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NYSERDA’s Promise to New Yorkers: 
NYSERDA provides resources, expertise, and objective information 
so New Yorkers can make confident, informed energy decisions.

	Mission Statement:
Advance innovative energy solutions in ways that improve New York’s economy and environment.

	Vision Statement:
Serve as a catalyst—advancing energy innovation and technology, transforming New York’s economy,  
empowering people to choose clean and efficient energy as part of their everyday lives.
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Objectivity, integrity, public service, partnership, and innovation.

Portfolios
NYSERDA programs are organized into five portfolios, each representing a complementary group of offerings with common areas of energy-related focus and objectives.

Energy Efficiency and Renewable Energy Deployment

	 Helping New York State to achieve its aggressive energy efficiency and renewable energy 
goals – including programs to motivate increased efficiency in energy consumption by 
consumers (residential, commercial, municipal, institutional, industrial, and transportation),  
to increase production by renewable power suppliers, to support market transformation,  
and to provide financing.

Energy Technology Innovation and Business Development

	 Helping to stimulate a vibrant innovation ecosystem and a clean-energy economy in New York 
State – including programs to support product research, development, and demonstrations; 
clean-energy business development; and the knowledge-based community at the Saratoga 
Technology + Energy Park® (STEP®).  

Energy Education and Workforce Development

	 Helping to build a generation of New Yorkers ready to lead and work in a clean energy 
economy – including consumer behavior, youth education, workforce development, and 
training programs for existing and emerging technologies.

Energy and the Environment

	 Helping to assess and mitigate the environmental impacts of energy production and use in 
New York State – including environmental research and development, regional initiatives to 
improve environmental sustainability, and West Valley Site Management.

Energy Data, Planning, and Policy

	 Helping to ensure that New York State policymakers and consumers have objective and 
reliable information to make informed energy decisions – including State Energy Planning,  
policy analysis to support the Regional Greenhouse Gas Initiative and other energy 
initiatives, emergency preparedness, and a range of energy data reporting.
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Preface

Acid deposition is ubiquitous in the eastern United States and 
has major ecological consequences.* It acidifies forests and 
lakes, alters soil fertility, kills animals and plants, and alters the 
composition and naturalness of communities. The effects get 
worse over time and can last for many years after deposition 
is reduced.

In the last thirty years, much progress has been made in re-
ducing acid deposition in the northeastern United States. But it 
has not been eliminated, and will not be eliminated as long as 
we continue to practice intense agriculture and burn  fossil fuels.

This basic fact, that acid deposition will persist through our 
lifetimes and beyond, poses a scientific problem: do there exist 
nondamaging levels of deposition—critical loads is the technical 
term—that will eliminate ecological damage?

The problem is not easy. It requires that we detect and quantify 
ecological impacts and then try to determine, for each impact, 
a threshold level of pollution below which damage does not 
occur. And further, since we are concerned with the long-term 
impacts of pollution, we must model future impacts as well as 
present ones.

 At the time of writing in spring 2014, the problem is far from 
being solved. But much research has been done, and important 
progress has been made. We report that progress here.

This document, which, by intention, is short and introduc-
tory, has thirteen sections. The first four introduce the problem 
and describe the ecological impacts of sulfur and nitrogen, the 
principal components of atmospheric deposition. The next 
three discuss critical loads for nitrogen fertilization, which 
are usually determined by observation. The next four discuss 
critical loads for acidification, which are usually determined 
through modeling. The last two introduce exceedance maps 
as a measure of risk, and provide a summary of what is known 
and what issues remain.

* Acid deposition is the deposition of acid ions from the air. It 
includes acid rain and snow, acid clouds and fogs, and gaseous 
and particulate acid precursers.



6

What are Critical Loads?

A critical load is a measure of the ecological impact of air pol-
lution. Specifically, it is the maximum continuing load of pollut-
ants that a community can tolerate without suffering damage. 

A critical load is thus a threshold for damage. Below the criti-
cal load there is, in concept, no damage, no matter how long 
the pollution continues. Above it, there is.

The lower diagram at right shows the key idea. A forest 
receives nitrogen in rain and snow. Based on observations in 
many forests, at loads of about 250 equivalents of deposition 
per hectare per year (eq/ha-yr) the growth and survival of the 
most sensitive trees begin to change. At loads of about 700 eq/
ha-yr, the forest can no longer store all the nitrogen it receives, 
and nitrate appears in the soil water and is exported to streams 
and lakes. 

Since tree growth and nitrogen loss are key measures of 
ecosystem function, these values are estimates of the minimum 
loads at which natural processes become altered. They are thus 
the critical loads for tree growth and nitrogen loss.

Loads, like these, determined by observation or experiment 
are called empirical loads. Loads, like those discussed on  pages 
15 and 16, determined by simulating watershed chemistry, are 
called modeled loads.

Several things are worth noting at the outset. First, there is 
no guarantee that a critical load exists. Some biological groups, 
like grassland plants and forest lichens, are very sensitive to 
nitrogen, and may show changes at very low rates of deposition. 
In such groups there may be no clear threshold below which 
impacts cease, and, hence, no critical load.

Second, critical loads vary depending on who receives the 
load. Tree growth in forests has one critical nitrogen load. Forest 
lichens have another, and forest herbs yet another. No single 
loads describes all groups or the forest as a whole. 

And third, the empirical loads just described are short-term 
estimates of the pollution a community can tolerate. Because 
the impacts of pollution often increase over time, the long-term 
load for continuing pollution may be lower. 

Above, pollutant loads are measured in units of mass (kilograms) or electrical charge 
(equivalents) per unit area per time. Here we use charge, which makes it easier to compare 
different pollutants. Our preferred units are equivalents per hectare per year, written eq/
ha-yr, or, for convenience in labeling graphs, hundreds of equivalents per hectare-year, 
written 100 eq/ha-yr.

Below, two examples of critical loads for nitrogen. Tree growth and survival in northeast-
ern forests begin to change at nitrogen loads of around 250 eq/ha-yr. Excess nitrogen 
starts to appear in surface waters at around 700 eq/ha-yr.
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Nitrogen and Sulfur Emissions

Four air pollutants—sulfur, nitrogen, ozone, and mercury—have 
significant effects on the ecology of the United States. Sulfur and 
nitrogen have had the most study, and we focus on them here. 

Sulfur pollution comes largely from a single source, the sulfur 
in fossil fuels. The largest emitters are boilers in power plants and 
factories that burn coal and heavy oil. Burning converts sulfur 
to sulfur oxides, which are then delivered to ecosystems by 
wet deposition—mist, rain, and snow—and by dry deposition—
droplets and particles intercepted by soil, water, or vegetation.

Nitrogen pollution comes from both fossil fuels and agricul-
ture. The combustion of fossil fuels converts nitrogen to nitro-
gen oxides. Agricultural fertilizers and animal wastes generate 
nitrogen oxides and ammonia. Once in the atmosphere, the 
nitrogen oxides are converted to nitric acid, and the ammonia 
to ammonium. Both are then delivered to ecosystems by wet 
and dry deposition. 

Nitrogen and sulfur emissions built up rapidly as U.S. in-
dustry and agriculture intensified after World War II. They 
peaked sometime in the 1970s and have since been reduced 
by a combination of legislation (the Clean Air Act of 1970 and 
its amendments of 1977 and 1990) and federal rule-making 
authorized by legislation. As a result, the current emissions of 
sulfur oxides are about a fifth of what they were in 1970, and 
the emissions of nitrogen oxides about half. 

Deposition has decreased accordingly. In 2011, total sulfur 
and nitrogen deposition at Huntington Forest in the central 
Adirondacks was about 370 eq/ha-yr, down from over 600 eq/
ha-yr in 2003. In southwestern Adirondacks, however, which 
are nearer the big coal-fired electrical plants in the Ohio Valley, 
it was roughly twice that.

 The decreases have been substantial but they are still de-
creases from a large total. The United States still emits over 15 
million tons of nitrogen and sulfur oxides per year into the air 
and suffers significant ecological damage as a result. Data from the U.S. Energy Information Agency, and the Clean Air Status 

and Trends Network. Note that nitrogen emissions from farms are not in-
cluded in the graph of nitrogen oxide emissions.
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Acidification by Sulfur and Nitrogen
 

The nitric and sulfuric acids deposited on ecosystems begin a 
chemical and biological chain reaction called the acidification 
cascade. The cascade includes both direct and indirect reactions.

The acids have multiple effects. They are directly toxic to lichens 
and mosses, and probably some forest herbs as well. They affect 
many other groups—trees, fungi, invertebrates,birds—indirectly 
by acidifying the soil. And, as explained in the next section, they 
affect whole communities by altering nutrient cycling. 

Acidified soils store acid ions like hydrogen and lose bases 
like calcium and magnesium. They also release inorganic alu-
minum, which is toxic, into the soil water.

Acidified forest soils are thus base-cation poor, while the wa-
ter in their pores is aluminum rich. The limited supply of bases 
reduces the growth rate, regeneration, and health of forest trees. 
The high aluminum concentrations in the soil water are toxic to 
tree roots and their associated fungi. 

The loss of bases also impacts forest food chains. Soil inver-
tebrates need calcium for exoskeletons and shells. Base-poor 
soils have fewer soil invertebrates. Fewer soil invertebrates mean 
less food for forest-floor animals like thrushes and shrews, and 
so less food for the mesocarnivores like owls and weasels that 
depend on them.

The water from acidified soils flows into streams and lakes, 
reducing their pH and acid-neutralizing capacity. The buffering 
capacity—the ability of the water to resist changes in acidity—can 
drop to near zero, and leave the lake or stream vulnerable to 
rapid pH changes. Dissolved organic carbon often decreases, 
and toxic mercury and inorganic aluminum often increase. 

 As in the forest, the chemical changes in lakes and streams 
have biological impacts. Low pH waters are less productive than 
high-pH ones, with fewer plants and algae and less photosyn-
thesis. Food chains are short, and animals grow more slowly. 
Aluminum-sensitive groups like mayflies or native minnows may 
be eliminated altogether. Mercury accumulates in fish and can 
reach dangerously high levels in fish-eating animals like loons 
and mink. 
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Fertilization by Nitrogen

Nitrogen is an essential nutrient for all animals and plants. In 
undisturbed ecosystems, nitrogen inputs are often low. Nitrogen 
cycles from the soil to plants, from plants to animals, and then, 
through fungi and microbes, back to the soil when the plants and 
animals die and decay. 

In undisturbed communities, nitrogen is often in short supply, 
and nitrogen cycling is tight. The plants in these communities are 
adapted to low nitrogen levels and can use it quite efficiently. Tis-
sue nitrogen levels are low, and there is little biologically available 
nitrogen in the soil or in surface water.

Nitrogen deposition introduces excess nitrogen in biologically 
useful forms, causing a series of changes called the fertilization 
cascade. The first changes are physiological. Plants take up the 
extra nitrogen. Some use it for growth. Others, including many 
low-nitrogen specialists, store it in their tissues, where it may 
cause physiological damage. Membrane calcium may be lost, 
and cold damage may become more common. Fine root biomass 
decreases and the diversity of the symbiotic fungal communities 
associated with roots decreases. 

The physiological changes lead to ecological ones. Nitrogen-
demanding species, often alien, out-compete the native low-nitrogen 
specialists. Rare species are lost and the number of native species 
declines. Nitrogen-rich plants attract pathogens and herbivores, 
and disease and defoliation become more common. 

All of these changes compromise the tightness of the nitrogen 
cycling. For a while the community stores the excess nitrogen in 
biomass and soil. But eventually a limit is reached, and nitrogen 
begins to leak into groundwater and migrate to streams and lakes. 

Once it gets there, a similar fertilization cycle begins in the 
waterbody. If a lake or stream is nitrogen-limited, the excess nitrogen 
will stimulate the growth of algae and alien species. Productivity 
increases, transparency and dissolved oxygen decrease, less-
competitive species are eliminated, and overall diversity decreases. 
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Measuring Nitrogen Impacts

The simplest way of determining critical loads is to compare how 
actual communities are responding to pollution. If you can find 
the threshold load at which impacts begin, that is the critical load.

To do this, you need to observe the same community under dif-
ferent pollutant loads. This can be done either by studying sites 
along a gradient of differing pollutant loads or by varying the load-
ing experimentally. 

Mark Fenn and his collaborators studied the response of lichens 
along a pollution gradient in California. At pristine sites where de-
position was near zero, the lichen communities were dominated by 
low-nitrogen species, and the tissues of the wolf lichen, Letharia, 
contained at most 1% nitrogen. As nitrogen deposition increased, 
the communities shifted away from low-nitrogen species and the 
wolf lichen tissue nitrogen increased. They estimated that the 
changes began at a load of about 250 eq N/ha-yr. 

 Paul Schaberg and his collaborators used an experimental ap-
proach to determine whether nitrogen deposition affects the cold 
tolerance of red spruce. They established sample plots on Mt. 
Ascutney, Vermont, treated them for 12 years with four different 
loads of nitrogen, and measured the cold tolerance, winter injury, 
and membrane function of the spruce in the plots. 

Their results show that the spruce on the treated plots had more 
winter injury, less cold tolerance, less membrane calcium and 
more electrolyte leakage than the spruce on the control plots. But 
because there was appreciable background nitrogen deposition at 
their study site, they had no controls with zero load and so could not 
identify the critical load at which cold tolerance starts to decrease. 

Gradient and experimental studies are complimentary, and each 
has strengths and weaknesses. Schaberg’s study showed clearly 
that added nitrogen changes the cold tolerance of spruce but could 
not identify the threshold where the change begins. Fenn’s study 
identified the critical nitrogen load at which lichen communities 
start to change but, because other pollutants vary with nitrogen, 
could not prove that the impacts were caused by nitrogen. 

 

Top graph from Fenn, 2008, copyright Elsevier Ltd., used with permission.
Lower graphs from Schaberg et al, 2002, copyright National Research Coun-
cil of Canada, used with permission. Schaberg’s study site had a background 
nitrogen deposition of 450 eq/ha-yr at all plots, so even the control plots were 
receiving significant amounts of nitrogen. 
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Empirical Nitrogen Loads

Critical loads determined from field studies are called empiri-
cal loads. They are generally specific to a particular biological 
group in a particular natural community. Thus the critical load 
for lichens will not, in general, be the same as the critical load 
for shrubs or trees, and the critical load for herbs in grasslands 
may be different from that for herbs in forests.

None the less, as more studies have been done, some broad 
patterns have emerged. Our first look at these patterns came in 
2011 when Linda Pardo and 22 collaborators did a continental-
scale synthesis of American nitrogen studies.

Their synthesis used 50 studies from 3,200 field sites and 
estimated critical loads for eight different kinds of impacts in 
15 different biomes. They assumed, conservatively, that a small 
change observed in a short-term study may grow larger over time 
and so defined the critical load as the lowest load that produced 
a measurable biological impact. 

The studies they used are wide ranging. They included lichens 
and shrubs in arctic tundra, bryophytes in bogs, grasses in 
prairies, mycorrhizal fungi in Pacific Coast forests, and invasive 
grass species in deserts. Their results are clearly preliminary —it 
will take more studies to fill the gaps and increase the reliability 
of the results—but are consistent with much work from Europe 
and elsewhere, and suggest three important generalizations.

First, nitrogen fertilization is one of the most pervasive forms 
of air pollution. It affects almost every biome in the United States 
and Europe and likely many in Africa and Asia as well.

Second, almost every biome shows changes at nitrogen loads 
under 1,000 eq/ha-yr, and many show changes at levels under 
500 eq/ha-yr.

And third, the sensitivity of communities and biological groups 
differs greatly. For sensitive communities, like tundra, grasslands, 
and mountain lakes and forests, and sensitive groups, like fungi, 
diatoms, and grassland herbs, the critical loads may be close to 
zero. For the most sensitive of these, there may be no nonzero 
loads that do not favor some species and harm others. Based on Pardo, 2011a, Original figure copyright Ecological Society of America  

and used with permission. The numbers following the colored bars are the number of 
studies. A zero means the value is based on studies from a different region. 
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Mapping Empirical Loads

Because every community contains biological groups with differ-
ent sensitivities, there is no single critical load at which the whole 
community starts to change. Instead, change is incremental, with 
the most sensitive groups changing first, then those of intermediate 
sensitivity, and finally those that are least sensitive.

In northern forests, for example, it appears that the most sensitive 
forest trees show decreased growth at nitrogen loads of 250 eq/
ha-yr or less. The mycorrhizal fungi* and lichens show responses at 
around 400 eq/ha-yr, and some of the less sensitive trees between 
800 eq/ha-yr and 2,200 eq/ha-yr. The responses of the herbs are 
poorly known. What data we have suggests that herb communi-
ties change somewhere between 600 eq/ha-yr and 1,800 eq/ha-yr.

Thus the range of critical nitrogen loads for northern forests begins 
somewhere around 250 eq/ha-yr for the most sensitive groups and 
extends up to 2,200 eq/ha-yr or more for the least sensitive. Most of 
the groups show significant change in the lower half of this range. 
This is reflected in the leakage of nitrogen to surface waters, which 
begins at about 700 eq/ha-yr.

Pardo and her colleagues mapped the ranges of critical loads for 
the major U.S. biomes. The upper map is based on fungi, mycorhiz-
zae, trees, and nitrogen exports and draws on multiple studies. The 
lower map is shrubs and herbs, for which there are only a few studies.

The maps confirm the generalization on p. 11: every major U.S. 
biome has groups that start to change at nitrogen loads of 500 eq/
ha-yr or below. Many are showing changes in all their major groups 
by 800 eq/ha-yr.

In looking at these maps, it is important to realize that many of 
these loads are based on short-term studies and so may underesti-
mate the impacts of continued loads. Ecological change takes time, 
particularly in communities like forests and prairies where there are 
large natural pools of soil nitrogen. The few long-term experiments 
suggest that forests and grasslands, and by extension many other 
communities, do in fact change their composition and diversity in 
response to quite small amounts of added nitrogen. But they do it 
slowly, and the effects may not appear for a decade or more. 

Maps from Pardo et al, 2011b, used with permission.

* Mycorrhizal fungi, or mycorrhizae, are symbiotic fungi, associated with the 
roots of forest plants, that aid in the absorption of water and nutrients. 
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Measuring the Impacts of Acidification 

Acidification, as explained on p. 8, is caused by both sulfur and 
nitrogen, and affects both surface waters and forests.

Its effects on lakes and streams have been extensively 
researched. Acidification decreases pH and increases toxic 
aluminum. These cause biological stress and species begin to 
drop out. Species richness drops, and the overall abundance 
of animals and plants declines.

The process, like the nitrogen fertilization of a forest, is incre-
mental, with different species dropping out at different acidities. 
None the less, there seems to be a range between pH 6.0 and 
5.0 where many species begin to be impacted by acidity. At pH 
5.5, for example, only two of the twenty-five northeastern fish in 
the table at right show the impacts of acid. At pH 5.0, twelve do.

Much the same happens with other groups. As a result, pH 
is considered a master variable in lake biology, and there is a 
general consensus in the literature that most lakes will show 
the impacts of acidity by pH 5.5.

Forests are different, and there is no similar consensus about 
measuring forest acidification. The problem is that the effects of 
forest acidification are slower and less direct. Forest acidification 
involves a gradual loss of soil bases and a gradual increase in 
free aluminum in the soil solution. Because these processes 
take time, and because trees are long lived and respond slowly 
to environmental changes, the biological changes are hard to 
measure.

Despite these difficulties, there is a growing body of research 
that suggests that at least some trees are sensitive to acidifica-
tion and that, as soil bases are lost, their health declines and 
their ability to regenerate decreases.

Following this reasoning, many researchers are using the base 
saturation (the percentage of soil binding sites occupied by 
bases) as a measure of forest acidification. While we still have 
no graphs showing how many species are stressed at different 
levels of base saturation, there is evidence that sensitive spe-
cies like sugar maple start to decline at base saturations under 
20%, and that other species may decline at base saturations 
under 10%. 

Redrawn from Baker and Christensen, 2009. Copyright Springer 
Science and Business Media, and used with permission.
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Acidification and Weathering

The empirical loads for nitrogen described on pp. 11-12 were  
derived from dose-response relations between nitrogen loads and 
biological impacts. So much nitrogen per year on one of Fenn’s 
western forests meant so much nitrogen in lichen tissue and so 
much excess nitrogen flowing out in the streams.

Acidification, unfortunately, is more complicated. The rate of 
acidification depends on the balance between the input of acids, 
which come largely from deposition, and the input of bases, which 
come largely from the weathering of soil minerals. As shown in 
the diagrams, two watersheds with the same deposition but 
different soils can have different weathering rates and differ-
ent acid-base balances. The one with the high weathering rate 
will have a higher soil base saturation and surface water with a 
higher acid-neutralizing capacity. It will be able to neutralize more 
incoming acid and so will have a higher critical load. 

The result is that there are no simple dose-response relations 
between acid loads and soil or water chemistry. Two adjacent 
watersheds may receive the same acid load but have quite differ-
ent base saturations and pHs, and hence different critical loads.

This variability, resulting from differences in soil depths and 
weathering rates, changes the determination of critical loads in 
two important ways. The first is that critical loads for acidification 
have to be determined separately for each watershed. This is 
usually done by modeling the chemical balance between inputs 
and outputs (pp. 15-16). Such modeling is difficult because 
weathering rates are poorly known, and because the modelers 
have to determine what chemical values are biologically mean-
ingful to model. But it is also powerful, because it can predict 
critical loads over large areas.

The second is that critical loads for acidification turn out to vary 
greatly from watershed to watershed. Some watersheds with high 
weathering rates may never be acidified at current loads. Others 
may remain impacted even if current loads are reduced to zero. 

As a result, critical loads, which started as simple numbers, 
have become something more complex. They are now estimates 
of risk, showing how many watersheds are safe at a given load. 

Two contrasting watersheds, with the same deposition but dif-
ferent soils and weathering rates. A full accounting would also 
involve rates of acid and base removal through denitrification, 
immobilization, and harvesting, as in the top diagram on p. 
15, but these are usually small compared to deposition and 
weathering terms.
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Modeling Critical Loads For Acidification

Critical loads modeling is widely used in Europe and Canada, 
and becoming so in the United States. The goal is to escape 
from the messiness of empirical studies and create a simple 
picture of acidification over wide areas.

To do this the models usually make two major simplifications. 
They replace watersheds with boxes, and they replace biology 
with chemistry. 

Replacing watersheds with boxes means ignoring spatial 
variation and using average values. Each watershed is assigned, 
a uniform elevation, soil depth, and chemistry, and the variation 
of these quantities within the watershed is ignored.

Replacing biology with chemistry means ignoring the vari-
ability in biological responses and assuming ecological damage 
starts when some chemical threshold—say an acid-neutralizing 
capacity of 50 µeq/l or a base saturation of 20%—is crossed. 
The threshold values are usually assumed to be the same in all 
the watersheds being modeled, regardless of the local biology.

With these simplifications, it is possible to use relatively 
simple models, called simple mass-balance models, to map 
critical loads. 

The models treat each watershed as a single box, into and 
out of which ions flow at a steady rate. The models are tested 
with increasing amounts of deposition until they reach a load 
which produces the chosen threshold value. This deposition 
rate is the modeled critical load.

 The map, by Steve McNulty and his collaborators, shows the 
results from one such model. The critical loads for acidification 
are lowest on the relatively thin and depleted soils of the northern 
Appalachians, Lake States and the sandy coastal plain. They 
are higher in the base-rich southern and western mountains but 
low again, locally, where the bedrock is low in bases.

These results correspond fairly well to what we know about 
lake and stream chemistry and suggest that the models, for 
all their simplifications, are capturing important patterns of 
ecological sensitivity. 

From McNulty et al., 2007, copyright Elsevier Ltd. and used with permission. 
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Maps above and on p. 17 from Sullivan et al, 2012 Copyright 
American Geophysical Union, used with permission.

Modeling Acidification II: Dynamic Models

Simple mass-balance models are essentially chemical snapshots, 
showing watershed chemistry at one moment in time. They assume 
that the inputs and outputs never vary and that pools of acids and 
bases in the water shed never change. 

Watershed chemistry, however, varies in time. Flows are high and 
low, pollutant loads change, ions are stored and released, soils are 
depleted, climate changes. To represent these processes we need 
to replace snapshots with movies. Dynamic watershed models, like 
MAGIC and PnET-BGC, which show how a watershed evolves from 
a given starting point under a given deposition scenario, provide 
such movies.

Dynamic models are more complicated than static models and 
require more detailed watershed data. But because they predict 
future chemistry, they give more realistic assessments of risk than 
static models. And because they are data-intense and have been 
tested against long-term data from experimental watersheds, they 
are thought to be more reliable than simple mass-balance models. 

Dynamic models are just starting to be used to model critical 
loads over large areas. The map at the right, by Tim Sullivan and his 
collaborators is the first produced for the northeast United States. 
It shows the sulfur loads which will maintain acid-neutralizing 
capacities of 50 µeq/l or greater for 90 years in Adirondack lakes.

The most interesting feature, which corresponds well to what 
we know of the chemistry and biology of these watersheds, is just 
how variable the critical loads are. Many Adirondack watersheds, 
especially in the west, have loads under 250 eq/ha-yr. Others, some-
times only a few miles away, have loads 1,000 eq/ha-yr or higher.

This variability suggests that we must generalize our notion of 
critical loads. Instead of a critical load being a boundary below which 
everything is safe, it is now a function telling us how the percentage 
of lakes at risk varies with load. At low loads, say 100 eq/ha-yr, 
almost all the lakes are safe. At the high loads, say 2,000 eq/ha-yr 
almost none are. In the middle, some are safe and some aren’t.

Thinking of critical loads as risk functions is more complicated 
but also more realistic. For any given load, some lakes will be safe 
and some at risk. What we need to know is how many of each there 
are. The value of the modeling approach is that it can tell us this.
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Using Critical Loads to Assess  
Ecological Risk

By themselves, critical loads measure the potential sensitivity of 
ecosystems but not the actual risks they face. A sensitive eco-
system may be at high risk even where the deposition is low; an 
insensitive one may be safe even when it is high.

To measure risk we need to know how the actual deposition 
compares to the critical load. To compute this, we may compare 
the critical load to the actual load, as in the upper diagram, or 
divide one by the other, as in the lower. 

The result is the exceedance, which compares the actual de-
position to the deposition at which we believe that impacts begin. 
A high exceedance means that the deposition greatly exceeds 
the critical load, and hence ecological damage is likely. A low 
exeedance means the reverse.

Exceedance is a useful measure because it is synthetic, mean-
ing that it combines many details of biology and chemistry, and 
statistically robust, meaning that it allows conclusions that are 
independent of the errors in individual critical-load calculations.

Two examples show this. The upper map, from Pardo and her 
colleagues, shows the parts of the country where the empirical 
critical nitrogen loads for forests are currently exceeded. The 
map provides a simple and cogent summary, independent of the 
details of forest biology and the estimated sensitivities of different 
forests. All eastern forests, and many western mountain ones, are 
currently at risk of ecological damage from nitrogen deposition.

The lower map, from Sullivan and his colleagues, shows a great 
range of local exceedances, comparable to the range of critical 
loads shown on p. 16. Many watersheds, especially those in the 
east, seem to be safe at current deposition rates. But many others, 
especially in the west, show high exceedances and are at risk. 

 Given the uncertainties of data and modeling, we cannot be 
certain of the exceedance of any given watershed. But given both 
the number of high-exceedance watersheds and our independent 
knowledge of acidification in many of these watersheds, the gen-
eral conclusion “a third or more of the Adirondack watersheds for 
which we have data are currently at risk from lake acidification,” 
is statistically robust.
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Summary and Prospects

The science which underlies our understanding 
of the ecological impacts of pollution is less than 
forty years old and the use of this science to 
calculate critical loads less than twenty-five. In 
this period there have been at least four major 
accomplishments.

1. �We now understand the processes involved 
in both acidification and fertilization, and 
have identified biological markers associ-
ated with the acidification of lakes and the 
fertilization of both lakes and forests. Work 
is proceeding on the biological markers 
of forest acidification, but they are still 
poorly known. 

2. �Preliminary estimates of empirical critical 
loads for nitrogen fertilization and maps 
of exceedances have been prepared for 
all the major biomes of the United States.

3. �Simple mass-balance models have now 
been used to map short-term critical loads 
and exceedances for acidification for the 
entire United States.

4. �Dynamic models have now been used to 
predict critical loads for the next hundred 
years in the Adirondacks, Shenandoah 
National Park, the southern Appalachian 
Mountains, and selected watersheds in 
California, New Hampshire, and Colorado.

These accomplishments come with warnings. 
The biological data on which the empirical critical 
loads are based are still sparse. The ability of the 
computer models to predict the acidification of 
forest soils has not been adequately validated.

And the accuracy with which exceedance maps 
can predict where damage is occurring—which 
is, after all, the reason for computing critical 
loads—has only been assessed in a few studies.

Warnings notwithstanding, the language of 
critical loads allows us to synthesize our knowl-
edge of the ecological impacts of pollution in 
a way that was not possible even a few years 
ago. The key elements in this synthesis are that:

1. �Critical loads are not simple numbers, but 
rather ranges of numbers that describe 
how the risk of ecological damage varies 
from the most sensitive sites and species 
to the least sensitive.

2. �Low-nitrogen ecosystems, like most 
grasslands, northern forests, and wetlands, 
are very sensitive to nitrogen fertilization. 
They typically show biological responses 
before they show chemical ones, and, for 
their most sensitive species, the critical 
loads are close to zero.

3. �Maps of exceedances suggest that, even 
with the reductions in emissions that have 
taken place, large portions of the eastern 
United States may be suffer-
ing ecological damage from 
sulfur and nitrogen.

 
These are noteworthy advances 
in our understanding, and speak 
to the value of the critical loads 
approach. 

What, then, are the next steps? 
Clearly, more research. Also more 
empirical studies, more model-
ing, and more testing of model 
predictions. 

 Some of this will be geochemical. Someone will 
need to constrain the uncertainties in weathering 
rates and figure out whether our current models, 
which after all, were developed to predict water 
chemistry, can predict soil chemistry as well.

Much of work, however, will be biological. If 
the exceedance maps are right, acidification 
and enrichment are pervasive problems. We will 
need many more studies—of tree growth rates, 
of herbs, of eastern mosses and lichens of snails 
and the thrushes that eat them—before we will 
really know what the biological effects are, and 
what chemical thresholds correspond to them.

The latter—the identification of the thresholds 
that mark the beginning of damaging change—is 
critically important. All the modeling skill in the 
world will avail us little without a clear sense 
of what it is biologically meaningful to model.

The needed research will, of course, take time. 
But the progress in the last ten years has been 
impressive. With adequate resources, much 
more should happen in the next ten.

Osgood River, Brighton, N.Y.
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Madewaska Pond, Meno, N.Y.

Notes

p. 6  For general discussions of 
critical loads see Burns, 2008, and 
Pardo 2011. The nitrogen loads in 
the illustration are from Thomas, 
2011, and Aber, 2003. For the re-
sponses of grasslands to low levels 
of nitrogen, see Bobbink, 2010. 

p. 7  Deposition data at http://epa.
gov/castnet/javaweb/mapcharts.
html. Wet deposition is measured 
at many sites and is relatively well 
known. Dry deposition is measured 
at far fewer sites and is less well 
known. 

p. 8  For book-length treatments 
of acidification see Jenkins, 2007, 
and Sullivan, 2000. For a concise 
summary see Lovett, 2009. 

p. 9  For the impacts of nitrogen 
see Aber, 1989; Baron, 2000; Fenn, 
2008; Lovett, 2009; Thomas, 2010; 
Pardo, 2011; and the literature 
referenced by these works.

Most biologically-available ni-
trogen in terrestrial communities 
comes from the fixation (conversion 
to nitrate) of atmospheric nitrogen 
by bacteria. Nitrogen fixation is 
limited in northern and upland 
communities, and so our forests 
and boreal wetlands are typically 
low-nitrogen communities.

p. 10  Note that, like many empirical 
studies, neither Fenn nor Schaberg 
could determined the threshold for 
impact with certainty.

p. 11  The figure is based on Figure 
8 in Pardo, 2011b, with additional 
values from her Table 6 added. Note 
that, in comparison to the hundreds 

of studies of nitrogen concentra-
tions in surface waters, our total 
knowledge of the biological impacts 
of nitrogen in northern forests and 
tundra comes from fewer than 20 
studies. Many groups, like eastern 
herbs and lichens, have not had 
detailed studies, and their critical 
loads had to be inferred from stud-
ies in other biomes.

p. 12  From Pardo, 2011b.

p. 13  For the biology of stream 
and lake acidification, see Jenkins, 
2007, Chapter 8, and the refer-
ences cited there. No comparable 
synthesis of the biology of forest 
acidification seems to be available, 
but see Bailey, 2005, and Long, 
2009, for some recent work. The 
discussion of base saturation in 
the last paragraph is drawn from 
personal communications.

p. 14  The large uncertainties in 
weathering rates arise from the 
lack of detailed soil data and influ-
ence all modeling of critical loads. 
Pardo, 1993, concluded that the 
lack of weathering data “severely 
limited” the usefulness of simple 
mass-balance models for comput-
ing critical loads for acidification. 
Duarte, 2012, estimated that 80% 
of the variance in the critical loads 
they modeled came from varia-
tions in the weathering rate and 
that critical loads for a single site 
could differ by as much as ten times 
depending on the weathering rate 
they assumed.

 p. 15 For other examples of simple 
mass-balance models see Wat-
mough, 2006; Fenn, 2008; and 
Pardo, 2013.

When simple mass-balance mod-
els are used to predict the critical 
loads for forest acidification, what 
they are actually doing is predicting 
some measure of soil chemistry, 
usually base saturation or base-
to-aluminum ratio. It is important 
to note that, so far as we know, 
there have been no large-scale 
validation studies comparing these 
predictions against measurements. 

p. 16  For dynamic modeling of soil 
acidification using the same dataset, 
see Sullivan, 2011. For the struc-
ture and validation of the MAGIC 
model, see Cosby, 2001, and for 
dynamic modeling in Europe, see 
Hettelingh, 2008. For a comparison 
of four models applied to the same 
site, see Tominaga, 2010, 

The dynamic models being used 
to compute critical loads have had 
extensive development and testing, 
and their ability, given adequate data 

for calibration, to simulate short-
term changes in water chemistry 
seems well established. 

Whether they are equally good 
at predicting the changes in soil 
chemistry involved in forest acidifica-
tion is unknown, because there are 
almost no time-series of soil data 
to test them against. And finally, 
their ability to simulate long-term 
chemical changes depends on their 
ability to simulate the future rates 
of forest growth. These, especially 
in a climate-change century, are 
very uncertain. 

p. 17  Other maps of exceed-
ances are found in Sullivan, 2012; 
McNulty, 2007; and Duarte, 2013. 
The last paper includes the im-
portant finding that, for the most 
sensitive forest trees like red spruce, 
canopy dieback is correlated with 
exceedance. 
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