Miller and White, 1998)

Standard layer Thickness (cm) Depth to bottom of

layer (cm)

1 5 5

2 5 10

3 10 20

4 10 30

5 10 40

6 20 60

7 20 80

8 20 100

9 50 150

10 50 200

11 50 250
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component percent was the proportion of the soil map unit
comprised of that soil component. Once the conversion from
STATSGO to CONUS-SOIL layer was complete, the 11 stan-
dard layers were summed by layer and divided by the sum of
component percent. Finally, the weighted average was calcu-
lated (Eq. (4)) to obtain one OM value per soil map unit.

Clay fraction was derived from a weighted average of soil
fraction per map unit, using the following equation:

Clay fraction of soil¼
X

s1�11 � t=depth to bedrock layer

ð4Þ

where s1 through s11 is the percent of clay in each soil map
unit; t is the thickness of each soil layer (Table 2); and depth
to bedrock is the mean depth to bedrock for each map unit in
centimetres.

The parent material class (Table 3) was derived from the
STATSGO map unit component (comp) and taxonomic (tax)
classification tables (USDA NRCS, 1995). The dominant min-
eralogy for each soil map unit was determined from the comp
and tax tables. Each unit was classified into parent material
class based on the mineralogical description (Table 3)
(USDA NRCS, 2006).

Soil depth in meters was obtained from the CONUS-SOIL
depth to bedrock layer. This layer identified map units with
bedrock less than 1.52 m below the soil surface (i.e., map units
coded with a depth of 1.52 m did not encounter bedrock)
(Miller and White, 1998).

3.3. Forest area distribution

The USDA Forest Service, in collaboration with the US
Geological Survey (USGS), developed a general forest cover
type data set (USDA Forest Service and US Geological Sur-
vey, 2000). Twenty-five forest type classes were interpreted
from 1991 Advanced Very High Resolution Radiometer
(AVHRR) and Landsat TM imagery. Twenty-one classes
were used to divide forest cation uptake rates for the conter-
minous US. The four classes not used in the model
represented lakes, non-forestland, non-US land, and ocean
fill.

3.4. Wilderness areas

The National Atlas of the United States created a layer
showing wilderness areas greater than 640 acres in the US.
These wilderness areas are a part of the National Wilderness
Preservation System of the US. Areas designated as wilderness
are unmanaged and located on federal land (National Atlas of
the United States, 2005).

3.5. Average annual runoff

A line coverage representing average annual runoff in inches
per year in the US from 1951 to 1980 was produced by Gebert
et al. (1987) data from over 5000 USGS streamflow gauging
stations. The line coverage was converted into a 1-km2 grid
using the linegrid process in the GIS.

3.6. Base cation and nitrogen uptake

In the CAL SMBE, uptake refers to the N and base cations
(i.e., CaþMgþK) lost through the removal of forest vegeta-
tion following periodic harvests. Uptake to support forest
growth that remains on site is considered to be a form of internal
Table 3

Parent material class descriptions (modified from Gray and Murphy, 1999 to add parent material class column)

Parent

material

class

Parent material

category

Silica

content

Calciumeferromagnesium

content

Examples

Acidic Extremely siliceous >90% Extremely low

(generally <3%)

Quartz sands (beach, alluvial or Aeolian), chert, quartzite, quartz reefs

and silicified rocks

Highly siliceous 72e90% Low (generally 3e7%) Granite, rhyolite, adamellite, dellenite, quartz sandstone and siliceous tuff

Intermediate Transitional

siliceous/

intermediate

62e72% Moderately low

(generally 7e14%)

Granodiorite, dacite, trachyte, syenite, most greywacke, most lithic

sandstone, most argillaceous rocks and siliceous/intermediate tuff

Intermediate 52e62% Moderate

(generally 14e20%)

Monzonite, trachy-andesite, diorite, andesite, intermediate tuff and some

greywacke, lithic sandstone and argillaceous rock

Basic Mafic 45e52% High (generally 20e30%) Gabbro, dolerite, basalt and mafic tuff (uncommon)

Ultramafic <45% Very high (generally >30%) Serpentinite, dunite, peridotite, amphibolite, and tremoliteechloriteetalc

schists

Calcareous Lowa CaCO3 dominate other

bases variable

Limestone, dolomite, calcareous shale and calcareous sands

Organic Organic Lowa Organic matter dominate

bases variable

Peat, coal and humified vegetative matter

Other Alluvial Variablea Variable Variable

Sesquioxide Variablea Variable, dominated by

sesquioxides

Laterite, bauxite, ferruginous sandstone and ironstone

a Category not defined by silica content.
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cycling, rather than export. Nitrogen and base cation uptake
were calculated using the following equation:

Uptake
�
eq ha�1 yr�1

�
¼ AVI�NC� SG�%bark� 0:65

ð5Þ

where AVI is average forest volume increment (m3 ha�1 yr�1);
NC is base cation or N nutrient concentration in bark and bole;
SG is the specific gravity of bark and bole wood (g cm�3);
%bark is the percent of volume growth that is allotted to
bark, and 65% of the tree volume is removed from the site
(Birdsey, 1992; Martin et al., 1998; Hall et al., 1998).

Forest uptake of N, Ca, Mg, and K was calculated for bark
and bole for all 21 classes in the forest type data set. Some clas-
ses were a mix of multiple species (i.e., red, white, and jack
pine). The input parameters were split proportionally among
the species to determine the input value for those classes. The
uptake rates for both bark and bole were summed to estimate
total annual base cation and nitrogen uptake.

Annual volume growth was calculated by region (North,
South, Rocky Mountain, and Pacific Coast) and forest type us-
ing the FIA database. Approximately 15% of the deciduous vol-
ume growth and 11% of the coniferous volume growth can be
allocated to aboveground bark (Wegner, 1984). The specific
gravity for each species was obtained from a variety of refer-
ences (Lamb and Marden, 1968; Erickson, 1972; Einsphar
and Harder, 1976; Wegner, 1984; Hengst and Dawson, 1994).
Nutrient concentrations for all base cations and N were
obtained from the Tree Chemistry database, which reported nu-
trient concentration for foliage, bole bark, branches, bole wood,
and twigs for tree species in the northeastern US (Pardo et al.,
2004). When values for bark and bole were not available for
species listed in the forest cover types, we used values of tree
species with most comparable foliar nitrogen according to a pre-
vious foliar N meta-analysis (unpublished data). These data
were used in Eq. (5) to estimate annual base cation and nitrogen
uptake for all forest types (Table 4). These base cation and ni-
trogen uptake values are only relevant if wood is being removed
from the forest. Areas designated as wilderness in the National
Wilderness Preservation System of the US were given an uptake
value of zero, because these areas are unmanaged and wood is
not removed from the site.

3.7. Denitrification and nitrogen immobilization

Denitrification is the process by which nitrate is converted
into gaseous N, most commonly in water saturated soil, and re-
turned to the atmosphere. In the current SMBE, this parameter
was set to zero to represent upland forests. Future applications
of the SMBE will include the potential for delineating wetland
forests, where significant denitrification rates have been
recorded (Barton et al., 1999).

Nitrogen immobilization is the conversion of inorganic N to
organic N. Gregor et al. (2004) reported values of nitrogen
immobilization for forest soil plots ranging from 14.3 to 35.7 eq
N ha�1 yr�1 in colder climates and up to 71.4 eq N ha�1 yr�1 in
warmer climates. Because forest soil CAL was calculated for
forests ranging from 45�N to 25�N, N immobilization was set
to 42.86 eq N ha�1 yr�1 as an average of the colder and warmer
climate N immobilization rates.

3.8. Acid neutralizing capacity

The critical leaching of forest soil acid neutralizing capacity
(ANC) represents the buffering capacity of forest soils to acidic
deposition and is therefore one of the most important determi-
nants of a forest soil’s CAL. Several factors can increase or de-
crease the critical ANC limit, as expressed in the following
equation:

ANCðle;critÞ ¼ �Q2=3�
 

1:5�BCdep þBCw�BCu

Kgibb�
�

BC
Al

�
crit

!1=3

� 1:5�BCdep þBCw �BCu�
BC
Al

�
crit

ð6Þ

where Q is annual runoff in m3 ha�1 yr�1; BCdep is base cation
(i.e., CaþKþMg) deposition; BCw is forest soil base cation
weathering; BCu is base cation uptake by trees; Kgibb is the
gibbsite equilibrium constant, a function of forest soil organic
matter content (Table 5) that affects aluminum (Al) solubility
(Gregor et al., 2004); and BC/Al is the assumed critical base
cation to Al ratio, set at 1.0 for conifer forests (Gregor
et al., 2004) and 10.0 for deciduous forests (Watmough
et al., 2004). If the BC/Al ratio declines to values below the
assumed critical limit, there is an increased likelihood of
adverse impacts on trees.

Table 4

Base cation and nitrogen uptake values

Forest cover type Nitrogen uptake

(eq ha�1 yr�1)

Base cation

uptake (eq ha�1 yr�1)

Whiteeredejack pine 59.07 77.14

Spruce fir 54.27 83.72

Longleaf slash pine 154.74 227.22

Loblolly shortleaf pine 140.41 208.58

Oak pine 129.71 213.75

Oak hickory 102.56 254.87

Oakegumecypress 124.18 235.68

Elmeashecottonwood 79.74 156.30

Mapleebeechebirch 101.76 190.51

Aspenebirch 81.69 125.46

Douglas-fir 109.89 179.03

Hemlockesitka-spruce 98.88 161.12

Ponderosa pine 75.29 174.39

Western white pine 40.69 37.11

Lodgepole pine 40.19 61.25

Larch 65.10 77.14

Firespruce 94.65 146.00

Redwood 100.92 156.62

Chaparral 106.60 201.61

Pinyonejuniper 40.87 58.21

Western Hardwoods 135.21 263.33
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4. Results

The spatial distributions of the forest soil CAL components
as predicted by the SMBE were highly variable. The output of
each SMBE component is discussed separately before CAL
and exceedance estimates are presented.

4.1. Critical leaching of acid neutralizing capacity

Several factors influenced the forest soil critical leaching of
ANC, including the K gibbsite constant, which was partly a func-
tion of forest soil organic matter content. Soil organic matter
content ranged from less than 5% over most of the US to over
30% in northern wetlands and eastern pocosin swamps (Fig. 1).

The critical ANC was also influenced by the base cation
weathering rate (BCw). A rough latitudinal gradient was found
to be associated with base cation weathering (Fig. 2). Gener-
ally, northern and western forests had BCw rates less than
2000 eq ha�1 yr�1, whereas the southeastern US generally

Table 5

Gibbsite equilibrium constant as a function of forest soil organic matter

content (modified from Gregor et al., 2004)

Soil type layer Organic matter % Kgibb (m6/eq2)

Mineral soils: C layer <5 950

Soils with

low organic matter: B/C layers

5e15 300

Soils with

some organic material: A/E layers

15e30 100

Peaty and organic

soils: organic layers

>70 9.5
had BCw rates between 500 and 3900 eq ha�1 yr�1. Florida
and central California were notable exceptions with significant
portions of those states having both lower and higher base cat-
ions weathering rates than the rest of their respective region.

The selection of the conifer BC/Al ratio of 1.0 and the de-
ciduous BC/Al ratio of 10.0 also significantly influenced the
calculated critical ANC limit of forest soils. The ANC limit
of the forest soils across the US ranged from less than �500
to over �4000 eq ha�1 yr�1, with the highest values generally
found along the southeastern and northwestern US coasts
(Fig. 3).

4.2. Deposition

Generally, S and N wet deposition rates decreased in a west-
erly direction, with rates in excess of 1300 eq ha�1 yr�1 in
parts of New England (Fig. 4). Most western states had com-
bined S and N deposition rates less than 200 eq ha�1 yr�1,
with somewhat higher rates in southern California and western
Washington. Florida, southern Carolina, southern Georgia, and
Maine had combined S and N deposition rates below their
regional averages.

Combined S and N dry deposition rates were largest in the
Ohio, Pennsylvania, West Virginia, and eastern regions of the
US, with rates exceeding 500 eq ha�1 yr�1. The southern US
had S and N dry deposition rates ranging between 150 and
400 eq ha�1 yr�1. Within the southern region, dry deposition
rates generally decreased in the western direction.

Only wet base cation (BC) deposition of Ca, Mg, Na, and K
was included in the SMBE calculation of the forest soil CAL.
The highest rates of BC deposition (not corrected for sea-salt)
0% - 5%

5% - 15%

15% - 30%

30% - 78%
0 500 1,000 1,500 2,000250

Kilometers

Fig. 1. Forest soil percent organic matter concentration averaged to a depth of 1.52 m for the conterminous US at a 1-km2 spatial resolution.
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eq/ha/yr

42 - 500
500 - 1,000
1,000 - 2,000

2,000 - 3,000
3,000 - 3,934

0 500 1, 1,500000 2,000250
Kilometers

Fig. 2. Average annual forest soil base cation weathering expressed in eq ha�1 yr�1 for the conterminous US for the years 1994e2000 at a 1-km2 spatial resolution.
occurred along the northwestern and southeastern US coast
and ranged from 200 to over 700 eq ha�1 yr�1 (Fig. 5). The
central Midwest had BC deposition rates ranging from 100
to 400 eq ha�1 yr�1. The lowest BC deposition rates were
found across much of the western US, where annual BC
deposition was less than 100 eq ha�1 yr�1.
Wet Cl deposition was included in the SMBE calculation of
CAL. Given that Cl deposition is largely derived from ocean
salts, Cl deposition was highest along the eastern and western
US coasts. Annual Cl deposition rates ranged between 100 and
500 eq ha�1 yr�1, and were lowest in the central US, with
annual rates less than 100 eq ha�1 yr�1 (Fig. 6).
eq/ha/yr
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Fig. 3. Average annual critical leaching of forest soil acid neutralizing capacity expressed in eq ha�1 yr�1 for the conterminous US for the years 1994e2000 at

a 1-km2 spatial resolution.
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Fig. 4. Average annual combined wet and dry nitrogen and sulfur deposition expressed in eq ha�1 yr�1 for the conterminous US for the years 1994e2000 at

a 1-km2 spatial resolution.
4.3. Critical acidic load

The predicted CAL in forest soils displayed a pattern sim-
ilar to the critical ANC limit and BCw. The highest forest soil
CAL rates were found in the southeastern US, where CAL
generally ranged from 1000 to over 8000 eq ha�1 yr�1
(Fig. 7). However, much of the Appalachian Mountain range
and Florida had CAL rates below 1000 eq ha�1 yr�1.

Concern regarding the effects of acidic deposition on forest
soil has focused largely on New England. However, the SMBE
suggested that much of the Midwest and western regions of the
US also have low forest soil CAL. In addition to low BCw,
eq/ha/yr
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Fig. 5. Average annual base cation deposition expressed in eq ha�1 yr�1 for the conterminous US for the years 1994e2000 at a 1-km2 spatial resolution.
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Fig. 6. Average annual wet chloride deposition expressed in eq ha�1 yr�1 for the conterminous US for the years 1994e2000 at a 1-km2 spatial resolution.
high rates of BC uptake by forests also contributed to a low
CAL, particularly in the Midwest region.

4.4. Exceedance

Although the application of the SMBE did not have suffi-
cient spatial resolution to differentiate exceedance within
a forest stand, regional patterns in forest soil CAL exceedance
are evident. The SMBE suggested that much of the forest soil
in New England and West Virginia is in exceedance of the
CAL by over 500 eq ha�1 yr�1 (Fig. 8). These are historic
areas of concern for acid loading. The model also predicted
that a small portion of southeastern North Carolina had forest
soil CAL exceedances greater than 500 eq ha�1 yr�1. No areas
eq/ha/yr
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Fig. 7. Average annual critical acid load for forest soils expressed in eq ha�1 yr�1 for the conterminous US for the years 1994e2000 at a 1-km2 spatial resolution.
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Fig. 8. Average annual exceedance of the critical acid load for forest soils expressed in eq ha�1 yr�1 for the conterminous US for the years 1994e2000 at a 1-km2

spatial resolution.
with forest soil CAL exceedance greater than 500 eq ha�1 yr�1

were found in the western US, and only a few areas (e.g.,
southern California) showed any exceedance.

5. Discussion

5.1. Critical loads of acidity in forest soils

The SMBE predicted that 26% of US forest soils have CAL
less than 1000 eq ha�1 yr�1. Low CAL levels outside of New
England, New York, and the Appalachian Mountain region
are not necessarily problematic to forest health because acid de-
position is much lower across most of the US compared to these
areas. Unfortunately, mountainous terrain comprises much of
the area with very low forest soil CAL. Mountain forests receive
some of the highest local rates of acidic deposition. The combi-
nation of low forest soil CAL and high rates of acidic deposition
is of special concern in some of these forests.

5.2. Annual exceedance of critical acid load

The SMBE predicted that average annual exceedance of for-
est soil CAL greater than 500 eq ha�1 yr�1 represented approx-
imately 7% of the total forest area across the conterminous US.
In actuality, the amount of forest area in exceedance of the CAL
by more than 500 eq ha�1 yr�1 is probably higher, for several
reasons. First, cloud deposition was not included in the esti-
mates of total deposition. Second, base cation deposition to
near-coastal areas was not corrected for marine aerosol contri-
butions. Third, the 1-km2 grid size averaged soils and deposi-
tion data, which removed extreme values from the estimation
of forest floor CAL and exceedance. Locally (i.e., sub-km2)
lower BCw or higher acid deposition would be masked at a
1-km2 resolution. Given these factors, the amount of forest
soil with exceedance greater than 500 eq ha�1 yr�1 may be
significantly greater than that predicted by this SMBE.

The link between exceedance of the CAL and negative forest
impacts has been observed in two eastern Canadian studies
(Ouimet et al., 2001; Watmough et al., 2004). These studies did
not find a causal relationship between exceedance of CAL and de-
clining forest health, but the predicted distribution of forest soils
with high CAL exceedance was consistent with research studies
that cited negative forest impacts associated with high rates of
N deposition across New England (Boggs et al., 2007; McNulty
et al., 1991), and in West Virginia (Adams et al., 2006).

Outside the Northeast and West Virginia, forest soils in parts
of the eastern North Carolina coastal plain were predicted to
have a CAL exceedance greater than 500 eq ha�1 yr�1. This
part of North Carolina has very high rates of N deposition due
to intensive hog farming (Aneja et al., 2001), and the predomi-
nantly sandy soils of the region have low base saturation
(Fig. 3). Water quality monitoring by the USGS supports the
SMBE predictions of forest soil CAL exceedance as stream ni-
trate concentrations in this area violate the national acceptable
standard for drinking water (Spruill et al., 1998). The presence
of high nitrate concentration in stream water is one of the
impacts of CAL exceedance.

5.3. Limitations in using an SMBE to predict national-scale
forest soil critical loads of acidity

These estimates of forest soil CAL did not account for acid
deposition from clouds. Cloud water deposition can account for
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35% (Miller et al., 1993) to 50% (Weathers et al., 2000) of total
deposition at sites higher than 900 m in elevation. Although
cloud deposition is clearly important in determining forest
soils’ CAL, current limitations associated with the projection
of deposition across the landscape preclude their inclusion in
this study. Also, SMBE can provide point-in-time estimates
of forest soils’ CAL and exceedance, but it cannot project
how forest soil CAL may change over time. Forest tree compo-
sition, climate, soil acidity, and deposition patterns are not nec-
essarily constant, and changes in CAL in response to these
conditions cannot be calculated using an SMBE. Therefore,
an SMBE cannot be used to estimate how long (if ever) it would
take for an ecosystem to exceed its CAL.

6. Conclusions

An SMBE can provide a much-needed platform for com-
paring forest soil susceptibility to acidification across the con-
terminous US. Even though this study used a relatively coarse
spatial scale (i.e., 1-km2) to aggregate data, the general pat-
terns of forest soil acidity exceedance were still prominent.
These initial findings should be considered preliminary. A
more systematic analysis of model-predicted and measured
forest soil CAL exceedance is needed before this approach
can be used as a tool for identifying areas of potential forest
health concern.
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