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Executive Summary 

Land management and natural resource public policy decision-making in the United 

States increasingly rely on two resource damage/recovery concepts: ecosystem services (ES) and 

critical loads (CL). The purpose of this report is to outline an integrated approach to the 

application of ES and CL principles for public land management and natural resource policy 

decision-making. One well known example that is appropriate for ES and CL evaluation is 

examined here: the acidification of soil and drainage water by atmospheric deposition of 

acidifying sulfur (S) and nitrogen (N) compounds. A conceptual framework is presented that 

illustrates how the ES and CL approaches can be combined in a way that enhances the strengths 

of each.  

This case study of the central Appalachian Mountain region focuses on portions of 

Virginia, West Virginia, and Pennsylvania where effects of acidic deposition on aquatic and 

terrestrial resources have been pronounced and relatively well-studied. A general conceptual 

model is presented for incorporation of CL (including associated target load [TL]) and ES into a 

framework for assessing environmental effects of atmospheric S and N deposition and the 

preservation of sustainable ecosystems and their services (Figure ES-1). The model starts by 

identifying the forest, soil, or stream as potentially acid-sensitive resource(s) for which we desire 

to develop CL to support resource damage assessment. Identification of services considered to be 

at risk or already damaged informs decisions regarding prioritizing resources to be protected or 

restored. The overarching goal is to protect, maintain, and restore ES; the CL provides a 

management tool to assist in accomplishing this goal. The decision of which resource(s) to 

protect determines available options in proceeding clockwise around the science/policy 

assessment loop shown in the schematic illustration in Figure ES-1.  

After a resource has been identified for protection or for recovery from damage, the next 

step is to select an indicator of resource condition. The indicator facilitates tracking the 

biological health of the resource. Because of difficulties in monitoring biological conditions 

directly, a chemical indicator is often used that reflects the likelihood of biological damage. One 

or more critical threshold criteria are specified for each indicator, based on known tipping points 

or dose-response relationships. These threshold criteria connect the indicator with a biological 

response such as species presence or taxonomic richness. If the pollutant input level is found to 

be in exceedance of the CL, there is an increased likelihood that there will be a loss of one or  
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Figure ES-1. General conceptual model for assessment of acidification effects of atmospheric 

S and N deposition, incorporating the critical load and ecosystem service 
concepts. BS is soil percent base saturation; ANC is surface water acid 
neutralizing capacity.  
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more ES. Based on the estimated loss or gain of ES, management or policy decisions might be 

made to change emissions regulations, implement remediation actions, or take other management 

steps. If it is judged that the indicator threshold criteria are not sufficiently known, or that the 

assessment uncertainty is too high, additional research or analysis may be warranted.  

This case study was conducted to determine whether an ecosystem approach based on ES 

and CL can be used to evaluate the effects of S and N emissions controls on ecosystem 

components known to impact human welfare. Compared with existing policy and regulatory 

frameworks, an ecosystem approach offers distinct advantages, including the following: 

1. The range of potential effects of various levels of emissions controls can be 
considered in a holistic fashion. 

2. Linkages can be developed and explored between ES and discrete constituents of 
human well-being. 

3. Tradeoffs, synergistic interactions, and antagonistic effects can be identified. 

4. Regulating, cultural, and supporting services can be included in the assessment, 
along with the more readily monetized provisioning services, such as food and 
fiber, and the well-recognized recreation and tourism services. 

5. Final ES affected by emissions controls can be measured, stacked, mapped, and 
valued, providing insight into the full costs and benefits to society of policy 
measures adopted for the purpose of reducing the adverse ecological impacts of 
acidic deposition.  

 

The best understood and most immediate incremental changes to ES in the central 

Appalachian Mountains region resulting from changes in emissions controls include benefits 

related to species composition and abundance of fish and benthic macroinvertebrates in streams. 

Additional important benefits relate to the health, growth, and regeneration of sensitive tree 

species, especially sugar maple and to a lesser extent also red spruce.  

Brook trout presence and fish species richness are important indicators of acidification 

response, in part because the public tends to place relatively high value on fisheries, especially 

native sport fisheries. The variety of fish species found in the study region exhibit a range of 

sensitivity to stream acid neutralizing capacity (ANC) and associated elements of stream acid-

base chemistry. Among the fish species typically found in central Appalachian streams, brook 

trout is known to be relatively insensitive. Brook trout can tolerate ANC concentrations of 50 

µeq/L or above with no expected effects on the likelihood of presence. Lakes and streams having 

ANC below about 0 µeq/L generally do not support fish. There is often a positive relationship 
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between pH or ANC and number of fish species, at least for ANC values between about 0 and 50 

to 100 µeq/L. Low pH and ANC, and high inorganic aluminum (Al) concentrations, contribute to 

loss of the most acid-sensitive fish species.  

The effects of acidification on aquatic ecosystems can be described by changes in several 

chemical effects indicators, including the concentration of sulfate (SO4
2-), nitrate (NO3

-), base 

cations, pH, ANC, and inorganic Al. Each can provide useful information regarding both 

sensitivity to surface water acidification and the level of acidification that has occurred. For this 

study, we evaluate acidification effects on aquatic biota using ANC as the primary chemical 

indicator because it integrates overall acid status and because surface water acidification models 

do a better job projecting ANC than either pH or inorganic Al concentration. The usefulness of 

ANC lies in the association between ANC and the surface water constituents that directly 

contribute to or ameliorate acidity-related stress, in particular pH, calcium (Ca), and inorganic 

Al.  

A value of ANC of 50 or 100 µeq/L can be used to provide a chemical benchmark to 

indicate full acid-base chemistry support for both macroinvertebrate and fish populations. The 

value of 50 µeq/L is chosen here because physical habitat features, rather than stream acid-base 

chemistry, are expected to be the dominant factors limiting the number of available niches and 

associated biodiversity at ANC > 50 µeq/L and because model simulations suggest that many 

surface waters had preindustrial ANC between 50 and 100 µeq/L in the absence of acidic 

deposition. Data from more than 1,400 Adirondack, New York lakes support this ANC 

benchmark for fish.  

For assessment of CL exceedance for terrestrial resource protection, this study focuses 

primarily on sugar maple and red spruce because these are the two tree species most closely 

linked with acidification damage. Effects on ES within the central Appalachian Mountains 

region are most pronounced for sugar maple. This is because sugar maple is widely distributed 

throughout the study region, especially in Pennsylvania and West Virginia, whereas the 

distribution of red spruce within this region is restricted to the highest elevation locations which 

are limited in spatial extent. Areas where sugar maple appear to be at greatest risk are along 

ridges and other relatively high-elevation locations where this species occurs on nutrient-poor 

soils. Acidic deposition, in combination with other stressors, is an important contributor to the 

decline of sugar maple trees.  
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Soil base saturation (BS) is a chemical indicator that provides insight into the level to 

which the terrestrial ecosystem has acidified and may be susceptible to associated biological 

effects. This chemical indicator may also be used to monitor the extent of acidification or 

recovery that occurs in forest ecosystems as deposition rates of S and N change. Low BS values 

predominate in the soil B horizon in the areas where soil and surface water acidification from 

acidic deposition have been most pronounced, including hardwood forests in the Allegheny 

Plateau and conifer and hardwood forests in the central and southern Appalachian Mountains. 

Recent research suggests that a tipping point of BS=12% is appropriate for protecting sugar 

maple against adverse acidification effects on tree vigor and regeneration.  

Thus, for assessing CL and its exceedance for the purpose of evaluating effects of 

acidification on ES in the central Appalachian Mountains region, we use stream ANC = 50 

µeq/L for aquatic ecosystems and soil BS = 12% for terrestrial ecosystems. The ANC critical 

value of 50 µeq/L is generally protective of brook trout presence, fish species richness, and 

stream macroinvertebrate richness. The soil BS value of 12% is generally protective of sugar 

maple regeneration and vigor. Maintenance of stream ANC and soil BS above the tipping point 

values (ANC=50 µeq/L; BS=12%) is expected to protect ES associated with fisheries and sugar 

maple resources. Nevertheless, some adverse impacts on both may occur at stream ANC between 

50 and 100 µeq/L and at B horizon soil BS between 12 and 20%.  

The next step in the CL/ES assessment process is to determine the locations within the 

study area where CL are most commonly exceeded, and the extent and magnitude of the affected 

resources. This can be done, to a limited degree, using available regional monitoring and 

modeling data. Aquatic resource surveys and spatial extrapolation of CL modeling identify the 

numbers, percentages, and locations of affected resources.  

The presence of siliciclastic lithology and high elevation are known to be important 

drivers of acid sensitivity, and therefore of CL exceedance, in the central and southern 

Appalachian Mountains regions. Sites compiled for this study that had measured stream ANC 

below 50 µeq/L and those that had measured soil B horizon BS below 12% are 

disproportionately located on siliciclastic lithology or at high elevation. Sites having such low 

ANC and BS values were more than twice as likely to occur on siliciclastic lithology as 

compared with other lithologies. More than half of the sampled sites having ANC below 50 

µeq/L occurred at very high elevation (highest quintile of the regional elevational distribution).  
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Recent research for the U.S. Environmental Protection Agency (EPA), for input into the 

Ecosystems Management Decision Support (EMDS) system, explored the results of application 

of a regional statistical modeling approach to predict stream ANC and base cation weathering 

(BCw) throughout portions of the southern and central Appalachian Mountains. Several 

manuscripts describing the results of this research have recently been completed. The EMDS 

study area included the southern half of the study area for this project. The BCw modeling results 

were extrapolated to the region and used to estimate the steady-state CL. BCw was simulated 

using the Model of Acidification of Groundwater in Catchments (MAGIC) for 140 of 933 

sampled water-chemistry sites. Gatekeeper and niche modeling were applied to address the 

challenge of associating process-model estimates of ANC and BCw at specific watershed 

locations with maps of primary biological, geological, climatological, topo-edaphic, and S 

deposition forcing influence on ANC and BCw. The S deposition exceedance was calculated as 

the extent to which ambient S deposition exceeds the calculated CL needed for ecosystem 

protection or recovery upon reaching steady-state condition in the future. Regional estimates of 

BCw were generated from statistical predictions using a random forest model. This method for 

calculating BCw was used to generate CL calculations with the Steady State Water Chemistry 

(SSWC) model. Low-ANC conditions were predicted to occur in areas characterized by 

siliciclastic bedrock geology, relatively wet and cool growing season, low soil pH and clay 

levels, large amounts of forested land cover, and small contributing area. Regional modeling 

showed that 10,525 km (8%) of the stream length in the portion of the EMDS study region 

evaluated here was predicted to have ANC less than 50 µeq/L, mostly 3rd order streams or 

smaller. Low BCw watersheds were generally associated with areas having low S deposition, 

siliciclastic lithology, high conifer cover, and low soil content of clay, organic matter and 

nitrogen. Over one-fourth (35,962; 26%) of the stream length within the portion of the EMDS 

study region evaluated here was determined to have CL of S deposition below 50 meq/m2/yr at 

steady state. Forty-two percent of the stream length in the portion of the EMDS study area 

included in this assessment (57,354 km) was judged to be in exceedance of the long-term steady-

state CL to protect stream ANC to 50 µeq/L and to thereby conserve aquatic ES. Based on 

spatial distributions of siliciclastic lithology and high elevation, which are key drivers of CL 

exceedance, the additional portions of the study area that were not modeled for EMDS (western 

West Virginia and Pennsylvania) probably exhibit somewhat less aquatic CL exceedance as a 
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percent of the total stream length. Thus, the overall study area for this project likely exhibits 

aquatic CL exceedance slightly less than 40% of the stream length. The percent of stream length 

judged to be in exceedance was highest for wilderness areas under all federal jurisdictions and 

non-wilderness areas in national parks (86% and 93%, respectively).  

Portions of the study area where the CL is most commonly exceeded were identified and 

mapped based on results of previous modeling studies and features of the landscape known to be 

associated with low CL. Such features include the presence of siliciclastic lithology; high-

elevation, low order streams; presence of sugar maple or red spruce; low soil clay content; steep 

slope; and shallow soil. Somewhat more than 30% of the streams within the study area are 

located on siliciclastic lithology or occur at high elevation (above the 80th percentile of the 

regional distribution throughout the study area) and also exhibit one or more other landscape 

features associated with low CL. More than one-third of the forest in West Virginia and 

Pennsylvania contains sugar maple (less [15%] for Virginia). Much of that forest occurs on 

siliciclastic lithology or at high elevation and exhibits other features of the landscape commonly 

associated with low terrestrial CL. Such areas cover 8%, 12%, and 15% of the land area in 

Virginia, Pennsylvania, and West Virginia, respectively. Exceedance of the CL for terrestrial 

resource protection is most likely to occur in these areas.  

The ES that are expected to be most affected by a change from CL exceedance to non-

exceedance are outlined in Table ES-1. This is not meant to be an exhaustive list. Various other 

aspects of ecosystem structure and function are also expected to be affected by acidic deposition, 

but in ways that make qualitative, and especially quantitative, assessment difficult.  

The concepts associated with using CL to identify resources and locations where ES are 

compromised due to acidification from acidic deposition are readily transferable to other regions 

and environmental stressors. In particular, the approach applied here can be readily transferred to 

the Adirondack region of New York because: 

1. Acid-sensitive aquatic and terrestrial resources are known to be abundant in the 
Adirondacks.  

2. Some of the same acid-sensitive receptors are present in both the central 
Appalachian Mountains and Adirondack Mountains regions (brook trout, cold water 
fisheries, acid-sensitive invertebrates, sugar maple, red spruce). 

3. Levels of acidic deposition have been similar. 

4. There are large amounts of protected lands containing highly valued natural 
resources in both regions. 
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Table ES-1. Anticipated ES benefits to be realized by moving from a state of CL exceedance to 
non-exceedance in the central Appalachian Mountains.  

Ecosystem Service Anticipated Benefits Notes 

Provisioning Services   
Production of maple syrup and 

related products 
Continued or enhanced 
production of food products 

Benefits expected to be 
realized primarily in the 
northern portion of the study 
region 

Catch of brook trout and other 
game fish in sport fishery 

Continued or enhanced catch of 
sport fish 

Important regional benefit, 
especially in the southern 
portion of the study region 

Production of maple wood for 
furniture and other wood 
products industry 

Continued or enhanced wood 
production 

Limited benefit in central 
Appalachian region 

Production of spruce wood for 
wood products 

Continued or enhanced wood 
production 

Limited benefit in central 
Appalachian region 

Provision of wildlife habitats Continued provision of habitat 
for species associated with sugar 
maple or red spruce trees 

Difficult benefit to quantify 

 
Regulating Services 

  

Climatic regulation Decreased greenhouse gas 
production or increased carbon 
sequestration can reduce 
potential for climate warming 
impacts 

Difficult benefit to quantify 

Water regulation Improved tree health in some 
habitat types can maintain or 
enhance water storage, reducing 
the impacts of flooding and 
providing enhanced stream flow 
during low flow periods 

Difficult benefit to quantify 

Erosion regulation Decreased effect on vegetation 
cover can limit possible increases 
in erosion during heavy 
precipitation events 

Difficult benefit to quantify 

 
Supporting Services 

  

Primary production Effects on primary production 
and biomass in N-limited 
ecosystems can be reduced. 

Difficult benefit to quantify 
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Ecosystem Service Anticipated Benefits Notes 

Nutrient cycling Decreased soil acidification can 
limit the depletion from the soil 
of Ca and other nutrient base 
cations, which are important for 
healthy sugar maple, brook trout, 
and other terrestrial and aquatic 
species. 

Important regional benefit 

 Decreased mineralization, 
nitrification, and nitrate leaching 
can limit soil acidification, Al 
mobilization, and base cation 
depletion in base-poor terrestrial 
and aquatic ecosystems. 

Interactions are complex 

Trophic interactions Effects of acidification on 
aquatic invertebrates, such as 
mayflies and caddisflies, can be 
reduced, thereby enhancing food 
sources for brook trout and other 
sport fish. 

Unclear whether alternate 
food sources will be used 

 
Cultural Services 

  

 Improved brook trout and other 
sport fisheries can lead to 
increased recreational activities 
and ecotourism. 

Important regional benefit 

 Improved sugar maple health can 
enhance autumn foliage color in 
forests that contain sugar maple. 

Limited benefit in central 
Appalachian region 

 Aesthetic qualities of plant 
communities can be enhanced 
through improved health of red 
spruce, sugar maple, and other 
acid-sensitive species. 

Important, but subtle benefit 

 Iconic species, such as brook 
trout and sugar maple, can 
increase in abundance. 

May be of substantial 
monetary value to the public 

 Maple syrup production cottage 
industry can improve. 

Limited benefit in central 
Appalachian region 
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The combining of the CL and ES approaches is also, at least in theory, transferable to 

other stressors, including mercury (Hg) deposition to prevent bioaccumulation of Hg in fish to 

levels that threaten piscivorous wildlife and humans who consume large quantities of fish. 

Critical loads could also be established for atmospheric ozone exposure for the purpose of 

protecting plants from foliar injury or growth reduction. The CL concept provides a vehicle for 

specifying the level of exposure or deposition of a pollutant that triggers environmental harm. 

This can provide the foundation for assessing effects on ES caused by a range of pollutant inputs. 

The framework described here will aid in the process of translating ES and CL principles into 

land management and natural resource policy decision-making.  

 

 

 

 



1. BACKGROUND 

Environmental management of public lands and natural resources is increasingly based 

on two concepts that combine elements of environmental science and policy: ecosystem services 

(ES) and critical loads (CL). The ES approach identifies the services provided by nature that are 

important to humans. Humans depend heavily on nature for a wide range of services. These 

include food, materials, pharmaceuticals, ecosystem processes and cycles, recreation, relaxation, 

and spiritual enrichment. The CL approach quantifies pollutant loadings expected to cause 

ecological harm. Both the ES and CL concepts are closely related to the concept of total 

maximum daily load which is applied in the United States to point sources of water pollution 

under the Clean Water Act. These three concepts are rooted in the perception that important 

benefits flow to human society from the natural environment and that humans can diminish those 

benefits by unwise resource management. The research reported here combines the ES and CL 

approaches into an overall framework that clearly documents the impacts of pollution on 

environmental goods and services that benefit humans. This framework is applied to the problem 

of assessing the impacts of atmospheric sulfur (S) and nitrogen (N) deposition on services 

important to people in one known acid-sensitive region of the United States: the central 

Appalachian Mountains.  

 

1.1. Effects of Acidic Deposition 

Atmospheric deposition of S and/or N can cause acidification of soil, soil water and 

streams in watersheds having base-poor soils. At some locations that have experienced soil and 

water acidification attributable to air pollution, such effects have mainly been due to S inputs. At 

other locations, both atmospheric S and N have contributed substantially to the observed 

acidification.  

Acidic deposition has altered biogeochemical processes by increasing the S and N 

content of soils, accelerating sulfate (SO4
2-) and nitrate (NO3

-) leaching from soils to drainage 

water, acidifying soils, depleting base cations (especially calcium [Ca] and magnesium [Mg]) 

from soils, increasing the mobility of aluminum (Al), and contributing to N saturation. The 

extent of soil acidification and acid anion mobility regulate virtually all acidification-related 

ecosystem effects from S and N deposition (U.S. Environmental Protection Agency [EPA] 

2008).  
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Soil acidification occurs in response to both natural factors and human-caused air 

pollution. It involves the loss of base cations and the accumulation of acidic cations such as 

hydrogen (H+) and inorganic Al) in the soil. Soil acidification is a natural process, caused by the 

production of carbonic and organic acids and by cation uptake by vegetation (Charles 1991, 

Turner et al. 1991). Mineral acids, such as sulfuric and nitric acids, result from air pollution from 

nitrogen and sulfur oxides (NOx and SOx, respectively). Effects in the eastern United States 

appear to have been limited mainly to the Northeast and portions of the Appalachian Mountains 

in both hardwood and coniferous forests.  

Uptake of nutrient cations by vegetation can also generate acidity within the soil, and a 

considerable amount of natural organic acidity is produced in the Oa soil horizon through the 

partial decomposition of organic matter. This process can decrease the pH of soil water in the Oa 

horizon well below the lowest pH values measured in acidic deposition (Krug et al. 1985, 

Lawrence et al. 1995). Natural acidification is particularly pronounced in coniferous forests. Oa-

horizon soils under coniferous vegetation are strongly acidified by organic acids and are unlikely 

to have experienced a substantial further lowering of pH as a result of acidic deposition (Johnson 

and Fernandez 1992, Lawrence et al. 1995). Soils influenced by the growth of hardwood tree 

species tend to have surface soil horizons that are less acidic naturally and are, therefore, more 

susceptible to decreased pH in the Oa horizon from acidic deposition. Several studies have 

documented declines in soil pH and base saturation (BS) within the Oa/A horizons and the upper 

B horizon in sensitive regions of the United States over the past several decades (Johnson et al. 

1994a, 1994b; Drohan and Sharpe 1997; Bailey et al. 2005; Sullivan et al. 2006b; Warby et al. 

2009). Thus, naturally occurring soil acidification can be exacerbated by acidic deposition. 

Despite recent decreases in acidic deposition and some improvement in surface water acid-base 

status, there are widespread observations of ongoing decreases in soil exchangeable base cations 

(Bailey et al. 2005; Sullivan et al. 2006a, 2006b; Warby et al. 2009).  

 

1.2. Critical Loads and Exceedances 

The CL is defined as the level, or load, of pollution below which significant harmful 

effects are not expected to occur to sensitive ecosystem elements (Nilsson and Grennfelt 1988). 

There are uncertainties regarding what is considered to be a significant harmful effect and the 

time period of the intended protection. The CL is generally specified on the basis of chemical 



  

3 

indicator dose-response functions or tipping points expressed under long-term steady-state 

conditions (Henriksen and Posch 2001). In other words, the CL specifies the pollutant load 

which, when applied to the ecosystem in question for a period of years to centuries, will 

eventually trigger a change in a chemical indicator of biological harm as the ecosystem comes 

into steady-state with respect to that particular pollutant input level. 

A dynamic, as opposed to steady-state, pollutant load can also be defined, which is 

specific to a particular point in time. For example, one may ask the question: what is the 

deposition load sufficient to protect certain biological resources in a certain water body if 

pollutant inputs occur continuously at that level until the time specified (for example, the year 

2100)? This dynamic load, which includes consideration of the temporal component of 

ecosystem damage or recovery, is commonly called a target load (TL). The TL concept can be 

used to describe the effects of time and/or the inclusion of various management perspectives. For 

example, a land manager may set a pollutant TL that is lower than the CL in order to account for 

model uncertainty and to err on the side of resource protection. A TL can also be set below the 

CL if the aim is to affect resource recovery in a shorter time period than the attainment of steady-

state conditions. Conversely, a TL can be set higher than the CL if the objective is to achieve 

only partial recovery of damaged resources by a certain date. Upon reaching that state of partial 

recovery, a new TL might be specified to achieve further recovery. 

The CL (or the closely associated TL) is calculated using either a steady-state or dynamic 

model, of which there are multiple choices (Henriksen and Posch 2001, U.S. EPA 2008). Under 

the steady-state assumption, the period of resource protection is not specified and could be 

multiple decades or centuries into the future. A dynamic model TL application (sometimes called 

a dynamic CL; U.S. EPA 2008) specifies the time period of resource protection. The CL or TL is 

calculated to protect against S, N, or (S+N) deposition damage. In most CL analyses, the 

calculated deposition input that the ecosystem can tolerate without experiencing biological harm 

is quantitatively associated with a chemical indicator and specified critical threshold value(s) for 

that indicator.  

There is no single “definitive” critical load for a natural resource. The CL depends on 

what we want to protect and to what level of protection. It also depends on what indicator we use 

and what we specify as its critical or threshold tipping point level. Critical load estimates reflect 

the current state-of-knowledge and policy priorities regarding ecosystem acidification. Changes 
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in scientific understanding may include development of new dose-response relationships, better 

resource maps and inventories, larger survey datasets, continuing results of time-series 

monitoring, and improved numerical models. Changes in the policy elements may include new 

mandates for resource protection, focus on new pollutants, and inclusion of perceived new 

threats such as climate change or invasive species that may exacerbate the pollutant effects under 

consideration (U.S. EPA 2008).  

Implementation of the CL process typically results in calculation of multiple CL for a 

given pollutant at a given location. Multiple CL values may also arise from an inability to agree 

on a single definition of “significant harm”. Additional complications stem from the 

heterogeneity of natural ecosystems. Because of high spatial variability of soils and temporal 

variability of surface waters, there will be a continuum of critical load values for any sensitive 

indicator chosen.  

The CL or TL provides an indication of the point at which the ecosystem may begin 

losing ES and transitioning from a sustainable functioning ecosystem to one that is not 

functioning properly and is no longer considered sustainable. The CL concept provides a tool 

that enables the implementation of ES-based decision making.  

On its own, the CL does not predict whether the ecosystem under investigation actually 

experiences, or will in the future experience, any biological harm. To make that determination, 

the ambient pollutant load must also be considered. If the ambient deposition is higher than the 

CL or TL that the ecosystem can tolerate, the ecosystem is said to be in exceedance. 

Transitioning between a condition of non-exceedance to a condition of exceedance does not 

mean that the ecosystem is currently experiencing damage. The transition from non-exceedance 

to exceedance, or vice versa, indicates a change in the probability that ES will be lost or 

recovered, depending on whether the starting point is an undamaged or a damaged state. For 

undamaged systems, exceedance signifies that if deposition is continued at the current 

exceedance level, damage will occur at the time point specified for the analysis (e.g., 2100, 

eventual steady state condition). The converse also applies: transitioning from exceedance to 

non-exceedance suggests that recovery will occur at the future time specified in the analysis.  
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1.3. Ecosystem Services 

Ecosystem services identify the numerous ways that ecosystems are important to human 

welfare. Ecosystems provide many goods and services that are of vital importance for the 

functioning of the biosphere and provide the basis for the delivery of tangible benefits to human 

society. Hassan et al. (2005), MEA (2005), and U.S. EPA (2008) defined these to include 

supporting, provisioning, regulating, and cultural services:  

 Supporting services are necessary for the production of all other ecosystem services. 
Some examples include production of biomass, production of atmospheric oxygen, 
soil formation and retention, nutrient cycling, water cycling, and provisioning of 
habitat. Biodiversity is a supporting service that is increasingly recognized to sustain 
many of the goods and services that humans enjoy from ecosystems. The supporting 
services provide a basis for the three higher-level categories of services listed below.  

 Provisioning services, such as products (Gitay et al. 2001), i.e., food, fiber, and 
medicinal and cosmetic products.  

 Regulating services that are of paramount importance for human society such as (a) 
carbon (C) sequestration, (b) climate and water regulation, (c) protection from natural 
hazards such as floods, (d) water and air purification, and (e) disease and pest 
regulation.  

 Cultural services that satisfy human spiritual, educational, and aesthetic needs and 
foster appreciation of ecosystems and their components.  

 
Efforts to calculate the change in ES caused by an environmental stress, such as 

acidification, must be evaluated as marginal changes in value. It is important to consider the 

marginal, rather than the total, value of ES. The marginal value is the change in value that occurs 

in response to a relatively small change in the supply of services. This is important because air 

pollution is much more likely to cause incremental degradation of environmental condition rather 

than a complete destruction of the resource (Kareiva and Marvier 2011). The questions at hand 

relate to the value of services lost or gained as a consequence of differing levels of S and N 

emissions controls. The total value of a given service, such as for example the existence of acid-

sensitive fish or plant species, is not relevant. Only the incremental change in that value in 

response to a change in ambient deposition needs to be considered with regard to acidic 

deposition. Assessment of these incremental changes is, by necessity, incomplete. First, 

comprehensive data are lacking with which to determine all ecological consequences of 

emissions controls. Second, we do not have a basis for valuation of all of the services potentially 

affected.  
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There has been a lack of agreement within the scientific, economic, and public policy 

research communities regarding exactly what constitutes an ES. Lack of agreement on the 

precise definition of ES has contributed to substantial confusion in ES documentation (Wainger 

and Mazzotta 2011). Ecosystem services are, broadly speaking, the benefits that are derived by 

humans from nature. The term ES implicitly includes both goods (e.g., lumber provided by a 

healthy forest) and services (e.g., clean water provided by filtration that occurs in forest or 

wetland soils). Although the above ES definition may seem straight-forward, there are a host of 

difficulties associated with differences in what we mean by benefits.  

Regulatory and land management agencies and researchers working at the interface 

between environmental science and public policy require a definition of ES that captures 

components of nature that can be measured, mapped, stacked (i.e., multiple ES considered across 

the same geographical area simultaneously), and valued (Hein et al. 2006, Carpenter et al. 2009). 

Value can be, but is not necessarily required to be, expressed in monetary terms. Recently, 

research on ES has gained momentum, in part because humans increasingly exert pressure on 

natural systems and because the ES approach translates complex scientific principles into a 

neutral vocabulary for multidisciplinary scientific and political discussion (Norton 2000, 

Vihervaara et al. 2010). Each ES should be geographically referenced and expressed in generally 

comparable units of measure (Gimona and van der Horst 2007, Naidoo et al. 2008). This allows 

comparison of loss or gain in ES across space and across time. Services that can be measured and 

stacked to facilitate prioritization of key regions or watersheds are especially important to human 

well-being because those key areas might provide a multitude of services, provide services that 

are located in proximity to centers of human population, or provide services that are highly 

valued.  

A framework for valuation of ES is shown in Figure 1. Value can be expressed as 

ecological, socio-cultural, or economic elements. Assignment of value is critical to examination 

of trade-offs between ecosystem damage versus preservation or restoration. The translation of 

services into a common currency remains an important limitation of the ES approach. The value 

to the public of a given ecosystem element must be weighed against the costs and/or loss of 

conventional benefits associated with natural resource protection, restoration, and preservation to 

allow informed environmental decision-making.  
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Figure 1. Framework for integrated assessment and valuation of ecosystem function, goods, 
and services. (Modified from de Groot et al. 2002) 
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Regulating services include natural cycles and processes and the ways in which they 

benefit people. For example, forests and wetlands mitigate floods and climatic change by storing 

water and carbon. Vegetation mitigates erosion by stabilizing soils. Removal of the forest 

contributes to increased severity and frequency of flooding (Bradshaw et al. 2007). Supporting 

services do not contribute directly to the economy, and it is therefore difficult to estimate their 

monetary value. 

Cultural services include a variety of emotional, psychological, and spiritual benefits that 

humans derive from natural ecosystems. These benefits include feelings of reinvigoration, 

happiness, and peace, as well as reduced recovery time from illness. Such benefits are difficult to 

quantify. Cultural services also include more readily quantifiable benefits related to outdoor 

recreation and ecotourism, which are important components of some rural economics. Such 

activities include fishing, hunting, hiking, swimming, boating, and wildlife viewing. Sources of 

human well-being, ES, and social benefits of ES are closely related (Figure 2). Relationships are 

further complicated by the existence of intermediate products, functions, and processes that 

support ES.  

The supporting and regulating services identified by MEA (2005) are generally 

inconsistent with a definition of ES that is measurable, mappable, and capable of being stacked 

and valued along with other ES. There is a need for more operationally defined units of account 

(Boyd and Banzhaf 2007). In addition, there are difficulties with respect to double-counting of 

intermediate products or services in situations when the value of one ES is embedded within the 

value of another ES. For example, supporting services, such as nutrient cycling, constitute 

intermediate services that are typically not valued directly because they are already included in 

the process of assessing impacts on final ES. Similarly, provision of water quality sufficient to 

support a trout fishery is an intermediate service, whereas the fishery itself is a final ES. One 

would not add the values of the high water quality and the fishery in this example because the 

presence of the fishery already includes the water quality value. The fishery cannot exist without 

the presence of suitable water quality. High water quality can, however, in some situations 

constitute a final ES, for example by providing drinking water or water suitable for swimming. 

This double-counting is problematic with respect to stacking and monetizing ES. Intermediate 

products, services, processes, and cycles are not final ES, and in many cases they cannot be  



 

Figure 2.
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mapped. By virtue of their intermediate nature, their value is captured in an accounting of final 

ES.  

Boyd and Banzhaf (2007) presented an economic perspective on ES that highlighted the 

importance of separating intermediate and final services for economic valuation. It is these final 

ES that satisfy the need to measure, stack, map, and value ES. Interim products, functions, 

processes, and cycles are intermediate to, or contribute to, final ES, but are not themselves final 

ES. Furthermore, such attributes as spiritual enrichment, relaxation, and intellectual stimulation 

are more properly classified as social benefits of ES. This latter distinction reflects the 

difficulties associated with objectively valuing, mapping, and stacking such social benefits. They 

are clearly important to human well-being, but do not constitute final ES under a definition that 

is focused on discrete end product components of nature. The distinctions among sources of 

human well-being, intermediate products, social benefits, ecological functions or processes, and 

final ES (Table 1) are critical to application of the ES concept to the problem of assessing the 

environmental impacts and associated costs of atmospheric deposition of acidifying compounds 

and many other science/policy challenges.  

 

Table 1. Some key terms that are central to the ecosystem service concept based on the 
example of acidification effects on recreational fishing 

Term Description Examples 

Final Ecosystem 
Service 

End product component of nature that 
yields human well-being 

Sport fishery, surface water 

Intermediate Service Intermediate product needed to support 
final ESs  

Water quality needed to support that 
fishery 

Value Importance to people, expressed in 
monetary or non-monetary terms 

Opportunity to fish in an 
aesthetically pleasing location that 
contains suitable sport fish 

Function/ Process Intermediate step that contributes to the 
service 

Nutrient cycling, cleansing of 
drainage water as it flows through 
soil, microclimate regulation 

Social benefit or 
source of well-being 

Arises from the human use of an ES, 
often in combination with other 
conventional goods and services 

Recreation, spiritual enrichment, 
relaxation 

 

Given the importance of these considerations, and in keeping with the economic issues 

raised by Boyd and Banzhaf (2007), a final ES is defined as: 
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an endpoint component of nature that can be enjoyed, consumed, or used by 
people to generate human well-being and that can be measured, stacked, 
mapped, and valued using a common currency.  

 

Resource management and public policy should focus in large part on these final ES, which are 

determined by the processes, cycles, and intermediate services that are the subject of 

considerable ecological research. Social benefits derived from intermediate and final ES should 

also be considered, but in most cases will not be measured, stacked, mapped, and valued.  

A decrease in ES is typically manifested in economic loss, although such economic loss 

can be difficult to quantify. In order to determine the net impact of changes in ES, a complete 

accounting of costs and benefits must be conducted. This requires use of a common currency for 

valuation of ES.  

Calculation of the monetary value of ES does not signify the rejection of spiritual or 

inspirational values in assessing the loss or gain of ES (Kareiva and Marvier 2011). Economic 

valuation provides a framework that allows standardization of outcomes of various scenarios or 

options. However, the aesthetic and spiritual values can be included in the analysis by way of 

people’s willingness to pay for ecosystem protection or restoration. Society and those 

responsible for environmental public policy will be less likely to ignore the consequences of air 

pollution if the economic costs and damages are transparent and expressed in terms of monetary 

value.  

 

1.4. Objectives and Scope of This Report 

There has not been a thorough evaluation of whether or not an ecosystem approach, 

incorporating both CL/TL concepts and ES, can provide a practical and useful alternative to 

current air pollution management approaches. This report presents results of a case study for the 

central Appalachian Mountains region to illustrate the principles that form the foundation for an 

ecosystem approach to air pollution management and to identify the major affected ES and their 

interface with the CL paradigm. A number of important links between acidic deposition and ES 

are recognized, and they are outlined in Table 2.  

Objectives of this analysis include the following: 

1. Evaluate the potential for an ecosystem approach based on CL and ES principles 
for assessment of acidic deposition abatement strategies for an important case study 
region in the eastern United States. 
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Table 2. Summary of major effects of acidification on ES. 

Ecosystem Service Effects of Acidic Deposition on ES 

Provisioning Services  

Ecosystem goods  

Maple syrup and related products Production of sugar maple products can be reduced or 
eliminated locally. 

Sugar maple wood Sugar maple wood production for furniture and other 
industries can be reduced or eliminated locally. 

Red spruce wood Spruce wood production can be reduced or eliminated 
locally; this effect is expected to be of only minor 
importance within the central Appalachian Mountain 
region because red spruce occurs at high elevation in 
this region and logging activities at high-elevation 
locations are expected to be minimal. 

Genetics Abundance of certain species can be decreased or 
increased. 

Regulating Services  

Climate regulation Nitrous oxide production (a greenhouse gas) can be 
increased and C sequestration can be increased by 
atmospheric N deposition. 

Water regulation Decline in tree health can reduce water storage and 
affect stream flow. 

Erosion regulation Changes in vegetative cover can change rates of 
erosion. 

Supporting Services  

Aquatic and terrestrial primary production In N-limited ecosystems, primary production and 
biomass can increase in response to increased 
atmospheric N deposition. 

Nutrient cycling In response to acidic deposition, NO3
- leaching and C 

sequestration can increase; soil mineralization and 
nitrification can increase; soils can become depleted of 
nutrient base cations. 

Cultural Services  

Recreation and tourism Recreational fishing opportunities can decrease; 
recreation and tourism associated with autumn foliage 
color can decrease. 

Aesthetics Aesthetic qualities associated with forest cover can 
decrease. 

Cultural heritage Iconic species (i.e., sugar maple, brook trout) can 
decrease in abundance; maple syrup production as a 
cottage industry can decline. 
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2. Identify barriers to integration of CL and ES approaches and the strengths and 
limitations of a combined approach. 

3. Determine the potential for applying this combined ecosystem approach to other 
acid-impacted regions.  

Simultaneous evaluation of the full costs and benefits of emissions control options will allow the 

merits of alternative policies to be more thoroughly assessed and will reveal the likely effects of 

policy decisions on human well-being.  

There are many other aspects of air pollution control and its impact on human well-being 

that are not addressed in this report. These include direct effects of air pollutants (e.g., ozone 

[O3], particulate matter, mercury [Hg], and other toxic agents) on human health, and effects of 

air pollutants other than acidifying substances on ecosystem health. The former are not 

manifested via impacts on natural ES, but nevertheless have important effects on human well-

being. The latter can include nutrient enrichment (eutrophication) effects on aquatic, terrestrial 

and transitional (i.e., wetland) environments, effects of O3 on the health and growth of natural 

vegetation, and the effects of Hg, pesticides, and other atmospherically deposited toxic agents on 

the health and abundance of sensitive species of fish and wildlife.  

This assessment outlines an overall approach for evaluation of the effects of acidification 

on ES. Many of the ecological effects and their impacts on human well-being are only partially 

understood. A more complete qualitative and quantitative evaluation will require expert 

judgment input from a range of biogeochemical and ecological practitioners. Thus, this 

assessment does not provide a definitive statement regarding the most important impacts of 

acidification on ES. Discussion with key science and policy stakeholders and experts will be 

needed to provide a more informed view of these impacts. This is especially true if this type of 

analysis is to be used to provide part of the basis for emissions policy decisions.  

It is not possible to conduct a full quantitative analysis of ES gains that would be realized 

by reducing acidic deposition in the central Appalachian Mountains to a level below the 

identified CL values. This is because there remain many knowledge and data gaps regarding 

chemical, and especially ecological, effects of decreasing acidic deposition. The scientific 

research community is not yet able to fully quantify all of the effects of changes in acidic 

deposition on ecological resource functions. This precludes quantification of all effects on ES. 

Rather, at this time, we propose working with a subset of the potential ES impacts outlined in 

Table 2 as a starting point; these likely represent the most important areas of ES change in 



  

14 

response to S and N emissions reductions. As a next step, more rigorous quantitative analysis 

might focus on valuation of these services as representative of the largest and most important (to 

human society) effects of acidic deposition reduction.  

The purpose of this report is to outline an integrated approach to the application of ES 

and CL principles for public land management and natural resource policy decision-making. 

Acidification of soil and water by atmospheric deposition of S and N is used as an illustrative 

example. The basic principles of ES and CL are common, however, to a variety of air, soil, and 

water pollution and human land use issues. They stem from principles outlined in the “Tragedy 

of the Commons” (Hardin 1968), whereby overuse of a common resource leads to partial or 

complete elimination of that resource.  

 

1.5. Study Area 

The study area designated for this analysis includes land within the boundaries of five 

ecoregions (Blue Ridge, Central Appalachians, North Central Appalachians, Ridge and Valley, 

Western Allegheny Plateau) within western Virginia, western Pennsylvania, and West Virginia 

(Map 1). Publicly owned lands within this study area have been the focus of multiple studies on 

the effects of atmospheric S and N deposition on acid-sensitive aquatic and terrestrial resources 

(cf., Horsley et al. 2000, Sullivan et al. 2002a, 2003, 2004, 2007b; Bailey et al. 2005, Cosby et 

al. 2006).  
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Map 1. Study region boundaries, also showing ecoregion and state boundaries.  
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2. RESOURCE SENSITIVITY AND STATUS 

2.1. Most Sensitive and Most Affected Ecosystems and Regions  

2.1.1.  Characteristics of Sensitive Ecosystems  

The principal factor governing the sensitivity of terrestrial and aquatic ecosystems to 

acidification from S and N deposition is geology. Geologic formations having low base cation 

supply generally underlie the watersheds of acid-sensitive lakes and streams. Bedrock geology 

has been used in numerous acidification studies (Bricker and Rice 1989, Stauffer 1990, Stauffer 

and Wittchen 1991, Vertucci and Eilers 1993, Sullivan et al. 2007b). Other factors contribute to 

the sensitivity of soils and surface waters to acidic deposition, including topography, soil 

chemistry, land use, and hydrologic flowpath.  

Several studies have confirmed the importance of geology in regulating terrestrial and 

aquatic ecosystem sensitivity to acidification, and highlighted other key factors responsible for 

terrestrial and aquatic sensitivity to acidic deposition throughout the eastern United States. 

Sensitive terrestrial ecosystems include high-elevation spruce-fir forests dominated by relatively 

nonreactive bedrock in which base cation production via weathering is limited (Elwood et al. 

1991). Soils in such areas tend to have thick organic horizons, high organic matter content in the 

mineral horizons, and low pH (Joslin et al. 1992). Because of the largely nonreactive bedrock, 

base-poor litter and organic acid anions produced by the conifers, high precipitation, and high 

leaching rates, soil BS in these high-elevation forests tends to be below about 10% and the soil 

cation exchange complex is generally dominated by Al (Johnson and Fernandez 1992, Eagar et 

al. 1996).  

Galloway (1996) attributed forest soil sensitivity to acidification in the southeastern 

United States to atmospheric deposition level, soil age, weathering rate, and S adsorption 

capacity. In hardwood forests, species nutrient needs, soil conditions, and additional stressors 

work together to determine sensitivity to acidic deposition. Stand age and successional stage also 

can affect the susceptibility of hardwood forests to acidification effects. In northeastern 

hardwood forests, older stands exhibit greater potential for Ca depletion in response to acidic 

deposition than younger stands. Thus, with the successional change from pin cherry (Prunus 

pensylvanica), striped maple (Acer pensylvanicum), white ash (Fraxinus americana), yellow 

birch (Betula alleghaniensis) and white birch (Betula papyrifera) in younger stands to American 
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beech (Fagus grandifolia) and maple (Acer spp.) in older stands, there is an increase in 

sensitivity to acidification (Hamburg et al. 2003).  

 

2.1.2. Extent and Distribution of Sensitive Ecosystems  

Many habitat types will experience changes in species composition when exposed to high 

levels of acidic deposition. Some of these changes are attributable to acidification processes; 

others are due primarily to nutrient enrichment effects from increased N inputs. Changes in 

species composition can include changes in the distribution and abundance of species that may 

not be recognized as being particularly noteworthy by most people, but nevertheless constitute 

important ecosystem components. These can include, for example, diatoms and other algae in 

aquatic ecosystems, and lichens and various forms of ground vegetation in terrestrial ecosystems. 

Additional research will be needed to determine how changes in the distribution and abundance 

of these life forms will affect ecosystem functional groups, ecosystem cycles and processes, and 

ultimately ES.  

The fresh water aquatic ecosystems thought to be most sensitive to the effects of 

acidification from atmospheric S and N deposition include headwater (mainly Strahler order 1-3) 

streams in relatively small watersheds. Acid-sensitive waters most commonly occur in areas of 

high elevation and steep terrain, on shallow soils that are low in clay content overlying bedrock 

types (especially siliciclastic) that provide limited contributions of base cations to drainage 

water.  

Several regions of the United States contain appreciable numbers of lakes and streams 

with low acid neutralizing capacity (ANC; less than about 50 µeq/L), including portions of the 

Northeast, Southeast, Upper Midwest, and western U.S. (Charles 1991). The Appalachian 

Mountains region contains many acidified surface waters that have been affected by acidic 

deposition.  

Several national assessments were conducted to estimate the distribution and extent of 

surface water acidity in the United States. During summer baseflow of 2004, the U.S. EPA 

conducted a National Wadeable Stream Assessment (WSA) survey of 1,392 randomly selected 

sites across the conterminous states to assess the ecological condition of wadeable streams (U.S. 

EPA 2006). Because this sampling was conducted during baseflow in the summer (which 

exhibits the least acidic conditions of the year), only the most chronically acidified streams were 
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identified as acidic (defined as having ANC ≤ 0 µeq/L). Therefore, the extent of potential 

seasonal acidification was underestimated by this approach (Lawrence et al. 2008b). Overall, less 

than 1% of the 1,020,000 km of stream in the target population (based on the 1:100,000–scale 

U.S. Geological Survey [USGS] map blue line network) was acidic due to acidic deposition. 

However, acidic streams attributable to acidic deposition were most numerous in the northern 

Appalachians (2.8% of 96,100 km of stream) and the southern Appalachians (1.8% of 287,000 

km of stream).  

More precise survey estimates of the effects of surface water acidification were made in 

the U.S. EPA’s National Surface Water Survey (NSWS) in the mid 1980s. By statistically 

selecting representative lakes and streams in each presumed acid-sensitive surveyed region, the 

NSWS estimated chemical conditions of 28,300 lakes and 56,000 stream reaches (Baker et al. 

1990a). The NSWS concluded that 4.2% of lakes larger than 4 ha and 2.7% of stream segments 

in the acid-sensitive regions of the eastern United States were acidic at that time.  

The stream component of the NSWS, the National Stream Survey (NSS), was focused on 

the northern and southern Appalachians and Coastal Plain of the eastern United States 

(Kaufmann et al. 1991). The NSS sampled 500 stream reaches selected from 1:250,000 scale 

USGS topographic maps using a systematic, randomized sample. Study reaches were sampled at 

both the upstream and downstream end of each selected reach. Population estimates were made 

for chemistry at both reach ends and for stream length by interpolating chemical results between 

reach ends.  

Overall, out of the estimated 57,000 stream reaches in the NSS, after excluding streams 

acidic due to acid mine drainage, 6.2% of the upstream and 2.3% of the downstream reach ends 

were acidic during spring baseflow (Kaufmann et al. 1991). Acidic streams were mainly located 

in the highlands of the Mid-Atlantic Region (southern New York to southern Virginia, 2320 km), 

in coastal lowlands of the Mid-Atlantic (2530 km), and in Florida (461 km). Inorganic 

monomeric Al concentrations were highest in acidic streams of the Mid-Atlantic Highlands, 

where over 70% of the acidic streams had inorganic Al greater than 3.7 µM (100 µg/L), a 

concentration above which deleterious biological effects have frequently been reported.  

Anion composition of the NSS stream samples was examined to evaluate the most 

probable sources of stream acidity at acidic and low-ANC sites (Baker et al. 1991, Herlihy et al. 

1991). Acidic streams that had minimal organic influence (organic anions constituted less than 
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10% of total anions), and SO4
2- and NO3

- concentrations indicative of evaporative concentration 

of atmospheric deposition, were classified as acidic due to acidic deposition. These acidic 

streams were located in small (<30 km2) forested watersheds in the Mid-Atlantic Highlands (an 

estimated 1980 km of stream length) and in the Mid-Atlantic Coastal Plain (1250 km).  

 

2.2. Accumulation and Leaching of Mobile Acid Anions 

2.2.1. Sulfur Accumulation and SO4
2- Leaching  

Many acidification-related consequences of atmospheric S and N deposition in the 

eastern United States are caused by S (Sullivan 2000, Driscoll et al. 2001b). The mobility within 

the watershed of SO4
2- that is mainly derived from atmospheric S deposition governs many 

aspects of soil and water acidification at locations that are affected by acidic deposition.  

Subsequent to deposition, S may be assimilated by vegetation or microbes, accumulate in 

the soil, or act as a mobile ion and leach out of the soil as SO4
2-. In the eastern United States, S 

deposition levels are typically much higher than plant demand for S and consequently almost all 

SO4
2- in soil solution is available for leaching into streams if it is not adsorbed to soil. This SO4

2- 

leaching leads to most of the ecological effects from atmospheric S deposition because it is 

accompanied by leaching of cations, and this contributes to acidification of soil, soil water, and 

surface water and also to toxic responses of sensitive biota.  

In the central and southern Appalachian Mountains, much of the deposited SO4
2- is 

adsorbed to the soil and incorporated into organic matter through biological assimilation. Such 

retention of S has temporarily reduced SO4
2- leaching and caused a delay in ecosystem recovery 

in response to decreases in S deposition. Further to the north, the extent of S adsorption is 

reduced. Under continued loading of S deposition, it is expected that many central and southern 

Appalachian Mountain watersheds will exhibit a gradual decrease in the extent of S adsorption in 

the future. This will likely contribute to further acidification of some streams, even under 

substantially reduced levels of S deposition (Elwood et al. 1991, Turner et al. 1991, Sullivan et 

al. 2004).  

 

2.2.2.  Nitrogen Accumulation and NO3
- Leaching  

Nitrogen deposition can cause acidification of ecosystems via three main mechanisms: 

excess N accumulation in soils followed by increased rates of nitrification (formation of NO3
- 
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from ammonium (NH4
+) and organic N) by microbes, change in base cation status of soils caused 

by NO3
- leaching, and increased growth of vegetation causing increased base cation uptake (U.S. 

EPA 2008).  

Atmospherically deposited N accumulates in soil through incorporation of N into organic 

matter (Aber et al. 2003). Direct evidence for such accumulation has been found throughout the 

northeastern United States (U.S. EPA 2008). Similar processes likely occur in the central 

Appalachian Mountains. Increased accumulation of N in soil is suggested by a positive 

correlation between atmospheric deposition levels and total N concentration in the Oa soil 

horizon at red spruce (Picea rubens) sites in New York, Vermont, New Hampshire, and Maine 

(Driscoll et al. 2001b). Further evidence that atmospheric deposition has increased the 

availability of N in soil is provided by the strong negative correlation between atmospheric N 

deposition and the C:N ratio of the Oa soil horizon across the northeastern United States (Aber et 

al. 2003). If the C:N ratio of soils falls below about 20 to 25, nitrification is stimulated (Emmett 

et al. 1998, Aber et al. 2003). This process causes elevated NO3
- concentration in soil waters and 

surface waters (Aber et al. 2003, Ross et al. 2004).  

A large fraction of the N received in atmospheric deposition is typically retained in soil 

or in plant biomass. Much of the remainder is leached as NO3
-. Elevated NO3

- concentration in 

drainage waters during the growing season is common and widespread in the eastern United 

States (Charles 1991). High concentrations of NO3
- in lakes and streams, indicative of ecosystem 

N saturation, have been found at a variety of locations (Stoddard 1994, U.S. EPA 2004). In the 

eastern United States, atmospheric deposition of 8 to 10 kg N/ha/yr or more commonly results in 

measurable NO3
- leaching to surface waters.  

Nitrate leaching contributes to the leaching of base cations from soils to surface waters. 

Although concentrations of NO3
- are typically less than SO4

2- in drainage waters, concentrations 

of NO3
- in some streams are high enough to suggest a substantial role for NO3

- in base cation loss 

from soil, particularly during the non-growing season (Van Miegroet et al. 1992a, 1992b; Cook 

et al. 1994).  

Relationships between atmospheric N deposition and NO3
- leaching from forest 

ecosystems are modified by land use, disturbance, and climate. Removal of trees contributes to 

an initial (one to a few years) NO3
- pulse in drainage water, and then subsequently enhances the 

N demand of vegetative regrowth for decades or longer (Goodale et al. 2000). Temperature and 
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moisture have large effects on N cycling (Murdoch et al. 1998). Microbial processes responsible 

for NO3
- production are very sensitive to temperature. Fluctuations in microbial immobilization 

and mineralization in response to climatic variability affect NO3
- losses to drainage waters.  

 

2.3. Terrestrial Effects of Acidification 

The release of base cations (Ca, Mg, potassium [K], sodium [Na]) from the soil into soil 

water through weathering, cation exchange, and mineralization contributes to neutralization of 

acidity contributed by acidic deposition and/or natural processes (van Breemen et al. 1983). Loss 

of base cations from soil is partly a natural process. The limited mobility of anions associated 

with naturally derived organic acids and carbonic acid controls the rate of base cation leaching 

under conditions of low atmospheric deposition of S and N. Because inputs of S and N in acidic 

deposition supply anions that are often highly mobile in the soil, these mineral acid anions 

accelerate base cation leaching (Cronan et al. 1978). Depletion of nutrient base cations, 

especially Ca, can cause damage to acid-sensitive and calciphylic plants.  

Changes in major biogeochemical processes and soil conditions are manifested in both 

chemical and biological terrestrial effects that can include reduced soil BS, altered key element 

ratios, changes in plant productivity, reduced stress tolerance of sensitive plant species, and in 

some cases, increased mortality of canopy trees. Specific chemical indicators of change can be 

used to assess sensitivity to, and effects from, acidic deposition. In the eastern United States, 

terrestrial effects of acidification are best described for forested ecosystems.  

Forest ecosystems are commonly exposed to multiple stresses simultaneously. In addition 

to soil acidification from acidic deposition, trees also respond to drought, insects, disease, and 

changes in temperature and nutrient supply. Thus, consideration of the CL should ideally account 

for these multiple stresses, which have varying effects on the ES provided by the forest. 

Interaction terms are complex. For example, there is evidence that acidic deposition and 

increased atmospheric N supply can reduce resin production in conifers during hot droughty 

periods (Hodges and Lorio 1975, Hodges et al. 1979, McNulty and Boggs 2010). Reduced resin 

production, in turn, can make trees more susceptible to insect infestation (Cook and Hain 1987, 

Nebeker et al. 2001). Acidic deposition can contribute to nutrient imbalances (Schulze 1989, 

McNulty et al. 2005), increase winter freeze injury to foliage (Schaberg et al. 1997), and reduce 

cold tolerance in red spruce (Sheppard 1994, Schaberg et al. 2002).  
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Most acidification effects on plants are mediated through the soil, and are governed by Al 

toxicity and nutrient base cation (Ca, Mg, K) deficiencies. Nitrogen saturation can also be 

involved. These three factors are closely related. Nitrogen saturation contributes to NO3
- leaching 

which depletes soil base cation pools and mobilizes inorganic Al from soil to drainage water. 

The Ali is toxic to plant roots, but the degree of toxicity varies with Ca2+ concentration in soil 

solution.  

Two tree species (red spruce and sugar maple [Acer saccharum]) are known to be highly 

susceptible to damage from acidic deposition. Although acidification effects are expected to be 

especially pronounced in the plant communities that include these tree species, the same kinds of 

effects might also occur in other vegetation types. Nevertheless, effects of acidification on 

vascular plant species other than red spruce and sugar maple are poorly documented in this 

country.  

Sugar maple is distributed throughout the northeastern United States, the Upper Midwest, 

and the central Appalachian Mountain region as a component of the northern hardwood forest. 

Several studies, mainly in western Pennsylvania, have demonstrated that sugar maple decline is 

linked to the occurrence of relatively high levels of acidic deposition and base-poor soils and 

results, in part, from Ca depletion.  

The health of sugar maple trees is strongly influenced by the availability of Ca and other 

base cations in soil. Trees that grow on soils having low base cation supply are stressed and 

consequently often become more susceptible to damage from defoliating insects, drought, and 

extreme weather. The overall response includes death of mature trees and poor regeneration of 

seedlings.  

Soil acidification and depletion of soil base cations may be contributing to sugar maple 

mortality on sites having marginal soils. Sugar maple dieback at 19 sites in northwestern and 

northcentral Pennsylvania and southwestern New York was correlated with combined stress 

from defoliation and soil deficiencies of Mg and Ca (Horsley et al. 1999). Dieback occurred 

predominately on ridgetops and on upper slopes, where soil base cation availability was much 

lower than on middle and lower slopes (Bailey et al. 1999).  

Many lichen species are known to be especially sensitive to air pollution. Effects seem to 

be more clearly associated with N inputs than with S inputs (Bobbink et al. 2003, Geiser and 

Neitlich 2007, Glavich and Geiser 2008). These effects may be driven by nutrient enrichment 
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processes more than acidification processes. It is also likely, however, that acidity associated 

with S and N air pollution has impacted the distribution of lichens throughout the eastern United 

States, but there are no broad regional data available to evaluate that.  

 

2.4. Aquatic Effects of Acidification 

Surface water acidification entails a decrease in ANC, usually a decrease in pH, and often 

an increase in the concentration of inorganic Al in lakes and streams. ANC is the most widely 

used water chemistry indicator for both acidic deposition sensitivity and effects. It can be 

measured in the laboratory by Gran titration or defined as the difference between the measured 

base cation and mineral acid anion concentrations in water: 

 

ANC = (Ca2+ + Mg2++ K+ + Na+ + NH4
+) – (SO4

2- + NO3
- + Cl-)   (1) 

 

Surface water ANC reflects the end result of all of the chemical, physical, and biological 

interactions that occur as atmospheric deposition and precipitation move from the atmosphere 

into the soil and eventually emerge as drainage water in a stream or lake. ANC reflects the 

relative balance between base cations and strong acid anions in solution. If the sum of the base 

cation concentrations (in equivalence units) exceeds those of the strong acid anions, the water 

will have positive ANC. To the extent that the base cation sum exceeds the strong acid anion 

sum, the ANC will be higher. Higher ANC is generally associated with higher pH and Ca2+ 

concentrations; lower ANC is generally associated with higher H+ and inorganic Al 

concentrations and a greater likelihood of toxicity to aquatic biota.  

ANC concentrations can be grouped into five major classes: Acute Concern (less than 0 

μeq/L), Severe Concern (0 to 20 μeq/L), Elevated Concern (20 to 50 μeq/L), Moderate Concern 

(50 to 100 μeq/L), and Low Concern (greater than 100 μeq/L), with each range representing a 

probability of ecological damage to the aquatic community (Cosby et al. 2006). Biota are 

generally not harmed when ANC values are above 100 μeq/L (U.S. EPA 2009). In acid-sensitive 

regions, surface waters commonly have ANC below 100 µeq/L, and in some cases below 50 

µeq/L, even in the absence of acidic deposition.  

A number of factors influence the sensitivity of aquatic ecosystems to acidification in 

response to S and N deposition. In particular, the geologic composition of a region plays a 
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dominant role in influencing the sensitivity of surface waters to the effects of acidic deposition. 

Bedrock geology formed the basis for a national map of surface water sensitivity (Norton et al. 

1982) and has been used in numerous acidification studies of more limited extent (e.g., Dise 

1984, Bricker and Rice 1989, Sullivan et al. 2007b). Most of the major concentrations of low-

ANC surface waters are located in areas of the United States that are underlain by bedrock 

resistant to weathering (U.S. EPA 2008).  

Soil chemistry, land use, watershed slope, and hydrologic flowpath also contribute to the 

sensitivity of surface waters to acidic deposition. Land disturbance and consequent exposure of 

S-bearing minerals to oxidation, loss of base cations through erosion and timber harvesting, and 

change in N status of the forest through timber management can all influence the relative 

availability of mobile mineral acid anions (SO4
2-, NO3

-) and base cations (Ca2+, Mg2+, K+, Na+) 

in drainage water.  

Effects on streams are strongly influenced by the flowpath of water through the terrestrial 

watershed. The depth and composition of soils and colluvium and the slope of the watershed 

collectively determine the residence time of subsurface water within the soil, extent to which 

snowmelt and rainfall runoff interact with soils and geologic materials, and consequently the 

extent of NO3
- leaching, base cation mobilization, and acid neutralization within the watershed 

(Turner et al. 1990, Sullivan 2000). Surface waters can have different sensitivities to 

acidification depending on the relative contributions of near-surface drainage water and deeper 

groundwater (Eilers et al. 1983, Chen et al. 1984, Driscoll et al. 1991). Natural hydrologic events 

also alter acidification and neutralization processes during snowmelt and rainfall events and 

change flowpaths during extended droughts (Webster et al. 1990).  

The concentration of acid anions in solution, including SO4
2-, NO3

-, and organic acid 

anions, partially regulate the extent to which drainage waters will be acidified by acidic 

deposition. Acidic deposition allows natural soil acidification and cation leaching processes to 

occur at greater depths in the soil profile, allowing water that is rich in SO4
2- or NO3

- to flow 

from mineral soil horizons into drainage waters. If these anions are charge-balanced by H+ or 

inorganic Al cations, the water will have low pH and could be toxic to aquatic biota. If they are 

charge-balanced by base cations, the base cation reserves of the soil can become depleted, but 

the surface water will not be acidified, at least in the short term (U.S. EPA 2008). Most 

watersheds in the eastern United States are exhibiting only limited ANC and pH recovery of 
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drainage water in response to recent large decreases in S, and to a lesser extent N, deposition due 

to implementation of emissions controls under the Clean Air Act (CAA) and its amendments. 

This limited ANC and pH recovery is partly due to decreased base cation concentrations in 

surface water caused by soil base cation depletion.  

Many species of aquatic biota are sensitive to acidification, including fish, invertebrates, 

and phytoplankton. A robust relationship between acid-base status of streams and fish species 

richness was documented in Shenandoah National Park (SHEN) in the Fish in Sensitive Habitats 

(FISH) study (Bulger et al. 1999). Numbers of fish species were compared among 13 streams 

spanning a range of pH and ANC conditions. There was a highly significant (p <0.0001) 

relationship between stream acid-base status (during the seven-year period of record) and fish 

species richness among the 13 streams. The streams with the lowest ANC hosted the fewest 

species (Figure 3). This study demonstrated biological differences in low- versus high-ANC 

streams, including species richness, population density, condition factor, age, size, and field  

 

 

Figure 3. Number of fish species as a function of mean stream ANC among 13 streams in 
Shenandoah National Park, Virginia.  Values of ANC are means based on quarterly 
measurements, 1987-1994.  The regression analysis showed a highly significant 
relationship (p < 0.0001) between mean stream ANC and number of fish species.  
Streams having ANC consistently < 50 µeq/L had three or fewer species. (Modified 
from Bulger et al. 1999) 
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bioassay survival. Of particular note was that both episodic and chronic mortality occurred in 

young brook trout (Salvelinus fontinalis) exposed in a low-ANC stream, but not in a high-ANC 

stream (MacAvoy and Bulger 1995), and that blacknose dace (Rhinichthys atratulus) in low-

ANC streams were in poor condition relative to blacknose dace in higher-ANC streams (Dennis 

et al. 1995, Dennis and Bulger 1995).  

Condition factor is one measure of sublethal acidification stress that has been used to 

quantify effects of acidification on an individual fish. Condition factor is an index that describes 

the relationship between fish weight and length. Expressed as fish weight/length3, multiplied by 

a scaling constant, this index reflects potential depletion of stored energy (Everhart and Youngs 

1981, Goede and Barton 1990, Dennis and Bulger 1995). Fish with higher condition factor are 

more robust than fish having low condition factor. Field studies have shown lower condition 

factor in fish found in more acidic streams (Dennis and Bulger 1995).  

Bulger et al. (1999) observed a positive relationship between condition factor and pH in 

streams in SHEN. Dennis and Bulger (1995) also found a reduction in condition factor for 

blacknose dace in waters near and below pH 6.0. The four populations investigated in SHEN that 

had the lowest condition factor had mean habitat pH values within or below the range of critical 

pH values at which Baker and Christensen (1991) estimated that negative population effects are 

likely for blacknose dace. The mean condition factor of fish from the study stream with the 

lowest ANC was about 20% lower than that of the fish in best condition.  

MacAvoy and Bulger (1995) used multiple bioassays over three years in one of the low-

ANC streams studied in the FISH project to determine the effect of stream baseflow and acid 

episode stream chemistry on the survival of brook trout eggs and fry. Simultaneous bioassays 

took place in mid- and high-ANC reference streams. Acidic episodes, with associated low pH 

and elevated inorganic Al concentrations and high streamwater discharge, caused rapid fish 

mortality in the low-ANC stream, while the test fish in the higher-ANC reference streams 

survived (Bulger et al. 1999).  

It is commonly believed that the loss of species, for example in response to air pollution, 

will cause a reduction in ES (Ehrlich and Ehrlich 1981, Kareiva and Marvier 2011). The 

ecosystem may be able to maintain its functionality subsequent to the loss or severe reduction of 

one or a few species. If many species, or even one cornerstone species, is lost, however, 

ecosystem function may become impaired.  
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Biodiversity is only one among many important components of ecosystem value. 

Biodiversity and ES are not consistently correlated (Naidoo et al. 2008, Egoh et al. 2009, 

Kareiva and Marvier 2011). Nevertheless, biodiversity can constitute a form of ES insurance 

(Fonseca and Ganade 2001). The rare or relatively unimportant species today may become the 

abundant or important species tomorrow, in response to changes in pollution, climate, or land use 

drivers, but only if those rare species are present when tomorrow arrives (Kareiva and Marvier 

2011).  

 

2.5. Nitrogen Saturation 

Forest growth in the United States is generally limited by the availability of N (Aber et al. 

1989). An undisturbed, unpolluted forest typically uses and stores, mostly in the soil, almost all 

of the small amount of N that it receives from atmospheric deposition. This N is cycled between 

soil and vegetation. However, forests have a maximum capacity to store N that they receive from 

outside the watershed. This capacity is determined by the plant species present on the site and the 

history of logging and other disturbances that previously removed some of the N that was stored 

in the soil and trees. When N inputs exceed this storage capacity, the site becomes N saturated, 

and more of the incoming N leaches as NO3
- to soil water and eventually to streams. The term N-

saturated reflects a condition whereby the input of N to the ecosystem exceeds the nutritional 

requirements of terrestrial biota, and a substantial fraction of the incoming N leaches out of the 

ecosystem as NO3
- in groundwater and surface water. This leaching of NO3

- can contribute to 

soil and surface water acidification, with harmful consequences to plants. During the latter stages 

of N saturation, tree health deteriorates and the forest may release to drainage water more N than 

is coming into the watershed from atmospheric deposition. Under conditions of advanced N 

saturation, tree growth declines and sensitive tree species die in response to acidification and 

base cation depletion (U.S. EPA 2008). 

Although most forests take up the N provided by atmospheric deposition with few or no 

signs of N-saturation, decades of atmospheric N deposition has increased N supply in the soil at 

some locations to levels that are no longer growth limiting to forest vegetation. Some terrestrial 

ecosystems, especially at high elevation, have become N-saturated and high levels of acidic 

deposition have contributed to increased NO3
- leaching losses in drainage water (Aber et al. 



  

28 

1989, Stoddard 1994, 1998). This enhanced NO3
- leaching can remove Ca2+ and other base 

cations from soil and cause acidification of soil and water.  

Thus, atmospheric deposition of N has increased N availability in soils at some locations, 

which has led to increased nitrification and associated acidification of soil and soil water. The N 

retention capacity of soils is strongly dependant on land use history, however, so the 

relationships between N deposition and ecosystem N status are variable. In general, atmospheric 

deposition of about 10 kg N/ha/yr or higher is required in order for appreciable amounts of NO3
- 

to leach from forest soils to surface waters in the eastern United States (U.S. EPA 2008).  

High concentrations of NO3
- in soil solution appear to be largely responsible for the 

potentially toxic peaks in Al concentration that sometimes occur in soil solution. Sulfate may 

also play a role by serving to elevate chronic Al concentrations (Eagar et al. 1996, U.S. EPA 

2008). Many studies in the southern Appalachian Mountains (cf., Joslin et al. 1992, Van 

Miegroet et al. 1992a, 1992b, Joslin and Wolfe 1994, Nodvin et al. 1995) have found high 

concentrations of NO3
- in soil water and stream water at high-elevation spruce-fir forest 

locations. This NO3
- leaching is believed to have been caused by high N deposition, low N 

uptake by forest vegetation, and inherently high N release from soils. Forest age also affects N 

uptake by vegetation. Mature trees take up relatively small amounts of N for new growth and 

often show higher NO3
- leaching than younger, faster growing stands (Goodale and Aber 2001).  

 

2.6. Aluminum Leaching and Toxicity 

One of the key biogeochemical processes that is altered by acidic deposition is the 

mobilization of Al from soils to waters (Cronan and Schofield 1979, Mason and Seip 1985). At 

high concentration in soil water, Al is toxic to plant roots. Plants affected by high Al 

concentration in soil water can show reduced root growth. This limits the ability of the plant to 

take up water and nutrients, especially Ca (Parker et al. 1989). Aluminum solubility increases at 

pH values below about 5.5. Aluminum concentrations in drainage waters having pH below about 

5.0 are often an order of magnitude higher than in waters having pH above 6.0.  

In regions affected by acidic deposition, the total concentration of mineral acid anions in 

soil waters and surface waters (mainly SO4
2- and NO3

-) has changed from historical conditions. 

In response to these changes in mobile anion concentrations, the concentrations of other ions in 

surface water must also have changed to maintain electroneutrality. It is the changes in these 
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other ions that are largely responsible for environmental effects of drainage water acidification. 

As SO4
2- and/or NO3

- concentrations increased over time, other anions (mainly organic acid 

anions or bicarbonate, HCO3
-) must have decreased and/or cations (e.g., base cations, H+, or 

inorganic Al) must have increased in solution to maintain the charge balance whereby the sum of 

the cations equals the sum of the anions.  

If the release of base cations from the soil is insufficient to neutralize inputs of sulfuric 

and nitric acid, then Al that had previously been deposited by normal soil development in the 

upper mineral soil is mobilized into soil solution. Aluminum may also be mobilized by organic 

acids. However, acidic deposition mobilizes Al in inorganic forms, and in doing so increases the 

amount of exchangeable inorganic Al within the B horizon and results in transport of inorganic 

Al into soil waters and surface waters (Driscoll and Bisogni 1984, Driscoll et al. 1985). Inorganic 

Al is minimally soluble at pH about 6.0, but solubility increases steeply at pH values below 

about 5.5. This distinction between organic and inorganic forms of Al is important because 

organic Al is not toxic, whereas inorganic Al is toxic to a variety of plants and aquatic organisms 

(Baker and Schofield 1982, Joslin and Wolfe 1988, 1989, Baldigo and Murdoch 1997).  

Where the availability of exchangeable base cations is limited, the leaching of potentially 

toxic inorganic Al into soil and surface waters can result from SO4
2- and NO3

- leaching. At sites 

having BS below about 20-25%, acidic deposition can mobilize inorganic Al into soil waters and 

surface waters (Reuss and Johnson 1985, Cronan and Schofield 1990). Some forms of inorganic 

monomeric Al, including Al3+ and various hydroxide species, are toxic to tree roots, fish, algae, 

and aquatic invertebrates. Fish mortality in response to surface water acidification is usually 

attributable to Al toxicity. Increased exchangeable inorganic Al in the mineral soil in acid-

impacted areas has been identified through repeated sampling over periods of 17 years or more 

(Lawrence et al. 1995, Bailey et al. 2005). 

The natural downward movement and deposition of Al within the upper soil profile is 

altered by acidic deposition if the release of base cations is insufficient to buffer atmospheric 

inputs of acidity. Rather than being deposited as an alumino-organic complex, Al mobilized by 

acidic deposition remains in solution in inorganic forms that can be transported out of the soil 

and into surface waters. Depletion of exchangeable base cations generally precedes the 

mobilization of inorganic Al. As base cation concentrations in drainage water decrease, inorganic 



  

30 

Al concentrations typically increase. In soils with BS values less than about 15 to 20%, the ratio 

of exchangeable Ca to Al is typically low in upper mineral soils (Lawrence et al. 2005).  

Red spruce trees in the eastern United States died at a rapid pace in recent decades. This 

mortality was linked to exposure of foliage to acidic cloud water and an increase in the amount 

of dissolved inorganic Al compared with dissolved Ca2+ in soil water. Some of the red spruce 

decline occurred at high-elevation sites which frequently experience cloud cover. Much of the 

total atmospheric S and N deposition at such locations probably comes in the form of cloud 

deposition, which is often more acidic than acid rain.  

 

2.7. Depletion of Base Cations from Soil 

Base cations are common in rocks and soils, but largely in forms that are unavailable to 

plants. There is also a pool of bioavailable exchangeable base cations that are adsorbed to 

negatively charged surfaces of soil particles. Base cations in this pool are gradually leached from 

the soil in drainage water, but are constantly resupplied through weathering. Weathering slowly 

breaks down rocks and minerals, releasing base cations to the pool of adsorbed exchangeable 

base cations on the soil. The balance between base cation supply and base cation loss determines 

whether the pool of available base cations is increasing or decreasing in size over time. Enhanced 

leaching of base cations by acidic deposition in some cases can deplete the soil of exchangeable 

bases faster than they are resupplied (Cowling and Dochinger 1980). Nutrient base cations, 

including Ca2+, Mg2+, and K+, are taken up through plant roots from the soil water to satisfy plant 

nutritional needs. Soil BS expresses the concentration of exchangeable bases (Ca, Mg, K, Na) as 

a percent of the total cation exchange capacity (which includes exchangeable H+ and inorganic 

Al). Under conditions of low soil BS (<20%) and elevated concentrations of strong acid anions, 

Al is mobilized from soil to drainage water (Cronan and Schofield 1990), with potentially 

harmful consequences for sensitive terrestrial plants and aquatic organisms. In soils having low 

BS, exchangeable Ca2+, Mg2+, or K+ can be depleted so much that nutrient deficiencies develop 

in vegetation.  

Loss of base cations from soil is a natural process. Under conditions of low atmospheric 

deposition of S and N the limited mobility of anions associated with naturally derived acidity 

(organic acids and carbonic acid) controls the rate of base cation leaching. Inputs of S and N in 
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acidic deposition enhance inputs of strong acid anions and accelerate base-cation leaching 

(Cronan et al. 1978, Lawrence et al. 1999).  

Decreases in the pool of exchangeable base cations and BS in the Oa and B soil horizons 

have occurred over the past several decades in the eastern United States. In northwestern 

Pennsylvania, Bailey et al. (2005) showed that between 1967 and 1997 pronounced decreases, 

attributed largely to acidic deposition, were measured in exchangeable Ca and Mg concentrations 

in Oa/A horizons and throughout the B horizon. Data compiled by Sullivan et al. (2006a, 2006b) 

suggested decreases in the BS of B-horizon soils in the Adirondack Mountains between the mid-

1980s and 2003. In another re-sampling study in the northeastern United States, Warby et al. 

(2009) observed large decreases in exchangeable Ca and BS in the Oa horizons between two soil 

sampling occasions in 1984 and 2001, attributed to acidic deposition. The greatest decreases in 

exchangeable Ca and BS were observed in the regions of central New England and Maine, where 

depletion of base cations was less apparent at the time of the first sampling in 1984. Depletion of 

base cations contributes to soil acidification and influences the ability of watershed soils to 

support acid-sensitive vegetation and to neutralize acidity in future acidic deposition.  

Decreases in exchangeable soil base cation concentrations were positively correlated with 

S deposition in the Catskill Mountains (Lawrence et al. 1999). Declines in soil exchangeable 

pools of base cations have also been documented in New Hampshire (Likens et al. 1996). Base 

cation loss increases the sensitivity of the watershed to further acidic deposition. Watersheds that 

were capable of fully neutralizing a particular level of acidic deposition in the past may no longer 

be capable of fully neutralizing that level today or at some time in the future because of the 

cumulative effect of acidic deposition on soil BS.  
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3. CENTRAL APPALACHIAN MOUNTAINS CASE STUDY 

This case study of the central Appalachian Mountain region focuses on portions of 

Virginia, West Virginia, and Pennsylvania where effects of acidic deposition on aquatic and 

terrestrial resources have been pronounced and relatively well-studied. Application of an 

ecosystem approach to assessment of emissions control policies that is rooted in dose-response 

relationships and tipping points that trigger ecological damage allows more explicit evaluation of 

the consequences to acid-sensitive resources in the study area associated with moving between 

exceedance and non-exceedance of CL and TL. This adds a new dimension to formulation of air 

pollution control policy (cf., Hicks et al. 2008). 

At the core of an ecosystems approach to determining appropriate emissions control 

policy that is protective of ES in the central Appalachian Mountains is the understanding that 

natural ecosystems that are sensitive to air pollution degradation benefit society in ways that are 

important to people. Knowledge of human perceptions of the relative worth of these services can 

aid in development of consensus regarding best management practices and optimal emissions 

control policies to maximize societal benefits. 

A general conceptual model for incorporation of CL (including associated TL) and ES 

into a framework for assessing environmental effects of atmospheric S and N deposition and the 

preservation of sustainable ecosystems and their services is shown in Figure 4. The model starts 

by identifying the forest, soil, stream, and/or lake as potentially acid-sensitive resource(s) for 

which we desire to develop CL and/or TL to support resource damage assessment. Identification 

of services considered to be at risk or already damaged informs decisions regarding prioritizing 

resources to be protected or restored. The overarching goal is to protect, maintain, and restore 

ES; the CL provides one management tool to assist in accomplishing this goal. The decision of 

which resource(s) to protect determines available options in proceeding clockwise around the 

science/policy assessment loop (shown in the schematic illustration in Figure 4). After a resource 

has been identified for protection or for recovery from damage, the next step is to select an 

indicator of resource condition. The indicator facilitates tracking the biological health of the 

resource. Because of difficulties in monitoring biological conditions directly, a chemical 

indicator is often used that reflects the likelihood of biological damage. For protecting terrestrial 

resources (forest, soil) from acidification, the indicator might be soil BS, exchangeable Ca, or 

soil solution Ca:Al molar ratio. For this assessment, soil BS is recommended. For protecting  
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Figure 4. General conceptual model for assessment of acidification effects of atmospheric S 

and N deposition, incorporating the critical load and ecosystem service concepts. BS 
is soil percent base saturation; ANC is surface water acid neutralizing capacity.  
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aquatic resources, the surface water ANC is most commonly used (Sullivan et al. 2008). One or 

more critical threshold criteria are specified for each indicator, based on known tipping points or 

dose-response relationships. These threshold criteria connect the indicator with a biological 

response. The biological response can be reflected on the basis of one or more ecosystem 

attributes, such as taxonomic richness; the quality of the habitat to support given biota; or the 

presence of an indicator species, a keystone species, or a species of special value. ANC threshold 

criteria are commonly set at 0 µeq/L, 20 µeq/L, 50 µeq/L, or 100 µeq/L for various aquatic biota 

protection levels (Henriksen and Posch 2001, Cosby et al. 2006, U.S. EPA 2008). Here, a value 

of ANC=50 µeq/L is used as the threshold for specification of the CL.  

If the pollutant input level is found to be in exceedance, there is an increased likelihood 

that there will be a loss of one or more ES. This can be represented as a logical progression from 

chemical indicator to effect on ES (Figure 5). For example, aquatic ES that could be lost include 

brook trout presence or a portion of the taxonomic richness or biodiversity of fish, benthic stream 

macroinvertebrates (e.g., mayflies; Cosby et al. 2006) or lake zooplankton (e.g., crustaceans, 

rotifers; Nierzwicki-Bauer et al. 2010). Terrestrial ES at risk might include the presence of a 

diverse natural plant community or the syrup and lumber produced from acid-sensitive sugar 

maple trees. Based on the estimated loss or gain of ES, management or policy decisions might be 

made to change emissions regulations, implement remediation actions, or take other management 

steps. If it is judged that the indicator threshold criteria are not sufficiently known, or that the 

assessment uncertainty is too high, additional research or analysis may be warranted.  

Considering the impacts of acidifying atmospheric emissions on various major 

components of the natural environment as an example (Figure 6), natural ES are provided in 

association with water resource condition, water flow regulation, biodiversity, and soil and forest 

resource condition. Each of these benefit areas can be impacted by acidifying emissions. Natural 

background conditions during the preindustrial period did not include human activities 

associated with the production of food, electricity, and transportation that would generate 

acidifying emissions. These acidifying activities produce conventional services for humanity but 

can also reduce the provision of natural ES. Thus, development of conventional goods and 

services comes at a price, in that each of the natural services can be reduced in comparison with 

its level of provision under background conditions, as illustrated in Figure 6. The loss of natural  
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Figure 5. Logical progression from chemical indicators used to specify critical loads to effects 
on ecosystem services, providing examples of each step in the process.  
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Figure 6. Wheel diagram comparison among three scenarios, representing an absence of 
emissions of acid precursors (top wheel) and the presence of emissions sources, both 
with minimal (lower left wheel) and maximal (lower right) emissions controls. 
Length of arrow indicates increased abundance or availability of the associated 
characteristic. 

 

services can be large in the absence of emissions controls. Under substantial emissions controls, 

however, the food, electricity, and transportation goods and services can be provided with only 

minimal loss of natural ES. The CL approach allows identification of the levels of emissions 

controls (and consequent deposition loading) that are needed to minimize the loss of important 

final ES as a consequence of food, energy, and transportation development. Although this may 

only represent a subset of the total services and values provided, the combination and valuation 

of the final ES can provide an important part of the basis for decision-making.  

This case study was conducted to determine whether an ecosystem approach based on ES 

and CL can be used to evaluate the effects of S and N emissions controls on ecosystem 

components known to impact human welfare. Compared with existing policy and regulatory 
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frameworks, an ecosystem approach offers distinct advantages, including the following (cf., 

Hicks et al. 2008). 

1. The range of potential effects of various levels of emissions controls can be 
considered in a holistic fashion. 

2. Linkages can be developed and explored between ES and discrete constituents of 
human well-being. 

3. Tradeoffs, synergistic interactions, and antagonistic effects can be identified. 

4. Regulating, cultural, and supporting services can be included in the assessment, 
along with the more readily monetized provisioning services, such as food and 
fiber, and the well-recognized recreation and tourism services. 

5. Final ES affected by emissions controls can be measured, stacked, mapped, and 
valued, providing insight into the full costs and benefits to society of policy 
measures adopted for the purpose of reducing the adverse ecological impacts of 
acidic deposition.  

 

3.1. Atmospheric Deposition 

Total S and N deposition for the time period centered on 2005 were estimated for this 

study using both measured and modeled data. Wet deposition was estimated as an average for the 

five-year period 2003-2007 based on orographically corrected interpolated measurements from 

the National Atmospheric Deposition Program/National Trends Network (NADP/NTN) 

monitoring program (data provided by J. Grimm). Dry deposition was estimated for 2005 using 

the Community Multiscale Air Quality (CMAQ) model (data provided by R. Dennis). Oxidized 

and reduced N deposition estimates were added to reflect the deposition of total N.  

Atmospheric S deposition within the study region generally increases from East to West. 

Estimated total S deposition in the eastern portion of the study area, in the vicinity of SHEN, 

ranges between about 50 and 100 meq S/m2/yr. Further to the west, total S deposition is higher, 

generally ranging between about 100 and 300 meq S/m2/yr (Map 2). 

Total N deposition in the study region is somewhat lower than total S deposition, ranging 

between about 55 and 100 meq N/m2/yr (Map 3). Total N deposition is higher, however, in 

proximity to the urban areas around Washington, DC.  
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Map 2. Estimated total (wet plus dry) atmospheric S deposition throughout the study region.  
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Map 3. Estimated total (wet plus dry) atmospheric N deposition throughout the study region. 
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3.2. Effects on Biota 

3.2.1. Terrestrial Biota 

Acidic deposition can affect terrestrial ecosystems through direct effects on plant foliage 

and indirect effects involving changes in soil chemistry. Biological effects of acidification on 

terrestrial ecosystems are generally attributable to Al toxicity and decreased ability of plant roots 

to take up Ca and water from the soil (Cronan and Grigal 1995). Indirect effects of acidic 

deposition on the soil and direct effects of acidic deposition on foliage can influence the response 

of plants to drought, cold temperature, insect pests, and disease (Joslin et al. 1992).  

The combined effects of acidic deposition and other stressors on terrestrial vegetation are 

typically measured using indices such as percent dieback of canopy trees, percent basal area of 

dead trees, crown vigor index, and fine twig dieback (Table 3). For each of these variables, a 

rating system can be used to quantify forest condition.  

 

Table 3. Example biological effects indicators in terrestrial ecosystems. (Source: U.S. EPA 
2008).  

Indicator Species Example Health Indices References 

Red spruce Percent dieback of canopy trees Shortle et al. (1997)  
DeHayes et al. (1999) 
 

Sugar maple Basal area dead sugar maple (as %) 
Crown vigor index 
Fine twig dieback 

Bailey et al. (1999) 
Drohan and DeWalle (2002)

 

The effects of acidic deposition on the health, vigor, and productivity of terrestrial 

ecosystems in the United States are best documented in spruce-fir and northern hardwood forests 

of the eastern United States. Information is available for individual species such as red spruce, 

sugar maple, and some species of lichen.  

 

3.2.1.1. Health, Vigor, and Reproduction of Tree Species in Forests  

Red spruce and sugar maple in the central Appalachian Mountains and other portions of 

the eastern United States have experienced declining health at some locations as a consequence 

of acidic deposition. Effects of acidification on these two species are summarized below. There 

may also be adverse impacts of acidification on the growth and health of other species (in 
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particular flowering dogwood [Cornus florida]), but these effects have not been well 

documented. For assessment of CL exceedance for terrestrial resource protection, this study 

focuses primarily on red spruce and sugar maple because these are the two tree species most 

closely linked with acidification damage. Effects on ES within the central Appalachian 

Mountains region are most pronounced for sugar maple. This is because sugar maple is widely 

distributed throughout the study region, whereas red spruce is restricted to the highest elevation 

locations which are limited in spatial extent.  

 Red Spruce  

 Red spruce occurs mainly in 

the northeastern United States and at 

scattered high-elevation sites in the 

Appalachian Mountains (Map 4). Red 

spruce dieback or decline has been 

observed across high elevation 

landscapes of the northeastern and 

southeastern United States. At high 

elevations in the Adirondack and 

Green Mountains, more than 50% of 

the canopy red spruce trees died 

during the 1970s and 1980s. In the 

White Mountains, about 25% of the 

canopy spruce died during that same period (DeHayes et al. 1999). Dieback of red spruce has 

also been observed in mixed hardwood-conifer stands at relatively low elevations in the western  

 Adirondack Mountains, an area that receives high inputs of acidic deposition (Shortle et 

al. 1997); acidic deposition has been implicated as a causal factor (DeHayes et al. 1999). The 

frequency of freezing injury to red spruce needles increased over the last four decades of the 20th 

century (DeHayes et al. 1999), and this was attributed to acidic deposition.  

From the 1940s to 1970s, red spruce growth declined at high elevation in the southeastern 

United States (McLaughlin et al. 1987, Cook and Zedaker 1992, Eagar et al. 1996), as emissions 

of both NOx and SOx increased to maxima of about 25 and 30 million tons/yr, respectively (U.S. 

Map 4. Distribution of red spruce (rose) and sugar maple 
(green) habitat in the eastern United States.  
(Source:  Little 1971)  
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EPA 2008). The growth decline in Great Smoky Mountains National Park (GRSM) in North 

Carolina and Tennessee started earlier at higher elevations (around the 1940s and 1950s) and was 

steeper, while the growth decline developed at lower elevation sites 20 years later. After the 

1980s, red spruce growth increased substantially at both the higher- and lower-elevation sites, 

corresponding to a decrease in SO2 emissions in the United States (to about 20 million tons/yr by 

2000), while NOx emissions held fairly steady (at about 25 million tons/yr). Annual emissions of 

S plus NOx explained about 43% of the variability in red spruce tree ring growth between 1940 

and 1998 (U.S. EPA 2008). Climatic variability accounted for about 8% of the growth variation 

for that period. At low elevation, changes in radial growth could be explained by climatic 

variables only, and there was no correlation with national S plus NOx emissions trends.  

The red spruce dieback has been linked, in part, to reduced cold tolerance of red spruce 

needles, caused by acidic deposition. Results of controlled exposure studies showed that acidic  

mist or cloud water reduced the cold tolerance of current-year red spruce needles by 3 to 10 ºC 

(DeHayes et al. 1999). There was a significant positive association between cold tolerance and 

foliar Ca in trees that exhibited foliar Ca deficiency. The membrane-associated pool of Ca 

influences the response of cells to changing environmental conditions. The plant plasma 

membrane plays an important role in mediating cold acclimation and low-temperature injury 

(U.S. EPA 2004). The study of DeHayes et al. (1999) suggested that direct acidic deposition on 

red spruce needles preferentially removes membrane-associated Ca. More recently, a link has 

been established between availability of soil Ca and winter injury (Hawley et al. 2006) based on 

an experimental addition of Ca at the Hubbard Brook Experimental Forest (HBEF). This study 

demonstrated that Ca depletion from soil was associated with winter injury of red spruce foliage 

during 2003 when winter injury was unusually high throughout the northeastern region.  

The weight of evidence suggests that changes in soil chemistry have also contributed to 

high mortality rates and decreasing growth of red spruce trees in some areas over the past three 

decades (Sullivan et al. 2002b). Forests where this has occurred in the central and southern 

Appalachian Mountains region are mainly located at high elevation. Changes in red spruce 

growth rates in these areas are attributable, at least in part, to base cation deficiencies related to 

decreased availability of Ca and increased availability of Al as a result of acidic deposition 

effects on soils. Important factors appear to include depletion of base cations in upper soil 

horizons by acidic deposition, Al toxicity to tree roots, and accelerated leaching of base cations 
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from foliage as a consequence of acidic deposition. Recent studies also show subsequent 

improvements in red spruce growth with decreasing emissions of SO2 (Webster et al. 2004).  

 

3.2.1.2. Sugar Maple  

Sugar maple is the deciduous tree species that is most commonly associated with adverse 

acidification-related effects of S and N deposition. In addition, other base cation accumulating 

hardwoods may also be at risk (Driscoll et al. 2001b). Sugar maple is distributed throughout the 

northeastern United States and central Appalachian Mountain region as a component of the 

northern hardwood forest (Map 4).  

Several studies, mainly in western Pennsylvania, have hypothesized that sugar maple 

decline is linked to the occurrence of relatively high levels of acidic deposition on areas of base-

poor soils (Horsley et al. 2000, Bailey et al. 2004, St. Clair et al. 2005, Hallett et al. 2006, Moore 

and Ouimet 2006). Acidic deposition may be contributing to episodic dieback of sugar maple 

through depletion of nutrient cations from marginal soils. Horsley et al. (2000) found that 

dieback at 19 sites in northwestern and northcentral Pennsylvania and southwestern New York 

was correlated with combined stress from defoliation and soil deficiencies of Mg and Ca. 

Dieback occurred predominately on ridgetops and on upper slopes, where soil base cation 

availability was lower than in the deeper soils found on middle and lower slopes (Bailey et al. 

2004). A long-term decrease in soil pH since 1960 (0.78 pH unit decrease in the O horizon, and 

0.23 pH unit decrease in the A horizon) in Pennsylvania hardwood forests has been documented, 

along with decreases in soil Ca and Mg concentrations. Declining sugar maples were shown to 

be deficient in foliar Ca and Mg (Drohan and Sharpe 1997). More recent research has 

strengthened understanding of the role of cation nutrition in sugar maple health at a regional 

scale across a broad range of conditions (Hallett et al. 2006).  

Drohan et al. (2002) investigated differences in soil conditions in declining versus non-

declining sugar maple plots in northern Pennsylvania sampled by the U.S. Forest Service’s 

Forest Inventory and Analysis (FIA) program. Soils in plots with declining sugar maple tended 

to have lower base cation concentrations and pH, and Ca:Al ratio less than 1. Regressions 

between foliar and soil chemistry showed that foliar nutrition was highly correlated with the 

chemistry of the upper 50 cm of soil (Drohan et al. 2002).  
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Juice et al. (2006) added Ca to watershed 1 at the HBEF in October, 1999 sufficient to 

raise the pH of the Oie soil horizon from 3.8 to 5.0 and the Oa horizon from 3.9 to 4.2. 

Subsequently, they measured the response of sugar maples to the Ca fertilization. Foliar Ca of 

canopy sugar maples increased markedly and foliar manganese declined. By 2005, crown 

condition was much healthier than in the untreated reference watershed. The density of sugar 

maple seedlings increased significantly following high seed production in 2000 and 2002. In 

addition, sugar maple germinants were 50% larger and mycorrhizal colonization of seedlings 

was much higher in the treated watershed (22% of root length) as compared with the reference 

watershed (4%; Juice et al. 2006).  

Acidic deposition, in combination with other stressors, is a likely contributor to the 

decline of sugar maple trees that occur at higher elevation, on geologies dominated by sandstone 

or other base-poor substrate, and that have base-poor soils having high percentages of rock 

fragments (Drohan et al. 2002). Such site conditions are representative of the kinds of conditions 

expected to be most susceptible to adverse effects of acidic deposition on sugar maple because of 

low initial base cation pools and high base cation leaching losses (U.S. EPA 2008).  

Despite the evidence for effects of acidic deposition on the health and vigor of some 

other terrestrial plant communities, few studies have directly documented species loss, reduced 

biodiversity, or adverse effects on threatened and endangered species. Some evidence suggests 

that effects on shrubs and herbaceous plants are possible. Nevertheless, data in the United States 

are insufficient to support the use of shrub or herbaceous plant species as indicators of the 

acidification-related effects of acidic deposition at this time (U.S. EPA 2008).  

 

3.2.1.3. Lichens  

Lichens are typically among the first components of the terrestrial ecosystem to be 

affected by acidic deposition. Vulnerability of lichens to increased N input is generally greater 

than that of vascular plants (Fremstad et al. 2005). In eastern North America, areas that receive 

relatively high levels of acidic deposition and high atmospheric concentrations of SO2, N oxides, 

and reduced-N have experienced noticeable reductions in cyanolichen abundance on both 

coniferous and deciduous trees (Richardson and Cameron 2004). Effects on lichen species 

biodiversity are also likely (McCune 1988, van Haluwyn and van Herk 2002). Lichens remaining 
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in areas affected by acidic deposition were found by Davies et al. (2007) to contain almost 

exclusively the families Candelariaceae, Physciaceae, and Teloschistaceae.  

Effects of SO2 exposure on lichens include reduced photosynthesis and respiration, 

damage to the algal component of the lichen, leakage of electrolytes, inhibition of N fixation, 

reduced K absorption, and structural changes (Fields 1988, Farmer et al. 1992). Scott (1989a, b) 

concluded that the S:N exposure ratio was as important as pH in causing toxic effects on lichens, 

based on experiments on Cladina rangiferina and C. stellaris. Thus, it is not clear to what extent 

acidity, as opposed to nutrient-N contribution, may cause stress to lichens under high levels of 

air pollution exposure.  

 

3.2.2. Aquatic Biota 

The effects of acidification on aquatic ecosystems can be described by changes in several 

chemical effects indicators, including the concentration of SO4
2-, NO3

-, base cations, pH, ANC, 

and inorganic Al. Each can provide useful information regarding both sensitivity to surface water 

acidification and the level of acidification that has occurred. The acidification effects on aquatic 

biota are most commonly evaluated using either Al, ANC, or pH as the primary chemical 

indicator (Table 4). ANC is often used because it integrates overall acid status and because 

surface water acidification models do a better job projecting ANC than either pH or inorganic Al 

concentration. However, ANC does not 

relate directly to the health of biota. The 

usefulness of ANC lies in the 

association between ANC and the 

surface water constituents that directly 

contribute to or ameliorate acidity-

related stress, in particular pH, Ca, and 

inorganic Al.  

 

 

3.2.2.1. Surface Water Sulfate 

Atmospheric deposition of S is widely acknowledged as causing changes in 

concentrations of SO4
2- in surface water. Measurements of SO4

2- concentration in stream water 

Table 4. Primary chemical indicators of effects from 
acidic deposition on aquatic ecosystems. 

Chemical 
Indicator 

Ranges of 
Potential 

Thresholds References 

pH 
 

5.0-6.0 Baker (1990a) 

ANC 
 

0-50 µeq/L Bulger (1999)  

Inorganic Al 2-4 µmol/L Wigington (1996) 
Driscoll (2001b) 
Baldigo (2007)  
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provide important information on the extent of cation leaching in soils and how SO4
2- 

concentrations relate to ambient levels of atmospheric S deposition.  

As emissions and deposition of S have declined over approximately the last 35 years, 

surface water concentrations of SO4
2- have decreased in most regions in the eastern United 

States. For example, Stoddard et al. (2003) found that surface waters monitored in the U.S. EPA 

Long-Term Monitoring program showed consistent decreases in SO4
2- concentrations from 1990 

to 2000 in Appalachian streams (2.27 µeq/L/yr). The only exception to the pattern of decreasing 

SO4
2- concentration in surface waters during this period was for streams in the Blue Ridge 

Mountain region of Virginia, which showed a significant increase in SO4
2- concentrations (0.29 

µeq/L/yr) during this period. The increasing trend in Virginia streams is presumably the result of 

decreased S adsorption and increased desorption from the soil over time.  

Thus, available data indicate a pattern of increasing concentrations of SO4
2- in surface 

waters before the years of peak S emissions in the early 1970s, followed by widespread 

decreasing trends in SO4
2- concentrations after the peak (with the only exception being the Blue 

Ridge Mountain region in Virginia). On this basis, continued decreases in S emissions would be 

expected to result in further decreases in SO4
2- concentrations in surface waters, although the rate 

of expected response is variable and some model results suggest that recovery may be delayed as 

accumulated S leaches from watersheds, even as emissions and deposition decline (Sullivan et al. 

2004).  

 

3.2.2.2. Surface Water Nitrate 

Acidification of soil water and surface water from atmospheric N deposition is largely 

governed by the mobility of the NO3
- anion. Both oxidized and reduced N deposition can 

contribute to the NO3
-
 
flux in drainage water. Once N is deposited, processes within the N cycle, 

including microbial assimilation, plant uptake, and loss to denitrification, act to limit the extent 

of NO3
- leaching. In contrast, processes such as mineralization, nitrification, fixation, and 

atmospheric deposition contribute to the NO3
-
 
flux and increase the likelihood that substantial 

leaching of NO3
- in drainage water will occur. Such leaching of NO3

- is required in order for N 

deposition to cause N saturation, surface water acidification, or base cation leaching and 

depletion. Ultimately, the balance of these processes in the N cycle will determine the extent to 

which such effects will be manifested (U.S. EPA 2008).  
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Nitrate contributes to the acidity of many streams in the central Appalachian Mountains 

that have been affected by acidic deposition, especially during spring months and under high-

flow conditions. Nevertheless, there is little or no apparent relationship between recent temporal 

trends in N deposition and trends in NO3
- concentrations in surface waters in the eastern United 

States (U.S. EPA 2008). This observation is in sharp contrast to observed responses for S 

deposition and SO4
2- concentrations. These results likely reflect the complexities of N cycling 

within terrestrial and aquatic ecosystems. Uptake of atmospherically deposited N by plants and 

microorganisms in the terrestrial environment precludes drainage water acidification and base 

cation leaching that would be caused if excess N leached as NO3
- from the terrestrial to aquatic 

ecosystems. While great uncertainty exists, and the timescales of N saturation may be longer 

than previously considered (e.g., centuries rather than decades), the long-term retention of N 

deposited in forested regions and consequent dampening of deposition effects on surface waters 

is unlikely to continue indefinitely (U.S. EPA 2008). Moreover, spatial patterns of NO3
- 

concentrations in surface waters are broadly consistent with atmospheric N deposition values 

(Stoddard 1994), although there is considerable variation in these concentrations based upon 

watershed attributes.  

 

3.2.2.3. Surface Water Base Cations  

Base cation concentrations in surface waters in the eastern United States increased during 

the initial phases of acidification into the 1970s. More recently, this trend reversed and base 

cation concentrations in drainage water decreased in response to decreasing SO4
2- and NO3

- 

concentrations (Likens et al. 1996). Within western Virginia and in SHEN, however, 

concentrations of base cations in streams did not exhibit significant temporal trends from 1988 to 

2001, probably due to the influence of soil S adsorption on streamwater SO4
2- concentrations.  

Decreases in base cation concentrations in surface water in the eastern United States over 

the past two to three decades have commonly been observed. In most regions, rates of decrease 

for base cations have been similar to those for SO4
2- plus NO3

-, with the exception of streams in 

western Virginia, which are affected by decreases in SO4
2-adsorption on soils. Decreasing trends 

of base cation concentrations do not necessarily indicate further acidification or recovery of 

surface waters, but may indicate either lower base cation leaching rates in soils or depletion of 

base cations from the soil.  
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3.2.2.4. Surface Water ANC  

Surface water ANC is the most widely used measure for assessing past effects of acidic 

deposition and for predicting the recent and future recovery expected from decreasing 

atmospheric deposition (Bulger et al. 1999,  2000; Stoddard et al. 2003). Bulger et al. (1999) 

defined ANC response categories for brook trout in Virginia as less than 0 µeq/L (chronic 

damage likely), 0 to 20 µeq/L (episodic damage likely), 20 to 50 µeq/L (likelihood of damage 

not determined), and greater than 50 µeq/L (brook trout not sensitive). Baker et al. (1990a) used 

ANC cutoffs of 0, 50, and 200 µeq/L for reporting on national lake and stream population 

estimates. ANC less than 0 µeq/L is of significance because waters at or below this level have 

limited capacity to neutralize acid inputs. Surface waters with ANC < 50 µeq/L have been 

termed “extremely acid sensitive” (Schindler 1988), are prone to episodic acidification in some 

regions (DeWalle et al. 1987, Eshleman 1988), and may be susceptible to future chronic 

acidification at current or increased rates of acidic deposition.  

In assessing changes in surface water ANC, it is important to distinguish between acidic 

waters and acidified waters. “Acidic” describes a condition that can be measured (i.e., Gran ANC 

less than or equal to 0). It may be due to the effects of acidic deposition or to other causes such 

as the presence of organic acidity or the oxidation of S-containing minerals in the watershed. 

“Acidified” refers to the consequences of the process of acidification (a decrease in ANC 

observed through time). It does not require that the water body be acidic, and does not imply a 

particular cause for the change in chemistry. The term “anthropogenically acidified” implies that 

human activity was responsible for the increase in acidity that occurred.  

Measured stream ANC data collected over the past several decades within the study area 

for this assessment were compiled and are shown in Map 5. Data sources used in this 

compilation are listed in Table 5. There are numerous streams throughout the study area that are 

known to have low ANC (Map 5). These tend to be the stream locations where the CL for 

aquatic resource protection is exceeded under ambient deposition loading, thereby decreasing the 

provision of ES. They are concentrated mainly in western Virginia, northcentral West Virginia, 

and portions of southcentral and northern Pennsylvania.  
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Map 5. Locations within the study region where stream acid neutralizing capacity (ANC) has 

been measured, coded by ANC class.  
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Table 5. Data sources used in the stream ANC data compilation for this study. 

Source 
ID Data Source Years of Data 

EPA1 EPA's Eastern Lake Survey (ELS) 1984 

EPA10 EPA's Temporally Integrated Monitoring of Ecosystems (TIME) 1993-2006 

EPA11 EPA's National Lake Survey (NLS) 2007 

EPA13 EPA's Wadeable Streams Assessment (WSA) 2004 

EPA6 EPA's Long Term Monitoring (LTM) 1991-2009 

ES2 USFS's Stream Sampling in Monongahela NF 2007-2009 

ES4 EPA's National Stream Survey (NSS) 1985-1986 

ES6 University of Virginia's Virginia Trout Stream Sensitivity Study  2000 

 USFS1 USFS's Stream Sampling in George Washington and Jefferson NFs 1979-2009 

USFS2 Federal Land Manager Environmental Database 1990-2009 

USGS1 USGS's National Water Information System (NWIS) 1980-2010 

 

The locations of streams having measured ANC ≤ 50 µeq/L (Map 5) generally 

correspond with results of S deposition CL exceedance modeling conducted in the Ecosystems 

Management Decision Support (EMDS; Reynolds et al. 2012, McDonnell et al. In review)  

project, at least for the portions of the study area that overlap with the EMDS study area (Map 6).  

 

3.2.2.5. Biological Effects  

Aquatic biota in acid-sensitive aquatic ecosystems have been affected by acidification at 

virtually all levels of the food web. Effects have been most clearly documented for fish, aquatic 

insects, other invertebrates, and algae. Biological effects are primarily attributable to a 

combination of low pH and high inorganic Al concentration. Such conditions occur more 

frequently during rainfall and snowmelt episodes that cause high discharge. Biological effects of 

episodes include reduced fish condition factor, changes in species composition, and declines in 

aquatic species richness across multiple taxa, ecosystems and regions. These conditions may also 

result in direct mortality or increased physiological stress (van Sickle et al. 1996, Neff et al. 

2009). High concentrations of Ca, and to a lesser extent other base cations, can lessen the 

toxicity of high concentrations of H+ and inorganic Al concentration where they occur (Baker et 

al. 1990b).  
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Map 6. Model estimates of sulfur deposition critical load (CL) exceedance for protection of 

aquatic resources within the portions of the study region that were included in the 
Ecosystem Management Decision Support (EMDS) CL modeling project.  
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Biological effects in aquatic ecosystems can be manifested as effects on health, vigor, 

and reproductive success of individual organisms, and effects on biodiversity at the population or 

community level. The first category includes changes in biological indicators such as individual 

condition factor and recruitment success. The latter can be described by changes in species 

composition and taxonomic richness (U.S. EPA 2008).  

 

3.3. Chemical Indicators and Exposure/Response Relationships 

In this section of this report, the availability of exposure/response relationships is 

evaluated. These are needed to provide the technical foundation regarding identification of the 

ecological conditions that are necessary to allow specification of effects of acidification on ES. 

Such relationships can be developed from experimental studies, field surveys, monitoring, 

modeling, and space-for-time substitution. There are some complications with interpretation of 

the results of such studies, however. These complications can include such limiting factors as: 

 short time frame (years rather than decades or centuries) of most manipulation 
experiments, 

 confounding stressors such as O3 exposure, climate change, and land use change 

 uncertainty contributed by the process of scaling results from individual points or 
small plots to larger ecosystems or regions 

 cumulative impacts associated with assessment of ambient stress levels combined 
with the effects of historical acidification 

 non-linearity of some responses and their dependency on a range of factors that co-
vary with acidic deposition 

 

Furthermore, increased atmospheric deposition up to the CL might actually have benefits for 

some ecosystem goods (i.e., increased primary production due to N deposition) and for climate 

regulation (i.e., increased C sequestration due to increased N availability, which can help to 

mitigate effects of greenhouse gas emissions). These benefits may, in fact, be more readily 

quantifiable than the adverse effects on biodiversity that occur at ambient deposition levels 

above the CL (Hicks et al. 2008).  

 

3.3.1. Soil Chemical Indicators 

There are several chemical indicators that provide useful information about the acid-base 

status of soils and its influence on the growth and health of terrestrial vegetation. These include 
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soil BS; soil solution Ca:Al ratio; and soil C:N ratio (Table 6). Each chemical indicator provides 

insight into the level to which the ecosystem has acidified and may be susceptible to associated 

biological effects. These chemical indicators may also be used to monitor the extent of 

acidification or recovery that occurs in forest ecosystems as deposition rates of S and N change.  

 

Table 6. Examples of chemical indicators of effects from acidic deposition on terrestrial 
ecosystems. (Source: U.S. EPA 2008) 

Examples of Chemical 
Indicators 

Example Possible Impact 
Threshold References 

Soil base saturation 10-20% Lawrence (2005) 

Driscoll (2001b) 

Cronan (1990) 

Soil solution Ca:Al ratio 0.2-1.0 Cronan (1995) 

Soil C:N ratio 20-25 Aber (2003) 

 
 
 
3.3.1.1. Soil Base Saturation 

In soils with a BS less than about 15 to 20%, exchange ion chemistry is dominated by Al 

(Reuss 1983). Under this condition, responses to sulfuric and nitric acid inputs largely involve 

the release from soil and mobilization to soil solution of inorganic Al through cation exchange. 

This is the form of Al that interferes with uptake of Ca by plant roots and is also toxic to many 

forms of aquatic biota (Baker et al. 1990b, Cronan and Grigal 1995). Cronan and Grigal (1995) 

suggested that BS values below about 15% in the B horizon of forests in the northeastern United 

States could contribute to Al stress on trees.  

Base saturation values less than 10% predominate in the soil B horizon in the areas of the 

United States where soil and surface water acidification from acidic deposition have been most 

pronounced, including hardwood forests in the Allegheny Plateau (Bailey et al. 2004), and 

conifer and hardwood forests in the southern Appalachian Mountains (Sullivan et al. 2002a,  

2003). In a study of sugar maple decline throughout the Northeast, Bailey et al. (2004) found 

threshold relationships between base cation availability in the upper B soil horizon and sugar 

maple mortality at Ca saturation less than 2%, and Mg saturation less than 0.5% (Bailey et al. 

2004).  
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In a recent assessment of the effects of acidic deposition and soil acid-base chemistry in 

the Adirondack Mountains, Sullivan et al. (In preparation) identified robust relationships among 

sugar maple regeneration and vigor, soil BS, and acidic deposition. Virtually no sugar maple 

regeneration was observed on study plots that had upper B horizon BS ≤ 12% (Figure 7). The 

proportion of sugar maple tree seedlings, relative to seedlings of other tree species, on the 50 

study plots increased dramatically at BS values between 12% and 20%; above BS = 20%, there 

was little relationship between BS and sugar maple seedling proportion. Plots containing sugar 

maple of low vigor were significantly (P ≤ 0.05) lower in BS than were plots containing sugar 

maple of high vigor (Figure 8). Plots that lacked sugar maple seedlings contained significantly 

(R ≤ 0.001) lower BS (typically less than 12%) and received higher S + N deposition than did 

plots containing sugar maple seedlings (Figure 9).  

 

3.3.1.2. Calcium to Aluminum Ratio in Soil Solution  

Plants affected by high Al concentration in soil solution often have reduced root growth, 

which restricts the ability of the plant to take up water and nutrients, especially Ca (Parker et al. 

1989). In addition, Ca is well known as an ameliorant for Al toxicity to roots in soil solution and 

to fish in stream water. Because inorganic Al tends to be increasingly mobilized as soil Ca is  

 

 

Figure 7. Relationship between the proportion of seedlings that were sugar maple (SM) 
compared with all other tree species and soil base saturation (BS) in the upper B 
horizon of Adirondack soils. Plots were rank ordered based on soil BS and a 5-plot 
rolling average was applied to both the soil BS and the seedling proportion data. 
(Source: Sullivan et al. in preparation) 



  

55 

 

Figure 8. Distribution of soil base saturation among 50 study plots in the Adirondack 
Mountains having low, moderate, and high average sugar maple canopy vigor. P-
values are shown in the top-left of the panel to indicate the significance level of 
differences in mean values between low and high vigor plots. One extreme outlier in 
the low vigor class was removed. (Source: Sullivan et al. in preparation) 

 
 
 

Figure 9. Box and whisker plot of soil % base saturation in the upper B soil horizon for two 
groups of Adirondack Mountain study plots: those containing and those not 
containing sugar maple (SM) seedlings (left figure). The figure on the right shows 
the distribution of atmospheric deposition estimates for the same two groups of study 
plots. (Source: Sullivan et al. in preparation) 
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depleted, elevated concentrations of inorganic Al tend to occur with low levels of Ca in surface 

waters. All studies conducted at spruce-fir study sites in the southern Appalachian Mountains 

that were reviewed by Eagar et al. (1996) showed a strong correlation between Al and NO3
- 

concentrations in soil solution. They surmised that the occurrence of periodic large pulses of 

NO3
- in solution were important in determining Al chemistry in the soils of southern 

Appalachian Mountain spruce-fir forests.  

The negative effect of Al mobilization on Ca uptake by tree roots was proposed by 

Shortle and Smith (1988). Further evidence of this relationship has accumulated over the past 

several decades through field studies (McLaughlin and Tjoelker 1992, Schlegel et al. 1992, 

Minocha et al. 1997, Shortle et al. 1997, Kobe et al. 2002) and laboratory studies (see reviews by 

Sverdrup and Warfvinge 1993, Cronan and Grigal 1995). Based on these studies, it is clear that 

high inorganic Al concentration in soil water can be toxic to plant roots. The toxic response is 

often related to the concentration of inorganic Al relative to the concentration of Ca, expressed as 

the molar ratio of Ca to inorganic Al in soil solution.  

From an exhaustive literature review, Cronan and Grigal (1995) estimated that there was 

a 50% risk of adverse effects on tree growth if the molar ratio of Ca to Al in soil solution was as 

low as 1.0. They estimated that there was a 100% risk for adverse effects on growth at a molar 

ratio value below 0.2 in soil solution.  

The information available to define levels of risk for the Ca:Al ratio is complicated by 

differences in natural soil conditions and differences between tree species. As a result of these 

complications, the risk levels for the ratio defined in laboratory experiments have generally not 

been successfully applied to field conditions. For example, Johnson and colleagues (Johnson et 

al. 1994a, 1994b) reported Ca:Al ratios above 1.0 through most of 4 years in the Oa and B 

horizons of a high-elevation red spruce stand experiencing high mortality. In the three-year study 

of de Witt et al. (2001), Al additions lowered molar Ca-to-inorganic Al ratios in soil solutions of 

a Norway spruce stand below 0.5, but the authors found no response other than reduced Mg 

concentrations in needles in the third year, which was a possible precursor to damage.  

A molar ratio of Ca to Al in soil solution can be used as a general index that suggests an 

increasing probability of stress to forest ecosystems as the ratio decreases. The ratio value of 1.0 

is proposed as a general damage threshold, but cannot be interpreted as a universally applicable 

tipping point in all natural systems (U.S. EPA 2008). Furthermore, models such as MAGIC have 
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greater error in predicting soil solution concentrations, especially of Al, in part because there are 

generally no soil solution data with which to constrain the model calibration (Sullivan et al. 

2012). We therefore do not recommend use of soil solution Ca/Al as a chemical indicator for use 

in CL calculation.  

 

3.3.1.3. Soil C:N Ratio  

Retention and release of N in forest ecosystems are not fully understood. Nevertheless, 

adverse effects of nitrification and resulting soil acidification and cation leaching have been 

shown to occur in soils with a C:N ratio below about 20 to 25 (Aber et al. 2003, Ross et al. 

2004). The C:N ratio is useful because N mineralization and nitrification rates are difficult to 

measure directly under natural conditions. All available measurement approaches disturb the soil 

and plant roots and contribute to artificially high measured rates. Thus, field measurement 

provides only a relative index rather than a realistic quantitative rate (Ross et al. 2004). 

Approaches for measuring N mineralization and nitrification also are subject to high variability, 

both temporally and spatially. Measurements of total C and N are less variable and are more 

straightforward to document than N mineralization and nitrification rates. Nevertheless, regional 

soil C:N data are generally inadequate for the purpose of CL and ES assessment and are 

therefore not recommended here.  

 

3.3.2. Water Chemical Indicators 

There are a number of species common to oligotrophic stream waters that are sensitive to 

acidic deposition and that cannot survive, compete, or reproduce in acidic waters. In response to 

changes in acidity, acid-sensitive species are often replaced by other more acid-tolerant species, 

resulting in changes in community composition. The extent of alteration of surface water 

biological community composition increases as surface waters become more acidic. There is also 

a common pattern of lower richness with increased acidification. Richness can be evaluated at 

various taxonomic levels, including family, genus, and species (Bulger et al. 1999). For example, 

acidification effects on aquatic insects can be evaluated on the basis of the number of families or 

genera in a given stream (Sullivan et al. 2003).  

Decreases in ANC and pH and increases in inorganic Al concentration have been shown 

to contribute to declines in species richness and abundance of zooplankton, macroinvertebrates, 
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and fish (Schindler et al. 1985, Keller and Gunn 1995). Species richness is often positively 

correlated with pH and ANC (Rago and Wiener 1986, Baker et al. 1990b) primarily because of 

the elimination of acid-sensitive species at lower pH and ANC (Schindler et al. 1985). 

Interpretation of species richness can be complicated because more species tend to occur in 

larger lakes and streams as compared with smaller ones, irrespective of acidity (Sullivan et al. 

2003). Nevertheless, decreases in species richness have been observed for all major trophic 

levels of aquatic organisms (Baker et al. 1990b), even after adjusting for lake or stream size 

(Harvey and Lee 1982, Frenette et al. 1986, Rago and Wiener 1986, Schofield and Driscoll 1987, 

Matuszek and Beggs 1988, Sullivan et al. 2003).  

 

3.3.2.1. Health, Vigor, and Reproductive Success of Fish  

Fish populations in acidified streams and lakes have declined, and some have been 

eliminated, as a result of atmospheric deposition of acids and the resulting changes in water 

quality (Baker et al. 1990b). A variety of water chemistry variables, including inorganic Al, 

dissolved organic carbon, and Ca, along with the timing and magnitude of episodic fluctuations 

in toxic acid and inorganic Al concentrations, are related to the degree to which surface water 

acidification influences fish survival in natural systems (Baker et al. 1990b, Gagen et al. 1993, 

Siminon et al. 1993, van Sickle et al. 1996, Baldigo and Murdoch 1997).  

The effects of acidification on the health, vigor, and reproductive success of fish are 

manifested through a range of physiological effects on individual life stages and species. The 

primary mechanism for the toxic effects of low pH and elevated inorganic Al on fish involves 

disruption of normal ion regulation at the gill surface, resulting in increased rates of ion loss and 

inhibition of ion uptake (McWilliams and Potts 1978, Leivestad 1982, Wood and McDonald 

1987, Bergman et al. 1988). Additional effects might include disruption of Ca metabolism 

(Peterson and Martin-Robichaud 1986, Gunn and Noakes 1987, Reader et al. 1988) and 

decreased hatching success (Runn et al. 1977, Peterson et al. 1980, Haya and Waiwood 1981, 

Waiwood and Haya 1983, Gunn and Noakes 1987, Reader et al. 1988).  

There is variability among fish species, and among life stages within species, in the 

specific levels of pH and inorganic Al that produce measurable responses. In general, early life 

stages are more sensitive to acidic conditions than the young-of-the-year, yearlings, and adults 

(Baker and Schofield 1985, Johnson et al. 1987, Baker et al. 1990b). Several studies have shown 
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that the earliest reproductive stages are highly sensitive to low pH. The processes of oogenesis 

and fertilization in fish are especially sensitive (Muniz 1991, Havas et al. 1995), most likely due 

to adverse effects on the female spawner.  

Cumulative sublethal physiological effects can be expressed by changes in condition 

factor. Condition factor has been developed and applied mainly for blacknose dace. This fish 

species is widely distributed in Appalachian Mountain streams and is moderately tolerant of low 

pH and ANC, relative to other fish species in the region. However, the condition factor concept 

is probably applicable to other species as well. Condition factor may be a useful metric for many 

species in aquatic ecosystems that are only marginally affected by acidification. Bulger et al. 

(1999) observed a positive relationship between dace condition factor and pH in streams in 

SHEN. Dennis and Bulger (1995) found a reduction in the condition factor for blacknose dace in 

waters near pH 6.0.  

 

3.3.2.2. Fish Biodiversity  

Population-level fish response to acidification is primarily through recruitment failure, a 

result of increased mortality of early life stages or indirect effects through loss of prey species. 

Changes in inorganic Al, pH, and Ca most likely have the greatest influence on fish community 

structure.  

Fish species richness is an important indicator of acidification response, in part because 

the public tends to place relatively high value on fisheries. Lakes and streams having pH below 

about 5.0 or ANC below about 0 generally do not support fish. There is often a positive 

relationship between pH or ANC and number of fish species, at least for ANC values between 

about 0 and 50 to 100 µeq/L (Bulger et al. 1999, Cosby et al. 2006, Sullivan et al. 2006a). Such 

observed relationships are complicated, however, by the tendency for smaller lakes and streams, 

having smaller watersheds, to also support fewer fish species, irrespective of acid-base 

chemistry. This pattern may be due to a decrease in the number of available niches as stream or 

lake size decreases. Nevertheless, fish species richness is relatively easily determined and is one 

of the most useful indicators of biological effects of surface water acidification.  

Some of the most in-depth studies of the effects of acid stress on fish species richness 

have been conducted in the streams in Virginia. However, effects on fish species richness have 

also been documented in acid-sensitive waters in New York (Stoddard and Murdoch 1991) and 
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throughout the Appalachian Mountains (SAMAB 1996; Bulger et al. 1999, 2000). Bulger et al. 

(1999) concluded that the most important cause of the observed decline in species richness with 

decreasing ANC was acid stress from acidification. However, an additional causal factor may 

have been a decrease in the number of available aquatic niches when moving from downstream 

locations (which are seldom low in pH and ANC) to upstream locations (which are often low in 

pH and ANC in this region; Sullivan et al. 2003).  

South of SHEN, the effects of surface water acidification on fish species richness have 

been studied in some detail in the St. Marys River, also located in Virginia. Fish species richness 

was closely associated with surface water acid-base chemistry. The number of fish species in the 

St. Marys River within the St. Marys wilderness declined from 12 in 1976 to 4 in 1998. Three of 

the four species present in 1998 (brook trout, blacknose dace, fantail darter [Etheostoma 

flabellare]) are relatively tolerant of low pH and are typically the only fish species present in 

streams having similar levels of acidity in nearby SHEN (Bulger et al. 1999).  

Dynamic water chemistry model projections have been combined with biological dose-

response relationships to estimate declines in fish species richness with acidification. A 

relationship derived from the SHEN data was used by Sullivan et al. (2003), along with stream 

ANC values predicted by the MAGIC model, to provide estimates of the expected number of fish 

species in each of the modeled streams for the past, present and future chemical conditions 

simulated for each stream. Results suggested that historical loss of species had been greatest in 

the streams located on the most sensitive geological class (siliciclastic bedrock; 1.6 species lost 

on average), with fewer lost species on granitic bedrock and basaltic bedrock (average of 0.4 

species lost on average).  

Fish populations have recovered in acidified surface waters when the pH and ANC have 

been increased through liming or reduction of acidic deposition (Hultberg and Andersson 1982, 

Beggs and Gunn 1986, Dillon et al. 1986, Keller and Pitblado 1986, Raddum et al. 1986, Gunn et 

al. 1988, Kelso and Jeffries 1988). The timing of fish recovery is uncertain and probably depends 

heavily on dispersion. Limitations on dispersal and recolonization can hamper biological 

recovery from acidification. Stocking could accelerate fish population recovery (Driscoll et al. 

2001a).  

Continued periodic episodic acidification might hamper biological recovery of a lake or 

stream that is experiencing improvement in chronic chemistry. If fish move into refugia during 
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episodes of low pH and then return, behavioral avoidance would reduce the overall effect of 

episodic acidification on fish populations. If fish move out of the stream system in response to 

acidic episodes, as suggested by Baker et al. (1996), and do not return or return in fewer 

numbers, then the population level effects of episodic acidification would be greater than 

predicted based on mortality tests alone.  

Thus, acidic conditions characterized by low pH, low ANC, and high inorganic Al exert 

considerable influence on the fish species composition of sensitive surface waters, particularly in 

the eastern United States. Low pH and ANC, and high inorganic Al concentrations, contribute to 

loss of the most acid-sensitive fish species. Species richness is a common indicator used to 

reflect the effects of water acidification on aquatic biota. This index is most often applied to fish. 

Few or no fish species are found in lakes and streams that have very low ANC (near 0 µeq/L) 

and low pH (near 5.0). The number of fish species generally increases at higher ANC and pH 

values. Available data strongly suggest that acid stress is a major factor governing the observed 

relationship between fish species richness and surface water acidity.  

 

3.3.2.3. Macroinvertebrate Biodiversity 

It has been well-documented that low streamwater pH can be associated with reductions 

in benthic invertebrate density ((Hall et al. 1980, Townsend et al. 1983, Aston et al. 1985, Burton 

et al. 1985, Kimmel et al. 1985), and also species richness or diversity (Townsend et al. 1983, 

Raddum and Fjellheim 1984, Burton et al. 1985, Kimmel et al. 1985, Hall and Ide 1987, Peterson 

and Van Eechhaute 1992, Rosemond et al. 1992, Sullivan et al. 2003, Cosby et al. 2006). These 

are important because benthic macroinvertebrates are key components of the aquatic food web 

and constitute food sources for many species of fish.  

Effects on invertebrate density are not universal; a number of studies have found no 

density effects (Harriman and Morrison 1982, Simpson et al. 1985, Ormerod et al. 1987, 

Winterbourn and Collier 1987). However, a decrease in species richness with decreasing pH has 

been found in almost all such studies (Rosemond et al. 1992), and this finding has been 

especially pronounced for order Ephemeroptera (mayflies). Trichoptera (caddisflies) are also 

highly sensitive.  

Benthic macroinvertebrates have been monitored in SHEN streams since 1986 as part of 

the Long-Term Ecological Monitoring System (LTEMS). Moeykens and Voshell (2002) 
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examined these data, comparing them with streamwater chemistry in the park. They concluded 

that acidified streams in SHEN host fewer invertebrate taxa and fewer functional groups than 

streams with higher pH and ANC. Similar findings were reported earlier for SHEN streams by 

Feldman and Connor (1992).  

As described by Kauffman et al. (1999), the record for St. Marys River in Virginia, 

provides a unique opportunity to compare reliable macroinvertebrate data on an acidified stream 

over a 60-year time span. Surber (1951) collected the earliest benthic invertebrate data for St. 

Marys River. Starting in August of 1935, and continuing for two years, he collected 20 samples 

per month from the river’s main stem. Subsequent data were collected by the Virginia 

Department of Game and Inland Fisheries (VDGIF) in 1976 and then biennially beginning in 

1986 (Kauffman et al. 1999) using methods comparable to those used for the 1930s collections.  

The total abundance of mayfly larva in the St. Marys River dramatically decreased over 

the 60-year period of record, and two of the mayfly genera, Paraleptophlebia and Epeorus, were 

last collected in 1976. Mayflies are well known to decline in species abundance and richness 

with increasing acidity (Peterson and Van Eechhaute 1992, Kobuszewski and Perry 1993). The 

total abundance of caddisfly larva also declined dramatically over the 60-year period of record. 

Baker et al. (1990a) indicated that caddisflies exhibit a wide range of response to acidity, with 

some species affected by even moderate acidity levels. The total abundance of the larva of the 

stonefly (Plecoptera) genera Leuctra/Alloperla dramatically increased over the 60-year period. 

Increased abundance of these stonefly genera in acidified waters has been well documented 

(Kimmel et al. 1985).  

The St. Marys River watershed is underlain by siliciclastic bedrock and had measured 

ANC in the late 1990s generally between about –5 and 15 µeq/L, with a 10-year median value of 

4 µeq/L (Webb 2003). In 1936 and 1937, the numbers of benthic invertebrate taxa collected in 

the surveys were 32 and 29, respectively. The number of taxa declined to 23 in 1976. During the 

period 1986 through 1998, the average number of benthic invertebrate taxa collected was down 

to 17, varying from 13 to 22 in a given year (Webb 2003). In particular, acid-sensitive mayflies 

and caddisflies decreased in abundance, and some more acid-tolerant invertebrate taxa increased 

in abundance (Webb 2003), probably due to reduced competition.  

Effects of acidification on aquatic invertebrates were investigated in streams within 

GRSM in North Carolina and Tennessee by Rosemond et al. (1992). They determined patterns in 
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benthic invertebrate community structure in four streams, with baseflow pH ranging from 4.5 to 

6.8. A number of studies and analyses were conducted at these stream locations, including 

identification of sensitive species, toxicity (in situ transplant and exposure) tests, and assessment 

of differences in species richness, diversity, and density.  

Rosemond et al. (1992) found increasing species richness of Ephemeroptera (Richness = 

2.09 x pH – 8.5; r2=0.96; P < 0.05) and Trichoptera (Richness = 1.52 x pH – 4.1; r2=0.96; P < 

0.05) with increasing pH, but no significant relationship with pH for Plecoptera. In both the 

Ephemeroptera and Trichoptera evaluations, about 1.5 to 2 additional insect species of a given 

order were observed for a rise in pH of 1 pH unit. Mayflies of the family Ephemerellidae 

appeared to be especially acid-sensitive. They are often restricted to streams having pH above 

about 5.0 (Fiance 1978, Harriman and Morrison 1982, Simpson et al. 1985, Rosemond et al. 

1992).  

A macroinvertebrate richness function was developed by Cosby et al. (2006) based on the 

Ephemeroptera-Plecoptera-Tricoptera (EPT) Index, a measure of the three most abundant and 

generally acid-sensitive orders of aquatic insects. The observations showed decreasing numbers 

of EPT families with decreasing stream ANC (Figure 10) in SHEN.  

A value of ANC of 50 or 100 µeq/L can be used to provide a chemical benchmark to 

indicate full acid-base chemistry support for both macroinvertebrate and fish populations. The 

value of 50 µeq/L is chosen here because physical habitat features, rather than stream acid-base 

chemistry, are expected to be the dominant factors limiting the number of available niches and 

associated biodiversity at ANC > 50 µeq/L and because model simulations suggest that many 

  
 

Figure 10. Biological response functions for the EPT index (n = 14), based on minimum 
measured stream ANC in each sampled stream in Shenandoah National Park. 
(Modified from Cosby et al. 2006). 
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surface waters had preindustrial ANC between 50 and 100 µeq/L in the absence of acidic 

deposition. Data from more than 1,400 Adirondack lakes support this ANC benchmark for fish 

(Figure 11; Sullivan et al. 2006a). The Adirondack data show little response in species richness 

at ANC > 50 µeq/L where the available number of niches and habitat conditions are expected to 

limit fish species richness. Numbers of species decrease with decreasing ANC below 50 µeq/L. 

These data also suggest an absence of fish species at ANC < 0 µeq/L.  

 

 

Figure 11. Number of fish species observed in Adirondack Mountain, New York lakes grouped 
by ANC classes having widths of 10 µeq/L (Source: Sullivan et al. 2006a). Zones of 
concern are shown as proposed by Cosby et al. (2006).  

 

The variety of fish species found in the study region exhibit a range of sensitivity to 

stream ANC and associated elements of stream acid-base chemistry. Among the fish species 

typically found in central Appalachian streams, brook trout is known to be relatively insensitive. 

Brook trout can tolerate ANC concentrations of 50 µeq/L or above with no expected effects on 

the likelihood of presence (Bulger et al. 1999).  

 

3.4. Effects on Ecosystem Services in the Central Appalachian Mountains Region 

3.4.1. Selection of Critical Values for Chemical Indicators 

For assessing CL and its exceedance for the purpose of evaluating effects of acidification 

on ES, we use stream ANC = 50 µeq/L for aquatic ecosystems and soil BS = 12% for terrestrial 

ecosystems. The ANC critical value of 50 µeq/L is generally protective of brook trout presence, 
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fish species richness, and stream macroinvertebrate richness. The soil BS value of 12% is 

generally protective of sugar maple regeneration and vigor.  

 

3.4.2. Description of Ecosystem Approach to Assessment of Emissions Control Options 

In order to assess the environmental implications of an analysis to value marginal effects 

of emission reductions on ES, a sequence of analyses can be specified as follows (Defra 2007, 

Hicks et al. 2008): 

1. Establish an environmental baseline. 

2. Identify potential impacts on ES of various policy options. 

3. Quantify impacts of policy options on specific ES, as allowed by available 
information. 

4. Assess impacts on human welfare. 

5. Estimate the economic value of changes in ES as affected by selection of a policy 
option.  

In order to determine the marginal effect on a particular chemical indicator and associated 

biological effect, the pre-industrial/unimpacted state of the system must be determined from 

which to calculate the marginal change. Geochemical models such as MAGIC can provide 

estimates of pre-industrial soil and water chemistry conditions from which to provide such 

benchmarks. MAGIC model simulations conducted within the central Appalachian Mountains 

region suggest that the preindustrial ANC in most, but not all, modeled streams was above 50 

µeq/L.  

The baseline analysis and the evaluation of impacts attributable to policy scenarios are 

predicated on the recognition that the environmental consequences of atmospheric S and N 

deposition are region-specific and vary with ecosystem type and environmental conditions that 

co-vary with acid sensitivity. The major ecosystem effects known or expected to occur in the 

central Appalachian Mountains region are listed in Table 7, based on expert judgment 

determination. Effects can broadly be classified as: 

 chemical/biological 

 chronic/episodic 

 acidification/nutrient enrichment 

 S/N 

 coniferous/deciduous  
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Table 7. Major chemical and biological effects of atmospheric S and N deposition on natural 
ecosystems in the central Appalachian Mountain region.  

Ecosystem N Effects S Effects 

Low-order streams Acidification 
Decreased ANC and pH 
Eutrophication 
Decreased brook trout abundance 
Decreased fish richness 
Decreased richness of mayflies and 

caddisflies 

Acidification 
Decreased ANC and pH 
 
Decreased brook trout abundance 
Decreased fish richness 
Decreased richness of mayflies and 

caddisflies 

High-order 
streams 

Eutrophication None known 

Spruce-fir forest Decreased soil BS 
Decreased growth and health of red 

spruce 
Increased Al in soil solution 

Decreased soil BS 
Decreased growth and health of red 

spruce 
Increased Al in soil solution 

Northern 
hardwood forest 

Decreased soil BS 
Increased Al in soil solution 
Decreased growth, health, and 

regeneration of sugar maple 
Decreased growth, health, and 

abundance of calciphyllic understory 
plant species 

Increased risk of insect defoliation 

Decreased soil BS 
Increased Al in soil solution 
Decreased growth, health, and 

regeneration of sugar maple  
Decreased growth, health, and 

abundance of calciphyllic 
understory plant species 

Wetlands Changes in plant species composition Increased methylation of Hg due to 
increased S supply 

Increased Hg bioaccumulation in fish 
and piscivorous wildlife 

Meadows Changes in plant species composition None known 
 

The scenarios considered here involve two choices: 1) maintenance of acidic (N and S) 

deposition below the CL (non-exceedance) and 2) maintenance of acidic deposition above the 

CL (exceedance). Alternative scenarios of varying levels of acidic deposition could also be 

considered, as could scenarios that change the timing of implementation of emissions controls. 

Assessment of CL exceedance, with associated loss of ES, depends in large part on the 

availability of several different types of data and information: 

1. Regional estimates of annual atmospheric S and N deposition during the reference 
year (or average of multiple years) period, generated using monitoring data and/or 
an atmospheric transport model. 
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2. Quantitative biological dose/response relationships to relate acid-base chemical 
conditions of the aquatic and terrestrial environments (based on identified chemical 
indicators) to the biological responses of sensitive ecological indicators such as 
fish, benthic invertebrates, and acid-sensitive plant species. 

3. Knowledge of the critical (threshold, or tipping point) levels of those chemical 
indicators at which adverse biological effects become manifested. 

4. Use of an acid-base chemistry model (such as MAGIC or PnET-BGC) with which 
to estimate the acidic deposition loading levels at which the CL or TL will be 
reached in the ecosystems of interest. 

 

As discussed in previous sections of this report, each of these data sources is available for 

the central Appalachian Mountain region. We rely on wet atmospheric deposition data 

interpolated from the NADP/NTN monitoring network and dry deposition data generated using 

the CMAQ model. Dose response data are available for both aquatic and terrestrial effects. We 

rely on stream ANC and soil BS as the chemical indicators of CL exceedance. These chemical 

indicators are tied to biological responses for fish and benthic macroinvertebrates on the aquatic 

side and sugar maple health and regeneration on the terrestrial side. Maintenance of stream ANC 

and soil BS above the tipping point values (ANC=50 µeq/L; BS=12%) is expected to protect ES 

associated with fisheries and sugar maple resources.  

The CL exceedance to protect streams to ANC = 50 µeq/L was calculated within the 

southern portion of the study region, based on the steady state water chemistry (SSWC) model, 

with the base cation weathering term estimated using MAGIC and extrapolated to the region 

(McDonnell et al. 2012, In review) that overlaps with the study area considered here. Much of 

the portion of the study area modeled by McDonnell et al. (In review) had a CL of 75 meq/m2/yr 

or less to protect stream ANC to 50 µeq/L. Comparable modeling data are not available for 

Pennsylvania or for the entire region for protecting soil BS to 12%.  

 

3.4.3. Where Within the Study Area are Critical Loads Most Commonly Exceeded? 

The next step in the CL/ES assessment process is to determine the locations within the 

study area where CL are most commonly exceeded, and the extent and magnitude of the affected 

resources. This can be done, to a limited degree, using regional monitoring and modeling data. 

Aquatic resource surveys and spatial extrapolation of CL modeling identify the numbers, 

percentages, and locations of affected resources.  
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3.4.3.1. Aquatic Ecosystems  

In the subpopulation of mid-Appalachian upland forested streams, which comprises about 

half of the total stream population in the mid-Appalachian area, available data showed that 5% to 

20% of the streams were acidic and about 25% to 50% had ANC <50 µeq/L during the 1980s 

(Herlihy et al. 1993). NSS estimates for the whole region showed that there were 2330 km of 

acidic streams and 7500 km of streams with ANC < 50 µeq/L. In these forested reaches, 12% of 

the upstream reach ends were acidic and 17% had pH ≤ 5.5.  

Shenandoah National Park has been especially well-studied. Cosby et al. (2006) provided 

a detailed characterization of streamwater acid-base chemistry in the park, which has been the 

most thoroughly studied area within the mid-Appalachian Mountain region with respect to 

acidification from acidic deposition. Based on MAGIC model simulations and extrapolation 

using landscape characteristics, Cosby et al. (2006) developed maps showing the distribution of 

streamwater conditions in SHEN for the preindustrial past, current conditions, and anticipated 

future conditions. Air pollution within SHEN, including S and N deposition and O3 

concentration, is higher than in most other national parks in the United States. Measured wet S 

deposition in the park has ranged from 8 to 10 kg S/ha/yr in the early 1980s to 3 to 6 kg S/ha/yr 

since 2000 (Figure 12). Dry S deposition may be nearly as high as wet deposition (Sullivan et al. 

2003). Most acidification effects in the park have been linked with S deposition.  

 

 

Figure 12. Wet sulfur deposition for the period of record at the Big Meadows NADP/NTN 
monitoring station in Shenandoah National Park. One outlier was removed.  
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The sensitivity of streams to acidification from acidic deposition is determined mainly by 

the types of rocks found beneath the stream and the characteristics of the watershed soils that  

surround it. If the underlying lithology is siliciclastic (e.g., sandstone), the soil and water in the 

watershed generally have poor ability to neutralize acids deposited from the atmosphere. About 

one-third of the streams in SHEN are located on this type of geology. Model estimates using the 

MAGIC model suggest that such streams have typically lost most of their natural ANC, largely 

in response to a century of industrial emissions and acidic deposition. As a consequence, stream 

pH values in many streams are low, especially during winter and spring. Before human-caused 

air pollution, most streams in SHEN probably had pH above about 6 and ANC above 50 µeq/L. 

Many park streams on siliciclastic lithology currently have pH as low as about 5 and ANC below 

20 µeq/L (Cosby et al. 2006, Sullivan et al. 2008). Other predominant lithologies in the park 

include granite-based (granitic) lithologies typically characterized by intermediate ANC streams, 

and basalt-based (basaltic) lithologies typically characterized by relatively high stream ANC 

(Cosby et al. 2001; Sullivan et al. 2004, 2007b, 2008).  

The effects of acidic deposition on SHEN streams have been studied for over 25 years by 

the Shenandoah Watershed Study, the longest-running watershed study program in any of the 

national parks (Cosby 2006; see http://swas.evsc.virginia.edu). This program has determined that 

the high rate of atmospheric deposition of S, combined with naturally low contributions from 

some rock types of Ca and other base cations that serve to neutralize acidity, are the most 

important causes of low streamwater ANC in many park streams. Some park streams can also 

become temporarily acidic for short periods (hours to days) during rainstorms or snowmelt.  

The acidification of streams in the park is linked to effects that are occurring in the 

watershed soils. Over time, the ability of soils to adsorb S, thereby effectively negating sulfur’s 

potential to acidify water, is decreasing due to the long term accumulation of SO4
2- on soil 

adsorption sites in response to a legacy of acidic deposition. In addition, the amount of stored Ca 

and Mg in the soil is gradually declining in response to acidic deposition. Therefore, streams are 

expected to acidify more in the future than they have so far, relative to the amount of acidic 

deposition received. Unlike a number of other regions of the country, streams in the region that 

includes SHEN are generally not recovering from acidification (Stoddard et al. 2003).  
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3.4.3.2. Forest Ecosystems  

Although McNulty et al. (2007) conducted a coarse-scale national modeling study to 

estimate CL, no systematic national survey of terrestrial ecosystems in the United States has 

been conducted to determine the extent and distribution of terrestrial ecosystem sensitivity to 

acidic deposition. The scarcity of information on sensitive terrestrial ecosystems is due in part to 

a lack of soils acid-base chemistry data. Available soil BS data within the study area are shown 

in Map 7. The coverage is sparse, but locations having low measured BS generally correspond 

with areas expected to have low CL. The Allegheny Plateau of Pennsylvania and high-elevation 

forests in the southern Appalachians are considered to be among the regions of the eastern 

United States that are most sensitive to terrestrial acidification effects from acidic deposition.  

One approach to identification of sensitive forest lands is to map the distribution of tree 

species thought to be most sensitive to adverse effects. In the Appalachian Mountains, spruce-fir 

forests are generally found at relatively high elevation, for example above about 1400 m in the 

southern portion of the range (Map 4; SAMAB 1996). Northern hardwood forests have also 

experienced air pollution effects. These are best documented for sugar maple, which is broadly 

distributed across the northern hardwood forest (Map 4). Areas where sugar maple appear to be 

at greatest risk are along ridges and other relatively high-elevation locations where this species 

occurs on nutrient-poor soils.  

 

3.4.3.3. Process Modeling of Acidification, Recovery, and Critical Loads  

Dynamic models have been used in SHEN to help determine whether the changes in 

surface water chemistry that have occurred over the past one to two decades will continue and 

whether they will reach levels needed to support biological recovery. MAGIC model simulations 

for streams in SHEN conducted by Sullivan et al. (2003) suggested that acidic deposition would 

have to be decreased substantially to improve and maintain acid-sensitive streams at levels of 

ANC that would be expected to protect against ecological harm. In addition, it took a long time 

for these streams to acidify in the past; because of complexities related to soil conditions, it will 

take even longer for them to recover in the future. To protect against chronic acidity in the year 

2100, with associated probable lethal effects on brook trout, Sullivan et al. (2003) predicted that 

S deposition to the most geologically sensitive (siliciclastic lithology) watersheds in the park 

would have to be kept below about 9 kg S/ha/yr for the next 100 years (Sullivan et al. 2007a).  
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Map 7. Locations within the study region where upper B horizon soil base saturation has 

been measured, coded by BS class. Data for Pennsylvania sites were provided by S. 
Bailey and G. Lawrence.  



  

72 

Before the Industrial Revolution, most stream water in the park had ANC higher than about 50 

μeq/L. To promote ANC recovery to 50 µeq/L in the future, to protect against general ecological 

harm, S deposition to siliciclastic watersheds in the park would have to be kept below about 6 

kgS/ha/yr. Finally, model results suggested that some watersheds will likely not recover 

streamwater ANC to values above 50 µeq/L over the next century even if S deposition is reduced 

to zero (Sullivan et al. 2007a).  

Model projections for streams in SHEN suggested that streams underlain by siliciclastic 

lithology are much more responsive to past or future changes in acidic deposition than are 

streams underlain by more base-rich lithologies (Table 8). Some of the most acid-sensitive 

streams in the park were simulated to increase in ANC by more than 20 µeq/L in response to 

large decreases in atmospheric S deposition and associated decreases in streamwater SO4
2- 

concentration of 40 µeq/L or more (Sullivan et al. 2008).  

Simulation and mapping of watershed responses to historical changes in acidic deposition 

(from preindustrial to current) by Cosby et al. (2006) suggested that large areas of SHEN have 

suffered deterioration of both soil and stream conditions. The changes in soil condition have 

been relatively modest up to the present time, with areas in the southern district of the park 

moving from classification of “moderate concern” (watershed average mineral soil % BS 10% to 

20%; the historical baseline) to “elevated concern” (average mineral soil % BS 5% to 10%) as a 

result of leaching of base cations from the soils in response to S deposition. Simulation results 

for stream condition suggested that large areas in the southern district and some smaller areas in 

the central and northern districts have moved from “moderate concern” (average stream ANC 50 

to 100 µeq/L) to “elevated concern” (average stream ANC 0 to 50 µeq/L). Neither soil nor 

stream conditions have shown any improvement from 1980 to the present in response to the 

decline in acidic deposition over the last three decades.  

Simulation and mapping of watershed responses to predicted future changes in acidic 

deposition by Cosby et al. (2006) were based on existing emissions control regulations and 

several proposed alternatives. The model output suggested that the responses of soil conditions to 

changes in S deposition are expected to be relatively slow. In the short term (by the year 2020), 

neither improvement nor further deterioration is likely to be observed in soil condition regardless 

of the future deposition scenario considered. However, model results suggested that constant 

deposition at 1990 levels would produce worsening soil conditions in the park by the year 2100  
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Table 8. MAGIC model projections of surface water SO4
2- and associated ANC, shown as changes 

between dates (1990-2040), for Shenandoah National Park streams in response to changes in S 
deposition. (Source: Sullivan et al. 2008) 

Water Bodies Pollution Scenario 

Change in Median 
Surface Water SO4

2- 
(µeq/L) 

Change in Median 
Surface Water ANC 

(µeq/L)1 

Five streams on 
siliciclastic bedrock 

Constant deposition +13 -11.6 

Mild reduction -21 +6.2 

Medium reduction -23 +7.2 

Strong reduction -40 +24.2 

Very strong reduction -44 +27.2 

Four streams on 
granitic bedrock 

Constant deposition +22 -8 

Mild reduction +11 -5 

Medium reduction +11 -5 

Strong reduction +3 -2 

Very strong reduction +2 -2 

Five streams on basaltic 
bedrock 

Constant deposition +33 -5 

Mild reduction +12 0 

Medium reduction +11 +1 

Strong reduction -4 +5 

Very strong reduction -9 +6 
1 Based on empirical dose-response data developed by Bulger et al. (2000) for streams in SHEN, it takes 

an increase in ANC of about 21 µeq/L to gain back one fish species in average in SHEN streams, 
corresponding to a strong reduction (90% reduction in utility emissions) on S emissions and 
deposition. However, we expect deposition/fish response relationships to vary across the landscape 
outside SHEN, mainly due to differences in S adsorption on soils.  

 

 

with the development of areas of “acute concern” (average soil % BS below 5%) in the southern 

district. Although the scenarios of possible reduced future deposition did not produce worsening 

soil conditions, neither did they indicate any improvement in soil condition, even in the long 

term.  

Simulated responses of stream conditions were more rapid than those of soils. In the short 

term (by the year 2020), constant deposition at 1990 levels would likely produce further 

deterioration in stream condition. The scenarios of future deposition reductions failed to reverse 

the deterioration of stream condition that has occurred during the last century. In the long term 

(by year 2100), the effects of the deposition reduction scenarios begin to diverge. The moderate 

S deposition reduction scenario (69% reduction from 1990 values) did not produce improvement 
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in stream chemistry relative to 1990 conditions. The larger deposition reduction scenario (75%), 

by contrast, produced modest improvements in stream chemistry by 2100. However, even the 

relatively large S deposition reductions of this scenario did not result in a simulated return of 

stream conditions to the preindustrial state.  

To develop projections of probable past and future responses of aquatic biota to changing 

S deposition in SHEN, the MAGIC model was coupled by Sullivan et al. (2003) with several 

empirical models that linked biological response to past and future model projections of water 

quality. Unlike MAGIC, which is a geochemical process-based model, the biological effects 

estimates were based on observed empirical relationships rooted in correlation and expressed as 

linear relationships. Correlation does not necessarily demonstrate causality, but an observed 

pattern of covariation between variables does provide a quantitative context for extrapolation. In 

this case, the projections did not require extrapolation beyond the observed ranges of 

observations, and therefore the projections were statistically robust. To the extent that the 

observed empirical relationships used in the coupled models did in fact reflect the effects of acid 

stress on aquatic biota, the projections were also biologically robust.  

Dynamic water chemistry model projections were combined with biological dose-

response relationships to estimate declines in fish species richness with acidification. A 

relationship derived from the data in Figure 3 was used by Sullivan et al. (2003) with stream 

ANC values predicted by the MAGIC model to provide estimates of the expected number of fish 

species in each of the modeled streams for the past, present, and future chemical conditions 

simulated for each stream. The coupled geochemical and biological model predictions were 

evaluated by comparing the predicted species richness in each of the 13 modeled streams with 

the observed number of species that occur in each stream. The agreement between predicted and 

observed species numbers was good, with a root mean squared error in predicted number of 

species across the 13 study streams of 1.2 species. The average error was 0.3 species, indicating 

that the coupled models were unbiased in their predictions. Model reconstructions of past species 

richness in the streams suggested that historical loss of species had been greatest in the streams 

located on the most sensitive geological class (siliciclastic). The average number of species lost 

from streams on the three bedrock types examined was estimated as 1.6 species on siliciclastic 

bedrock, 0.4 species on granitic bedrock, and 0.4 species on basaltic bedrock. 
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 In the broader eight-state central and southern Appalachian Mountains region, Sullivan 

et al. (2004) modeled future effects of atmospheric S and N deposition on aquatic resources. 

Modeling was conducted with the MAGIC model for 40 to 50 sites within each of three 

physiographic provinces, stratified by streamwater ANC class. The model runs were based on 

three emissions control strategies (A2, B1, and B3). The A2 strategy was the base case that 

represented best estimates for emissions controls under regulations for which implementation 

strategies were relatively certain at the time of the study (about the year 2000). This A2 strategy 

included the acid rain controls under Title IV of the 1990 Amendments to the CAA, the 1-h O3 

standard, NOx reductions required under the U.S. EPA call for revised State Implementation 

Plans (SIPs), and several highway vehicle and fuel reductions. The B1 and B3 strategies assumed 

progressively larger emissions reductions, targeted only to the eight states in the Southern 

Appalachian Mountains Initiative (SAMI) study region, but covering all emissions sectors.  

The results suggested that the percentages of streams having ANC below 0 µeq/L and 

below 20 µeq/L would increase through the year 2040 under all except the most restrictive 

emissions control strategies (Sullivan et al. 2004). Most simulated changes in streamwater ANC 

from 1995 to 2040 were rather modest, given the very large estimates of future decrease in S 

deposition. Few modeled streams showed projected change in ANC of more than about 20 µeq/L 

(Sullivan et al. 2004). Some of the largest changes were simulated for some of the streams that 

were most acidic in 1995. For such streams, however, even relatively large increases in ANC 

would still result in stream water having negative ANC, and therefore few biological 

improvements would be expected from the simulated improvement in chemistry (Sullivan et al. 

2004).  

Bulger et al. (2000) developed model-based projections using the MAGIC model to 

evaluate the potential effect of reductions in S deposition of 40% and 70% from 1991 levels 

using data from streams in and near SHEN. Projections were based on four brook trout stream 

categories: Suitable, ANC > 50 µeq/L; Indeterminate, ANC 20 to 50 µeq/L; Marginal, ANC 0 to 

20 µeq/L; and Unsuitable, ANC < 0 µeq/L. Three scenarios of future acidic deposition were 

modeled: constant deposition at 1991 levels, 40% reduction from 1991 deposition levels, and 

70% reduction from 1991 deposition levels. Based on observed 1991 ANC values, 

approximately 30% of all trout streams in Virginia were marginal or unsuitable for brook trout 

because they were either episodically (24%) or chronically (6%) acidic. In addition, another 20% 
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of the streams were classified as indeterminate, and brook trout in these streams may or may not 

have been affected. Based on the model simulations, 82% of these streams would not have been 

acidic before the onset of acidic deposition and would likely have been suitable for brook trout.  

The model projections suggested that neither the 40% nor the 70% reductions in acidic 

deposition would increase the number of streams that were suitable for brook trout above the 

ambient 50%. In fact, the results suggested that a 70% reduction in deposition would be needed 

in the long term just to maintain the number of streams that were considered suitable for brook 

trout. Because of the length of time required to restore buffering capacity in watershed soils, 

most of the marginal or unsuitable streams were expected to remain marginal or unsuitable for 

the foreseeable future.  

Sullivan et al. (2002b) used the Nutrient Cycling Model (NuCM) model to evaluate 

potential changes in soil chemistry in response to acidic deposition in the central and southern 

Appalachian Mountains. Results suggested that spruce-fir forests in the region were likely to 

experience decreased Ca:Al ratios in soil solution under virtually all strategies of reduced future 

acidic deposition considered. This result was partly because SO4
2-

 
adsorption on soils is likely to 

decline, even with dramatically reduced S deposition. In addition, many spruce-fir forests in the 

region are at least partially N-saturated, and continued N deposition at moderate or high levels 

would be expected to contribute to elevated NO3
- concentrations in soil water, which could 

further enhance base cation leaching and mobilization of Al from soils to soil solution.  

On a broad national scale, McNulty et al. (2007) used a simple mass balance equation 

and available national databases to estimate forest soil critical acidic loads (for wet and dry 

deposition of S alone and for S and N combined) and exceedances for forest soils. They found 

that approximately 15% of forest soils in the United States receive acidic deposition that exceeds 

the estimated CL of wet and dry deposition of S by more than 250 eq ha/yr (McNulty et al. 

2007). The areas where exceedances reach this level were considered to represent those areas 

that are likely most sensitive to continued high levels of acidic deposition. Most of the central 

Appalachian Mountains region was estimated to be in CL exceedance based on this coarse-scale 

assessment (Map 8). Thus, there is not a national survey of soil sensitivity to acidification, but 

there are approaches available with which to identify areas likely to include sensitive soils. The 

authors of the McNulty et al. (2007) paper described their results as “preliminary” and noted that 

a more systematic analysis of model-predicted and measured forest soil critical acid load  
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Map 8. Areas of sulfur deposition exceedance of the critical load (CL) for terrestrial resource 

protection, based on coarse national-scale terrestrial CL mapping by McNulty et al. 
(2007).  
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exceedance is needed before this approach can be used as a tool for identifying areas of potential 

forest health concern. Such a more detailed analysis is provided here for one region of the 

country. Because of the significant uncertainty associated with many of the large national 

databases used in the analysis of McNulty et al. (2007), the appropriate use of this information is 

not for the actual determination of CL at specific locations or for predictions of forest health 

effects, but rather for increasing understanding of relative differences in forest soil sensitivity at 

a national scale.  

 

3.4.3.4. Specification of Areas of Critical Load Exceedance 

Aquatic resources affected by acidification in the central Appalachian Mountains that are 

most likely to be in exceedance of the CL of acidity tend to be most commonly found in areas 

characterized by (Sullivan 2000): 

 low-order (1-3) streams 

 siliciclastic lithology 

 steep slopes 

 low soil clay content 

 high elevation 

 shallow soil 

 high atmospheric S and N deposition 

 
Resource managers place particular emphasis on management of damaged resources that occur 

within protected areas (Map 9).  

Terrestrial resources that are most likely to be in exceedance of the CL of acidity tend to 

most commonly be found in areas characterized by: 

 siliciclastic lithology 

 low soil clay content 

 shallow soil 

 high atmospheric S and N deposition 

 high elevation 

 presence of sugar maple and/or red spruce trees 

 

Maps 10 through 17 show the locations within the study region where these characteristics 

predominate.  

In particular, the presence of siliciclastic lithology and high elevation are known to be 

important drivers of acid sensitivity, and therefore CL exceedance, in the central and southern  
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Map 9. Location of primary protected areas within the study region.  
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Map 10. Density of low-order (1-3) streams within the study region, coded by 12th digit 

Hydrologic Unit Codes (HUC).  
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Map  11. Location within the study region of siliciclastic lithology (Sullivan et al. 2007b). 
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Map  12. Distribution of relatively steep landscape, based on estimates of slope above the 

regional 75th percentile, as represented in the Natural Resource Conservation Service 
(NRCS) STATSGO database. 
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Map  13. Distribution of soils having relatively low percent clay, based on estimates below the 

regional 25th percentile, as represented in the Natural Resource Conservation Service 
(NRCS) STATSGO database.  
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Map 14. Spatial distribution of terrain elevation, based on the 30 m-resolution Digital 

Elevation Model (DEM).  
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Map  15. Distribution of shallow soils within the study region, based on estimates below the 

regional 25th percentile, as represented in the Natural Resource Conservation Service 
(NRCS) STATSGO database.  
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Map  16. Estimated total (wet plus dry) atmospheric S + N deposition throughout the study 

region for the time period centered on 2005. These estimates are based on 
orographically corrected interpolated wet deposition (data provided by J. Grimm) for 
the period 2003-2007) and CMAQ modeled dry deposition for 2005 (data provided 
by R. Dennis).  
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Map  17. Distribution within the study region of forest vegetation types that contain sugar 

maple and/or red spruce, based on the U.S. Forest Service LANDFIRE database.  
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Appalachian Mountains regions (Sullivan et al. 2007b). Sites compiled for this study that had 

measured stream ANC below 50 µeq/L are disproportionately located on siliciclastic lithology or 

at high elevation (Figure 13 A, C). Similarly, sites that had measured soil B horizon BS below 

12% are disproportionately located on siliciclastic lithology and at high elevation (Figure 13 B, 

D). Sites having such low ANC and BS values were more than twice as likely to occur on 

siliciclastic lithology as compared with other lithologies. More than half of the sites having ANC 

below 50 µeq/L occurred at very high elevation (highest quintile of the regional elevational 

distribution).  

 

 

Figure 13. Influence of siliciclastic lithology and elevation on aquatic and terrestrial CL 
exceedance throughout the central Appalachian Mountains region. For this analysis, 
existing measured values of stream ANC and B horizon soil BS were classified 
according to exceedance (ANC less than or greater than 50 µeq/L and BS less than 
or greater than 12%), presence of siliciclastic lithology (yes/no), and elevational 
quintiles generated from the digital elevation model (DEM) across the study area.  
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Recent research for the EPA, for input into the EMDS system, explored the results of 

application of a regional statistical modeling approach to predict stream ANC and base cation 

weathering (BCw) throughout portions of the southern and central Appalachian Mountains 

(McDonnell et al. In review). The EMDS study area included the southern half of the study area 

for this project. The BCw modeling results were extrapolated to the region and used to estimate 

the steady-state CL. BCw was simulated using the MAGIC model for 140 of 933 sampled water-

chemistry sites. Machine learning techniques were applied to address the challenge of 

associating measured ANC and process-model estimates of BCw at specific watershed locations 

with maps of primary biological, geological, climatological, topo-edaphic, and S deposition 

forcing influence on ANC and BCw (Povak et al. in review a, in review b). Regional estimates of 

BCw were generated from statistical predictions using a random forest model. This method for 

calculating BCw was used to generate CL with the SSWC model. The S deposition exceedance 

was calculated as the extent to which ambient S deposition exceeds the calculated CL needed for 

ecosystem protection or recovery upon reaching steady-state condition in the future.  

Low-ANC conditions were predicted to occur in areas characterized by siliciclastic 

bedrock geology, relatively wet and cool growing season, low soil pH and clay levels, large 

amounts of forested land cover, and small contributing area. Regional modeling showed that 

10,525 km (8%) of the stream length in the portion of the EMDS study region evaluated here 

was predicted to have ANC less than 50 µeq/L, mostly 3rd order streams or smaller (Povak et al. 

In review b; Map 18). Low BCw watersheds were generally associated with drier areas having 

low S deposition, siliciclastic lithology, high conifer cover, and low soil content of clay, organic 

matter and N. Over one-fourth (35,962 km; 26%) of the stream length within the portion of the 

EMDS study region evaluated here was determined to have CL of S deposition below 50 

meq/m2/yr at steady state. Forty-two percent of the stream length in the portion of the EMDS 

study area included in this assessment (57,354 km) was judged to be in exceedance of the long-

term steady-state CL to protect stream ANC to 50 µeq/L and to thereby conserve aquatic ES 

(Map 19). This result indicates that many streams that do not currently have ANC ≤ 50 µeq/L 

will decrease to such low ANC values in the future under continued S deposition loading at 

current levels. The percent of stream length in exceedance was highest for wilderness areas 

under all federal jurisdictions and non-wilderness areas in national parks (86% and 93%,  



  

90 

 
Map  18. Predicted locations where stream ANC is below 50 µeq/L, based on model 

simulations for the EMDS project, reported by McDonnell et al. (in review).  
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Map 19. Long-term steady-state CL exceedance across the portions of the study region 

modeled by McDonnell et al. (in review) for the EMDS project for the ANC critical 
criterion equal to 50 µeq/L. 
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respectively). About 38% of the privately owned land was determined to be in exceedance 

(McDonnell et al. In review).  

Based on spatial distributions of siliciclastic lithology (Map 11), high elevation (Map 14), 

and other landscape variables associated with CL exceedance (Table 9), the additional portions 

of the study area that were not modeled for EMDS (western West Virginia and Pennsylvania) 

probably exhibit somewhat less aquatic CL exceedance as a percentage of overall stream length 

than areas modeled for EMDS. Thus, the overall study area for this project likely exhibits aquatic 

CL exceedance in the range of about 30% to 40% of the overall stream length. 

 

Table 9. Stream length (km) within the study region in various aquatic acidification sensitivity 
groupings, broken down by state. 

Stream Characteristics 

Length (km) of Streams Characterized by Features 
Associated with Acid Sensitivity1 

Virginia West Virginia Pennsylvania 

Low (1-3) order streams 55,995 (88) 77,021 (87) 69,589 (88) 

Low (1-3) order streams on sensitive 
lithology and/or located at high elevation 

33,016 (52) 62,595 (71) 43,052 (54) 

Low (1-3) order streams on sensitive 
lithology and/or located at high elevation, 
and having either steep slope, shallow 
soils, and/or  low soil clay content 

25,644 (40) 35,174 (40) 23,078 (29) 

Streams modeled by McDonnell et al. (in 
review) as being in exceedance2 

21,142 (33) 33,730 (52) No data 

1 Numbers in parentheses indicate percent of the total stream length 
2 Results from McDonnell et al. (in review) are only available for 74% of the West Virginia study area 

 

Based on the CL exceedance modeling of McDonnell et al. (In review), summarized for 

Virginia and West Virginia in Table 9, about one-third to one-half of the stream length in 

portions of these two states included in the EMDS modeling are in exceedance of the CL for 

aquatic resources protection. This result suggests that sustained future S deposition loadings at 

recent observed levels will be sufficient to hold or depress stream ANC below 50 µeq/L (which 

is not protective of aquatic ES) upon reaching the steady-state condition. It may take many 

decades or centuries, however, to reach steady state due to the dynamics of S adsorption on soils 

and soil base cation supply. Although aquatic CL exceedance modeling results are not available 
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for Pennsylvania, it contains similar stream length (to Virginia and West Virginia) classified as 

likely to be acid-sensitive (low aquatic CL), based on the presence of low-order streams on 

sensitivite lithology and/or located at high elevation and having either steep slope, shallow soils, 

and/or low soil clay content (Table 9). Nevertheless, as a percentage of total stream length, the 

acid sensitivity of streams appears to be higher in Virginia and West Virginia (40% of total 

stream length each) than in Pennsylvania (29%).  

Several of the landscape characteristics previously discussed were combined to yield a 

mapped surface that identifies land areas within the study region expected to be most sensitive to 

soil acidification due to atmospheric S and N deposition (Map 20). This map was generated 

using regionally available datasets representing lithology, elevation, terrain and soils 

characteristics. Soil and terrain characteristics that are known to be associated with sensitivity to 

acidic deposition include shallow soils, low soil percent clay, and steep slopes. The various 

shades of blue shown in Map 20 indicate the number of sensitive soils/terrain characteristics that 

are co-located with areas underlain by siliciclastic lithology and/or occur at high elevation. 

Locations that are not shaded are considered to be less sensitive. Results suggest that:  

1. Much of the study region may be sensitive to soil acidification caused by S and N 
deposition, and 

2. Sensitivity is likely to be highly variable across the landscape. 

 

A total of 53,700 km2 of land within the study area contained siliciclastic lithology and/or 

occurred at high elevation (highest quintile of the regional distribution) and exhibited at least one 

other soil/terrain parameter associated with soil sensitivity to acidification (low soil clay content, 

steep slope, shallow soil depth, each based on the most sensitive quintile of the regional 

distribution). This area generally corresponds with many of the portions of the study region 

modeled by McNulty et al. (2007) as being in exceedance of terrestrial CL of S where sugar 

maple and/or red spruce occur (Map 21, Table 10). Although sugar maple occurs on a substantial 

portion of the study area in each state (15% in Virginia to 36% and 37% in Pennsylvania and 

West Virginia, respectively), red spruce is confined to less than 0.01% of the study area. The 

approach of McNulty et al. (2007) yielded higher estimates of acid-sensitive soil as compared 

with estimates based on forests containing sugar maple located on siliciclastic lithology, at high 

elevation, and having one or more acid-sensitive terrain features, as summarized in Table 10. 

This may be in part because McNulty et al. (2007) used a rather high estimate of base cation-to- 
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Map 20. Land areas within the study region that are expected to be most sensitive to soil 

acidification. Landscape sensitivity was based on where siliciclastic lithology 
and/or high elevation are co-located with one or more soil parameters that are 
known to be associated with acid sensitivity, including shallow soils, low percent 
clay and steep slopes (each based on the most sensitive 20% of the landscape). 
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Map. 21. Locations within the study area modeled by McNulty et al. (2007) as being in 

exceedance of the terrestrial CL of sulfur where sugar maple and/or red spruce occur, 
based on the LANDFIRE database. 
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Table 10. Forest area containing sugar maple and red spruce and characterized by acid 
sensitivity within the study ecoregions, broken down by state.  

Forest Characteristics 

Area (km2) of Forest Characterized by 
Presence of Tree Species1 

Virginia West Virginia Pennsylvania 

Forest containing sugar maple 5,879 (15) 23,282 (37) 23,186 (36) 

Forest containing red spruce 17 (< 0.01) 303 (< 0.01) 0.25 (< 0.01) 

Forest containing sugar maple and/or red 
spruce located on sensitive lithology or at 
high elevation 

3,474 (9) 20,134 (32) 17,529 (27) 

Forest containing sugar maple and/or red 
spruce located on sensitive lithology or at 
high elevation and having either steep 
slope, shallow soils, and/or low clay 
content 

3,060 (8) 9,441 (15) 7,553 (12) 

Forest containing sugar maple and/or red 
spruce modeled as being in exceedance by 
McNulty et al. (2007) 

4,509 (11) 17,291 (28) 13,119 (20) 

1 The number given in parentheses reflects the percentage of the total stream length.  
 

 

Al ratio of 10 as the defining limit for specifying the critical ANC leaching level used in the CL 

equation.  

 

3.4.4. What Ecosystem Services are Impacted by Critical Load Exceedance in the Study 
Area? 

The best understood and most immediate incremental changes to ES in the central 

Appalachian Mountains region resulting from changes in emissions controls include benefits 

related to species composition and abundance of fish and benthic macroinvertebrates in streams. 

Additional important benefits relate to the health, growth, and regeneration of sensitive tree 

species, especially sugar maple and to a lesser extent also red spruce.  

The science/policy decision loop (shown in Figure 4) illustrates how the CL and ES 

concepts can be combined in a way that enhances the strengths of each. The CL helps to bridge 

the gap between change in water chemistry and biological response, and establishes threshold(s) 
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for acceptable change. The ES framework places those chemical and biological changes into 

terms and units that have clear meaning to people.  

The ES that are expected to be most affected by a change from CL exceedance to non-

exceedance are outlined in Table 11. This is not meant to be an exhaustive list. Various other 

aspects of ecosystem structure and function are also expected to be affected by acidic deposition, 

but in ways that make qualitative, and especially quantitative, assessment difficult.  

Biological recovery can occur only if chemical recovery is sufficient to allow survival and 

reproduction of acid-sensitive plants and animals. The time required for biological recovery is 

uncertain. For terrestrial ecosystems, it may be decades after soil chemistry is restored because of 

the long life of many plant species and the complex interactions of soil, roots, microbes, and soil 

biota. For aquatic systems, research suggests that stream macroinvertebrate populations may 

recover relatively rapidly (within approximately three years), whereas lake populations of 

zooplankton recover more slowly (Gunn and Mills 1998). Nevertheless, biological recovery of 

previously acidified surface waters can lag behind chemical recovery because of such factors as 

limits on dispersal and recolonization; barriers imposed by water drainage patterns (Jackson and 

Harvey 1995), the influence of predation (McNicol et al. 1995), and other environmental  

stressors (Gunn et al. 1995, Havas et al. 1995, Jackson and Harvey 1995, McNicol et al. 1995, 

Yan et al. 1996a, Yan et al. 1996b). Full aquatic biological recovery may take decades from the 

onset of chemical recovery. 

 

3.4.5. How Transferable is this Case Study to Other Pollutants and Regions? 

The concepts associated with using CL to identify resources and locations where ES are 

compromised due to acidification from acidic deposition are readily transferable to other regions 

and environmental stressors. In particular, the approach applied here can be readily transferred to 

the Adirondack region of New York because: 

1. Acid-sensitive aquatic and terrestrial resources are known to be abundant in the 
Adirondacks.  

2. Some of the same acid-sensitive receptors are present in both the central 
Appalachian Mountains and Adirondack Mountains regions (brook trout, cold water 
fisheries, acid-sensitive invertebrates, sugar maple, red spruce). 

3. Some of the dose-response relationships have been developed using Adirondack 
data.  
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Table 11. Anticipated ES benefits to be realized by moving from a state of CL exceedance to non-
exceedance in the central Appalachian Mountains.  

Ecosystem Service Anticipated Benefits Notes 

Provisioning Services   
Production of maple syrup and 

related products 
Continued or enhanced 
production of food products 

Benefits expected to be 
realized primarily in the 
northern portion of the study 
region 

Catch of brook trout and other 
game fish in sport fishery 

Continued or enhanced catch of 
sport fish 

Important regional benefit, 
especially in the southern 
portion of the study region 

Production of maple wood for 
furniture and other wood 
products industry 

Continued or enhanced wood 
production 

Limited benefit in central 
Appalachian region 

Production of spruce wood for 
wood products 

Continued or enhanced wood 
production 

Limited benefit in central 
Appalachian region 

Provision of wildlife habitats Continued provision of habitat 
for species associated with sugar 
maple or red spruce trees 

Difficult benefit to quantify 

 
Regulating Services 

  

Climatic regulation Decreased greenhouse gas 
production or increased C 
sequestration can reduce 
potential for climate warming 
impacts 

Difficult benefit to quantify 

Water regulation Improved tree health in some 
habitat types can maintain or 
enhance water storage, reducing 
the impacts of flooding and 
providing enhanced stream flow 
during low flow periods 

Difficult benefit to quantify 

Erosion regulation Decreased effect on vegetation 
cover can limit possible increases 
in erosion during heavy 
precipitation events 

Difficult benefit to quantify 

 
Supporting Services 

  

Primary production Effects on primary production Difficult benefit to quantify 



  

99 

Ecosystem Service Anticipated Benefits Notes 

and biomass in N-limited 
ecosystems can be reduced. 

Nutrient cycling Decreased soil acidification can 
limit the depletion from the soil 
of Ca and other nutrient base 
cations, which are important for 
healthy sugar maple, brook trout, 
and other terrestrial and aquatic 
species. 

Important regional benefit 

 Decreased mineralization, 
nitrification, and nitrate leaching 
can limit soil acidification, Al 
mobilization, and base cation 
depletion in base-poor terrestrial 
and aquatic ecosystems. 

Interactions are complex 

Trophic interactions Effects of acidification on 
aquatic invertebrates, such as 
mayflies and caddisflies, can be 
reduced, thereby enhancing food 
sources for brook trout and other 
sport fish. 

Unclear whether alternate 
food sources will be used 

 
Cultural Services 

  

 Improved brook trout and other 
sport fisheries can lead to 
increased recreational activities 
and ecotourism. 

Important regional benefit 

 Improved sugar maple health can 
enhance autumn foliage color in 
forests that contain sugar maple. 

Limited benefit in central 
Appalachian region 

 Aesthetic qualities of plant 
communities can be enhanced 
through improved health of red 
spruce, sugar maple, and other 
acid-sensitive species. 

Important, but subtle benefit 

 Iconic species, such as brook 
trout and sugar maple, can 
increase in abundance. 

May be of substantial 
monetary value to the public 

 Maple syrup production cottage 
industry can improve. 

Limited benefit in central 
Appalachian region 
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4. Levels of acidic deposition have been similar. 

5. There are large amounts of protected lands containing highly valued natural 
resources in both regions. 

 

Perhaps the greatest limitation to applying this approach elsewhere is the availability of dose-

response data with which to specify the critical limits of the chemical indicators used in the CL 

analysis. In the Adirondack region, dose-response data are relatively well developed. There may, 

however, be some additional limitations associated with transferring this approach to the 

Adirondack region. First, acid-sensitivity in the Adirondacks does not vary in a clear fashion 

with lithology or elevation. Acid-sensitive aquatic and terrestrial resources in the Adirondacks 

are disproportionately located in the southwestern portion of the Adirondack Park in watersheds 

containing thin deposits of glacial till. Atmospheric deposition of S and N tends to be higher in 

the southwestern portion of the park (even at relatively low elevation), as compared with other 

locations (Sullivan 2000), and prior glaciation has obscured any relationship that may have 

existed between bedrock lithology and stream and soil acid-base chemistry (Driscoll et al. 1991). 

Thus, it is not possible to identify the most acid-sensitive portions of the Adirondack Mountain 

region using available spatial data on lithology or elevation, although extensive surface water 

monitoring data exist with which to characterize a large portion of the Adirondacks. Second, 

much of the data available on aquatic acidification in the Adirondacks pertains to lake, rather 

than stream, acidification. Although Lawrence et al. (2008a) surveyed a large number of streams 

in the southwestern Adirondacks, the lake database is far richer and includes more than 1100 

lakes larger than 1 ha, 15 to 30 years of long-term monitoring data for a subset of these lakes, 

and several published scenario and CL model analyses. If an ES assessment is to be conducted in 

the Adirondacks, it should most likely focus on lakes rather than streams, and therefore include 

zooplankton rather than benthic macroinvertebrates. Both sugar maple and red spruce are widely 

distributed throughout the Adirondack park, and both have been well-studied.  

The combination of the CL and ES approaches is also, at least in theory, transferable to 

other stressors, including Hg deposition to prevent bioaccumulation of Hg in fish to levels that 

threaten piscivorous wildlife and humans who consume large quantities of fish. Critical loads 

could also be established for atmospheric O3 exposure for the purpose of protecting plants from 

foliar injury or growth reduction. The CL concept provides a vehicle for specifying the level of 
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exposure or deposition of a pollutant that triggers environmental harm. This can provide the 

foundation for assessing effects on ES caused by a range of pollutant inputs.  

 

3.4.6. Future Research Needs 

The approach taken in this study is anthropocentric. It is based on human perception of 

resource value. However, natural resources also have intrinsic or morality-based existence value. 

It may, therefore, be inappropriate to frame the value of nature solely in the context of effects on 

human well-being. Nevertheless, if the effects of human activities on natural resource elements 

are not documented in terms that are understandable, accessible, and recognized to be important 

to and by the non-scientific public, such values are unlikely to be included in the environmental 

calculations, trade-offs, and decision-making that will have to be made.  

In the pathway from chemical indicator of adverse impact to effects on ES, there are three 

critical areas in need of further research: 1) knowledge of dose-response relationships and critical 

thresholds or tipping points that indicate probable biological harm to a larger suite of biological 

resources, 2) human values that influence the components of nature that directly enhance human 

well-being, and 3) translation of ES into a common currency (monetary or otherwise). Data 

indicating dose-response tipping points are relatively limited. Information is available for brook 

trout, an important sport fishery and a resource highly valued by the public. Information is also 

available for fish and benthic macroinvertebrate richness (the major component of biodiversity) 

and for sugar maple vigor and regeneration. Nevertheless, there are undoubtedly many other 

species and values that are impacted by aquatic and terrestrial acidification. Knowledge of 

tipping points for these other sensitive receptors is generally lacking.  

 

3.5. Summary 

A host of ES can be lost or compromised throughout the central Appalachian Mountains 

region by acidic deposition attributable to atmospheric emissions of S and N. In particular, these 

impacted services are associated with maintenance of a healthy fishery resource, especially 

brook trout, and the occurrence of benthic macroinvertebrates, especially mayflies and 

caddisflies, on which they feed. Affected ES in this region also include adverse impacts on the 

growth, vigor, and regeneration of sugar maple, which is broadly distributed throughout the 

study region and which is known to be sensitive to acidification and base cation depletion. Red 
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spruce is also highly sensitive, but only occurs within the study region at scattered high-elevation 

locations.  

Effects of acidification on highly valued ES occur throughout the study region, but are 

disproportionately associated with siliciclastic lithology and high elevation. Other factors 

suspected to be associated with CL exceedance include the presence of steep slope, shallow soil 

depth, and low soil clay content.  

A number of supporting and regulating services are also affected by acidification, but 

these tend to be difficult to quantify and in many cases are intermediate in nature and therefore 

need not be included in tabulations of effects on final ES. Several cultural services revolve 

around the maintenance of healthy trout fisheries and sugar maple trees, including recreational 

fishing, tourism, aesthetic values, iconic species values, and the cottage industries focused on 

maple syrup and related sugar maple products.  
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