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The 1990 U.S. Clean Air Act Amendments (CAAA) set target reductions for both sulfur and 
nitrogen emissions to reduce acidic deposition and improve the biologically-relevant chemistry 
of low ANC surface waters in the United States. The Maine High Elevation Lake Monitoring 
(HELM) project was designed to complement other acid rain status and trend assessments in the 
northeast that were known to have underestimated the number of acidic lakes.  HELM lakes are 
more susceptible to the effects of acid deposition than lowland lakes typically included in other 
surveys because they receive higher amounts of precipitation, and the watersheds are less able to 
neutralize acidic inputs because of steep slopes, shallow soils, and resistant bedrock. 
Furthermore, development impacts that affect water quality and cloud our interpretation of 
recovery from deposition in many lowland lakes are absent in the HELM lakes.  

Since 1986, HELM surface water SO4
-2 concentration has decreased at a rate of 1.6µeq/L/yr.. 

HELM lake ANC has increased at a rate of 0.58 µeq/L/yr. and hydrogen ion has decreased at a 
rate of 0.05 µeq/L/yr. since 1986, highlighting the positive effect the CAAA is having on HELM 
acidity. Over the same time period, HELM DOC has increased at rate of 0.03 mg/L/yr., raising 
the median DOC in HELM lakes by 21%. Furthermore, we calculate that organic anions (OA-) 
now contribute 10% to 15% more to total anionic charge while at the same time, the lakes have 
become 23% more dilute. The increase in DOC has led to a shift in the source of acidity from 
anthropogenic inorganic (acid rain), to natural organic DOC sources. While this shift appears to 
complicate the interpretation of acid-base data coming from acid-sensitive lakes, in reality it 
highlights recovery to a more natural state for these surface waters. 

A comparison of HELM recovery data to recent data from the New Hampshire Remote Pond 
(NHRP) project serves to put the NHRP in regional perspective as well as enabling us to make 
inferences about the recovery status of NH’s most sensitive aquatic ecosystems. We estimate that 
the number of acidic NHRP lakes has been cut in half since the CAAA took effect, from 26% to 
13%. 
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PREFACE 

This document is written, and formatted, as a stand-alone thesis document. However, Chapters 4-
6 are intended to be submitted to peer-reviewed journals and are therefore contain full 

documentation to be able to stand on their own as independent documents.  While these chapters 
are written as individual documents they do reference other sections of the thesis to maintain 

continuity as a single work. The first page of each chapter contains an abstract, a list of 
contributing authors and the target journal to which the document will be submitted during 2011-

2012. 

 
 
 
 

 



 

 

Chapter 1: INTRODUCTION 
 
The 1990 Clean Air Act Amendments (CAAA) set regulations on emissions of sulfur and 
nitrogen from industrial sources to remediate the adverse effects of acidic deposition. It was the 
direct goal of the CAAA to improve biologically-relevant chemistry (pH, ANC, toxic aluminum) 
of acid sensitive surface waters. 
 
The EPA National Surface Water Survey (NSWS) was initiated in 1983 to assess the impact acid 
deposition was having on surface waters in the most sensitive areas of the US (Herlihy et al. 
1990). As part of the NSWS, the 1984 Eastern Lake Survey (ELS) was designed to assess the 
chemistry of surface waters in the eastern US (Landers et al. 1988). Initial data from ELS 
underestimated the extent of acidification in the state of Maine due mainly to surface area 
restrictions built in to ELS. This discrepancy led to the implementation of the High Elevation 
Lake Monitoring (HELM) program in 1986 by the ME Department of Environmental Protection 
with the goal of more completely characterizing the effects of acid deposition in Maine’s surface 
waters.  HELM lakes are characterized by thin soils, steep slopes of resistant bedrock, and high 
precipitation totals making them sensitive to changes in atmospheric deposition. A subset of the 
original 90 HELM lakes have been sampled regularly since the program’s inception (Kahl and 
Scott 1994). 
 
In neighboring New Hampshire, the NH Department of Environmental Services had already 
initiated the Remote Pond Monitoring (NHRP) project in 1981 to establish a similar database to 
detect long term chemical changes in the state’s undeveloped remote water bodies (Estabrook 
1996).   
 
It is the goal of this research to use both HELM and NHRP to characterize the current chemical 
status of acid sensitive surface waters in northern New England through long-term analysis of 
remote and high elevation lakes. These lakes are especially vulnerable to the effects of acid 
deposition and have been shown to provide a clear signal of ecosystem response to declines in 
emissions of acidic precursors (Kahl and Scott 1988). 
 

Objectives: 
The overall objective of this research was to assess the effectiveness of the CAAA at improving 
water chemistry in northern New England. We took the following steps to accomplish our 
objective: 

1. Used the HELM data to characterize the current status of surface water recovery from 
acidic deposition in response to the 1990 Clean Air Act Amendments (CAAA). 

2. Updated surface water chemistry trends for the High Elevation Lake Monitoring (HELM) 
project. 

3. Determined the importance of dissolved organic carbon (DOC) on interpreting the 
current recovery status of surface waters. 

4. Collected and interpreted baseflow chemistry for NHRP for comparison to long-term 
HELM data. 

This research will be useful to policy makers to assess the extent of further regulations on 
atmospheric pollutants that have led to degradation of sensitive aquatic ecosystems. Furthermore, 
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this research will educate citizens on a successful federal regulation and how it has affected lakes 
in the northeastern region. 
 

Hypotheses: 
Recovery from acidic deposition in the northeastern US has been extensively documented (e.g. 
Stoddard et al. 2003, Kahl et al. 2004, Driscoll et al. 2003).  Decreased acidity of precipitation 
has corresponded to a predicted decrease in surface water acidity. However, unexpected changes 
have occurred that complicated our interpretation of recovery, such as decreasing base cations 
and increased DOC. Also, increased watershed development since the CAAA has had effects on 
surface water chemistry that have made it difficult to isolate the effects of the CAAA 
specifically. The HELM lakes serve as advance indicators of the response of surface waters to 
changes in atmospheric deposition. This response, coupled with the undeveloped nature of these 
remote surface waters makes them one of the best suited study populations to assess long-term 
changes in chemistry from atmospheric deposition. Based on this we hypothesize that: 
 

1. The CAAA have been successful at improving the acidity status of the HELM lakes. 
Recovery from acidic deposition can be verified in HELM lakes by: 

a. A decrease in surface water SO4
-2 

b. Fewer acidic lakes (ANC < 0 µeq/L) 
c. A more rapid rate of recovery in the most acidic waters 
d. Decreased concentrations of toxic inorganic aluminum  

2. Increases in DOC in surface waters, while complicating the interpretation of other 
recovery parameters, is itself an indicator of recovery and a return to a preindustrial 
chemical status. The status of DOC as a recovery indicator is evidenced by: 

a. Increased organic acidity in HELM lakes 
b. Decreased ratio of mineral acids to organic acids, indicating that some lakes are 

becoming more dependent on natural organic acidity than mineral acidity 
c. Decreased dependence of pH on changes in SO4

-2 indicating that some HELM 
lakes should not be expected to have increased pH as a part of their recovery 
prediction 
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Chapter 2: LITERATURE REVIEW 
 

Acid Deposition Revisited: 
In his 1872 book entitled Air and Rain: The Beginnings of Chemical Climatology, Robert Angus 
Smith first used the phrase “acid rain” as a descriptor of atmospheric deposition in England.  
There are also reports of acidic lakes in North America dating back to the 1950’s (Gorham 
1957). However, analysis of the process of surface water acidification began in Sweden the 
following decade (Oden 1968).  A short time later, the first reports of the chemical and biological 
effects of acidic deposition, and its anthropogenic origin were published. (Likens et al. 1972, 
Schofield 1976).  A robust literature has resulted from research on ‘acid rain’, resulting in an 
understanding that some effects have been overstated in the literature, such as the inability of 
ecosystems to recover (e.g. Kahl et al. 2004).  Some issues, notably the process of recovery, are 
still not fully understood. 
 
Oxides of sulfur (SOx) and nitrogen (NOx) are emission byproducts of fossil fuel combustion.  
When these compounds are combined with atmospheric moisture they form the strong acids 
sulfuric and nitric acid, respectively. There are many different reaction pathways and varying 
kinetics involved with this process.  The strong acids formed have relatively long residence times 
in the atmosphere, and can therefore affect ecosystems hundreds of miles from their origin 
(Seinfeld and Pandis 1998). This distribution makes acidic deposition one of the most ubiquitous 
non-point source pollutants in the global environment.   
 
The deposition of these pollutants in US watersheds has a plethora of ecological effects on 
surface waters, which will be discussed in this section.  As America industrialized in the 1800s, 
the rate of combustion of fossil fuels rapidly rose, elevating emissions of SOx and NOx to 
unprecedented levels.  This pollution of the atmosphere by long range transport for the past 150 
years is widely documented in the paleolimnology literature (e.g. Davis et al. 1983, Charles and 
Norton 1986). 
 

Politics and Policy of Acid Rain: 
The 1970 Clean Air Act has been changed over the past four decades to account for changing 
scientific understanding of atmospheric chemistry.  In 1990, Title IV of the Clean Air Act 
Amendments (CAAA) was passed with the goal to substantially reduce S and N emissions, 
mainly from coal burning electrical facilities, for the purpose of improving surface water quality 
in the US (NRC 2004).  Title IV was implemented in two phases over a ten year time frame. 
Phase I set reduced emissions standards for S and N in 1995 and 1996, respectively, while Phase 
II lowered the emissions standards and expanded affected sources in 2000.  In total, Title IV of 
the CAAA was set to cut emissions by 10 million tons (40%) by 2010, and reduce N emissions 
by 1-2 million tons annually from 1980 levels. (NRC 2004, Stoddard et al. 2003).  More 
recently, the EPA passed the Clean Air Interstate Rule (CAIR) with the intention of improving 
air quality by permanently capping SO2 and NOx emissions which contribute to particulate 
formation and ground level ozone, respectively (http://epa.gov/CAIR) (EPA 2005).  
 
 
 

http://epa.gov/CAIR
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National monitoring efforts:  
The National Atmospheric Precipitation Assessment Program (NAPAP) was formed in 1980, 
with the broad goal of addressing the effects of acidic deposition on US surface waters (Stoddard 
et al. 2003).  Then, in 1983, the US Environmental Protection Agency (EPA) along with several 
federal and academic collaborators initiated the Long-Term Monitoring Project (LTM) to assess 
long-term changes in the chemistry of acid sensitive surface waters in specific regions of the US 
(Morrison 1991).  The 1984 initiation of the National Surface Water Survey (NSWS) by the EPA 
was intended to identify the extent of acid sensitive lakes in the US As part of the NSWS, the 
two phase Eastern Lake Survey (ELS) was conducted in 1984 and 1986 with the specific 
objective of characterizing lake chemistry in the eastern US (Landers et al. 1988). 
 
In response to the passage of the CAAA, the EPA created the Temporally Integrated Monitoring 
of Ecosystems (TIME) in 1991.  TIME, in conjunction with LTM, was designed to meet the 
congressional mandate of assessing the effectiveness of the CAAA.  TIME included a statistical 
population of lakes in the northeastern US (Young and Stoddard 1996).  In 1992, the EPA 
established the Environmental Monitoring and Assessment Program (EMAP) to quantitatively 
characterize the ecological status of natural resources in the US (Messer et al. 1991).  Currently, 
both LTM and TIME are programs of the EPA Office of Air and Radiation, Clean Air Markets 
Division. 
  
Regional monitoring efforts:  
High elevation lake monitoring (HELM) project: ELS estimated that 8 of the 1967 lakes in 
the statistical population of ME were acidic (ANC <0).  At that time, this was recognized to 
greatly underestimate the 60 known acidic lakes in state (Kahl and Scott 1988). This discrepancy 
was due in part to the large minimum size limitation (≥ 4ha) built in to the ELS sampling 
framework. The High Elevation Lakes Monitoring (HELM) project, started by the Maine 
Department of Environmental Protection (ME DEP), was designed to enhance the relevance of 
the data coming from Maine by monitoring lakes at high elevations. 
 
The HELM project was intended to enhance regional comparison of acid rain related research 
through a parallel design to high elevation lake work in the Adirondacks (e.g. Schofield 1976).  
Beginning in 1986, 90 Maine lakes, greater than 600m elevation, at least 0.4 ha surface area and 
1m deep, have been sampled periodically (Kahl and Scott, 1988). On average the HELM lakes 
are more acidic than the rest of Maine’s lakes because they (Fig 2-1.): 

• receive higher amounts of precipitation 
• have a larger input of organic acids 
• have low or no development disturbance  
• have low acid neutralizing capacities (ANC) due to the characteristics of geology 

and soils (steep slopes, shallow soils, chemical-weathering resistant bedrock). 
In 1986, 13% of the HELM lakes were acidic, compared to 14% of Adirondack lakes sampled by 
ELS in 1984 (Kahl et al. 1991). All of these factors make the population of HELM lakes 
preferentially suited to the general population of northeastern lakes as an indicator of recovery 
from acidic deposition. 
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Figure 2-1.  Photograph of Crater Pond which sits high atop Saddleback Mtn. in western Piscataquis 
County, ME. Crater is an excellent example of the topographic and geologic setting of the Maine HELM 

lakes. Photo courtesy of Michelle Daley, 2009. 
 
New Hampshire remote ponds (NHRP) project: NH Fish and Game (F&G) Department began 
stocking a subset of remote ponds in NH with fish during the late 1970s in response to an 
increasing desire by the angling community for more secluded fishing opportunities.  The 
process of stocking the ponds began by backpacking cans of fish to the ponds and transitioned to 
using fixed wing aircraft and helicopters within a few years.  In the early 1980s, concerns about 
the impact of acidic deposition (acid rain) on fisheries grew, leading F&G biologist Brook Dupee 
to test pH levels of the ponds during stocking flights (R. Estabrook, personal communication, 
March 14, 2008), although the continuity of the methods and these data are largely unknown. 
 
In 1981, the NH Department of Environmental Services (NH DES) initiated the Remote Pond 
Monitoring project to establish a long term monitoring database to detect trends in acidity for 
remote water bodies.   The database was intended to serve as a tool for fisheries managers to 
differentiate between ponds that were too acidic to support fish, and those ponds that were 
simply poor fish habitats.  A subset of remote ponds, many of which are at high elevation (above 
2000 ft), has been monitored periodically since the program’s inception (Estabrook 1996).  
Research on lakes of this nature has been shown to provide an advanced signal of regional 
response to changes in deposition due in part to their remote locations (Kahl and Scott 1988). 
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Until 2007, the NH remote ponds were being sampled during fish stocking trips that typically 
take place in a range of dates from April to June. This is important because during periods of 
high flow, acidification-relevant chemistry can be drastically affected by natural biological 
processes as well as soil and geological factors that are not related to acidic deposition (Kahl et 
al 1989). 
 

The Advantage of Undeveloped Watersheds: 
A recent study by Rosfjord et al (2007) used the EPA ELS statistical framework of lakes 
representing the population of lakes with low acid neutralizing capacity (ANC) in the 
northeastern US to provide a regional assessment of 20-yr changes in chloride (Cl-) and major 
cation chemistry.  The study region included urban/suburban areas in southern New England and 
more remote settings in the Adirondack Mountains and Maine.  The conclusions were that 
assessments of acid-base chemistry are compromised by major changes in Cl- (largely from road 
salt) in much of the population of lakes, while the more remote regions of the Adirondack 
Mountains and Maine were relatively less impacted and free of  substantial increases in Cl-.  The 
HELM and NHRP ponds currently have median Cl- concentrations <10 µeq/L respectively, and 
have shown no increase over time. This lack of Cl- is significant when compared to the 
increasing New England region wide median of 59 µeq/L. The lack of impact from development 
enhances the suitability of the HELM and NH remote ponds for long-term assessment of 
recovery from acidic deposition and is discussed further in Chapter 4. 
 

Ecosystem Effects of Acidic Deposition: 
Once sulfuric and nitric acids are deposited on the landscape, a variety of chemical changes take 
place, leading to ecosystem effects that include surface water acidification in rare instances. The 
key parameters of interest are pH, acid neutralizing capacity (ANC), SO4

-2, NO3
-, dissolved 

organic carbon (DOC), magnesium (Mg+2) and calcium (Ca+2), collectively referred to here as 
base cations (Cb), and inorganic aluminum (Ali). Analytical procedures for all of the analytes are 
detailed in Chapter 3. The following section defines and describes each of the key parameters 
discussed in this thesis. 
 
pH:   
pH is defined as the activity of hydrogen ion (H+) in an aquatic environment, and is dependent 
upon many factors, including all of the parameters discussed here, some more directly than 
others. pH control in surface waters falls on a spectrum ranging from natural sources (i.e. DOC 
or organic acids) to anthropogenic (i.e. acid rain or mineral acids). The measured pH of a 
waterbody is influenced by the amount of dissolved carbon dioxide (CO2) it contains. Most 
surface waters are super-saturated and highly variable with respect to CO2 (Cole et al. 1994). 
Therefore, historical pH data with no documentation of accounting for CO2 concentrations are 
highly suspect. Increasing pH is the ultimate goal of regulating emissions to control acid rain, 
and is a necessary precursor to improving aquatic health through increasing biological abundance 
and diversity.  However, there is no justification for a target neutral pH of 7.  Full recovery for 
many lakes and streams may be pH in the range of 5.0 to 5.5. 
 
ANC:   
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Acid neutralizing capacity (ANC) is a measure of how well an aquatic system can buffer a 
change in pH upon addition of acidic inputs.  Although ANC is a specific parameter measured 
directly in the laboratory, it can be defined by the following equation: 
 

ANC = {[Na+] + [K+] + [Mg+2] + [Ca+2]} - {[Cl-] + [SO4
-2] + [NO3

-]} 
 
From this equation it is easy to see that by lowering the concentration of acid anions entering a 
water body, the ANC will subsequently increase if no other compensating changes occur.  It is 
for this reason that ANC, along with pH, is typically used as the main chemical indicator of 
aquatic recovery, or lack thereof, when dealing with acidic deposition. 
 
Sulfate/Nitrate:   
Emissions of sulfur and nitrogen are converted to their corresponding strong acids and deposited 
onto the landscape as a mixture of protons and their subsequent acid anions: 
 

H2SO4 → 2H+ + SO4-2 
HNO3 → H+ + NO3- 

 
Using the equation above, an increase in sulfuric and nitric acid (acid rain) will lead to increased 
H+ (decreased pH) and increased acid anions (SO4

-2 and NO3
-) in surface waters. 

 
Nitrogen is a limiting nutrient for forest growth, mainly in the forms of NO3

- and ammonium 
(NH4

+).  Therefore, some proportion of the N in deposition is utilized in the environment as a 
nutrient.  However, the prolonged loading of N to forest ecosystems has caused concern over N 
saturation, and the potential for the forest to act as a source of N, rather than a sink in sensitive 
regions (Aber et al. 1989, 1998), although long-term data have shown that there is no trend or 
pattern toward N saturation in the northeast (Mitchell et al. 1996, Aber et al. 1998).  Elevated 
NOx emissions are linked to environmental problems beyond surface water acidification (i.e. 
tropospheric ozone production, coastal eutrophication, stratospheric ozone depletion) (Aber et al. 
2003, Galloway et al. 2003). Unlike S, the major sources of NOx emissions are still unregulated 
(i.e. vehicle emissions and food production) but EPA projects major declines in N deposition as a 
result of CAAA and CAIR regulations, continuing the decline in N deposition evident over the 
past decade (http://www.epa.gov/airmarkets/progsregs/nox/index.html).  
 
Base cations:  
Cations of sodium (Na+), potassium (K+), magnesium (Mg+2) and calcium (Ca+2) are all found in 
the environment in some capacity. The latter three (K+, Mg+2, Ca+2) are nutrients necessary for a 
forest ecosystem that originate from natural processes of weathering and decay and are found 
bound to soil particles at cation-exchange sites.  In the context of acidic deposition, it is common 
to refer to Ca+2 and Mg+2 collectively as base cations (Cb) as they represent cations that have 
dissociated from strong bases. As acid rain infiltrates forest soils, protons may displace Cb from 
exchange sites.  This process neutralizes acidity, and may mobilize Cb to surface waters.  
Therefore, recent decreases in precipitation acidity have decreased the supply of Cb to surface 
waters during the process of replenishment of base cations in soils. This has been a confounding 
factor for recovery in many northeastern lakes, despite it being an indicator of recovery for forest 

http://www.epa.gov/airmarkets/progsregs/nox/index.html
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soils (i.e. Driscoll et al. 1995, Webster and Brezonik 1995, Stoddard et al. 1998). The 
continuation in this trend of Cb decline is a major factor in future recovery of surface waters from 
acid deposition (Stoddard et al. 1999). 
DOC:   
DOC is a naturally occurring group of organic compounds whose main source is the continuous 
decay and dissolution of forest matter.  DOC describes a near infinitely large group of 
compounds with multiple functionalities. The majority of these compounds are high molecular 
weight aromatic and aliphatic hydrocarbon structures with any number of attached functional 
groups (i.e. ketones, carboxyl, hydroxyl, amide, etc.) (Leenheer and Croue 2003). Collectively 
we term these compounds humics, and they are responsible for the brown tint that high 
concentrations of DOC are known for in surface waters. High levels of DOC are capable of 
supplying enough organic acids to surface waters to naturally depress pH without the aid of acid 
rain (Kahl et al. 1989).  There is potential that high DOC lakes have always been acidic, and the 
possibility that decreasing the supply of inorganic acidity from acid rain may have little or no 
effect on their overall acidity (Davis et al. 1985, Driscoll et al. 1989).  
 
Aluminum:   
Aluminum is a cation found naturally in soils due to the weathering of alumino-silicate minerals 
(McBride 1994, Stumm and Morgan 1970).  At low pH, aluminum has two key properties, it acts 
as a pH buffer, and it becomes increasingly soluble (Munson and Gehrini 1991).  The solubility 
of aluminum, specifically the inorganic monomeric species is of special importance due to its 
toxicity to fish (Schofield 1976). The overall toxicity of aluminum has been shown to be 
dependent on pH and affect the life stage history of fish (Baker and Schofield 1982).  During the 
acidification process, significant levels of toxic aluminum may be leached from soils into surface 
waters.  Therefore, recovery of acidified surface waters should include a decrease in toxic 
aluminum concentration over time (Kahl et al. 2004). 
 
Critical loads:  
A critical load is “the quantitative estimate of an exposure to one or more pollutants below which 
significant harmful effects on specified sensitive elements of the environment do not occur 
according to present knowledge” (Nilsson and Grennfelt 1988).  Critical loads with respect to 
acidic deposition are the maximum amount of strong acid anions that can be deposited in surface 
waters without yielding harmful biological results (Henriksen and Brakke 1988).   What is often 
missing from the calculation is DOC, thus rendering the critical load too aggressive (i.e. the load 
is too low) for its stated purpose. 
 
Critical loads for the northeastern forests have been estimated by both chemical models using S 
and N cycling information (i.e. Pardo and Driscoll 1996, Dupont et al. 2005) and large scale 
watershed pollutant input studies  (i.e. Kahl et al. 1993a). Typically a target load is set, either 
being more or less restricting than the critical load, and reflects political reality (Porter et al. 
2005). This approach to air-pollution control has been successfully implemented in both Canada 
and Europe and interest is quickly increasing in the US (Burns et al. 2008). Lawler et al. (2005) 
used a critical loads approach to estimate biological (fish) recovery in HELM lakes concluding 
that only modest improvements should be expected. 
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Summary of Trends in Acidic Deposition: 
Atmospheric trends: 
Emissions: SO2 and NOx emissions have decreased by 12 million (from 1980) and 5 million tons 
(from 1990) respectively from regulated sources, far exceeding the goals set by Title IV of the 
CAAA (EPA 2010) (Fig 2-2 and 2-3).  Over this time period there have been changes in surface 
water chemistry that suggest the emissions regulations have had a positive effect on the acid-base 
status of surface waters.  Therefore, we know that surface water chemistry responds to changes 
in precipitation chemistry.  However, we do not yet know the extent and rate of recovery at 
current emissions levels.  Furthermore, we have not come to agreement on the end point for 
recovery, and therefore do not yet know the total amount of emission reductions that will be 
required to reach this undefined target.   
 

 
Figure 2-2. SO2 Emissions from Acid Rain Program Sources, 1980-2009 (taken from EPA 2010) 

 

 
Figure 2-3. NOx Emissions from Acid Rain Program Sources, 1990-2009 (taken from EPA 2010). 
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Precipitation chemistry: The effect that the emissions decreases have had on precipitation 
chemistry of SO4

-2 and NO3
- have differed over time.  The eastern US exhibited a 10-25% drop 

in SO4
-2 concentrations between the mid-1980s and late 90s, a time period that did not show a 

significant change in NO3
- concentration (Lynch et al. 2000). Neither SO4

-2 nor NO3
- had been 

showing any regionally significant trends prior to that point, a conclusion that was aided by a 
lack of sample size and accuracy (Shannon 1999).  However, a look at recent data indicates that 
SO4

-2 and NO3
- have both been declining steadily now for at least two decades (Fig. 2-4). 

 

 
Figure 2-4. Annual decline of precipitation weighted means for (a) sulfate and (b) nitrate at NADP 

stations in NY (Huntington Station-NY20), NH (Hubbard Brook-NH02), and ME (Greenville-ME09). 
 
Surface water trends: 
Changes in precipitation chemistry directly led to widespread declines in surface water SO4

-2 
concentrations in the northeast throughout the 80s and 90s, a time frame in which areas with the 
highest NO3

- concentrations also experienced significant declines in NO3
- concentrations (i.e. 

Stoddard et al. 1998, 2003, Kahl et al. 2004, Kahl 1999, Driscoll et al. 1995, Skjelkvale et al. 
2005, Driscoll et al. 2003).  Unlike SO4

-2, analyzing trends in NO3
- concentrations over such a 
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short (decadal) time frame is problematic, due to complication by other ecosystem factors (i.e. 
biology, forest succession, climate, etc.) (Skjelkvale et al. 2005, Galloway et al. 2003). 
 
Decreasing concentrations of acid anions in precipitation and surface waters (mainly SO4

-2) 
should have led to corresponding decreases in acidity. However, regionally only ME was 
showing increases in ANC through the 1980s (Kahl et al. 1993b).  This discrepancy was due to 
large declines of base cations in many northeastern surface waters offsetting the effects of 
decreasing sulfate concentrations (Driscoll et al. 1989, 1995, Webster and Brezonik 1995, 
Stoddard et al. 1998).  The decline in base cations was reported to be from two sources, 
decreased atmospheric deposition of base cations and watershed based processes influencing 
cation exchange in the forest soils (Driscoll et al. 1989, Likens et al. 1996).  The latter of these 
two has been shown to be the controlling process, with the former contributing insignificantly to 
base cation concentrations in northeastern surface waters (Kahl 1999).   
 
During the 1990s, some of those lakes experiencing the most severe declines in base cations 
began to show increases in ANC as the base cation decline slowed and SO4

-2 declines continued 
(Driscoll et al. 2003, Stoddard et al. 2003, Kahl et al. 2004, Skjelkvale et al. 2005). A similar 
shift has been seen in SE Canada, and is shown to correspond to a lakes proximity to an 
emissions source (Jeffries et al. 2003).  The magnitude to which Cb has decreased is an 
unforeseen result of decreased acidic deposition, and is a very important factor in assessing 
recovery of surface waters in the future (Stoddard et al. 1999).  
 
Recent increases of DOC in many acid sensitive regions in the northern hemisphere, although 
small, are proving to be an important factor in recovery assessments (i.e. Stoddard et al. 2003, 
Driscoll et al. 2003, Skjelkvale et al. 2005, Evans et al. 2005, Monteith et al. 2007, Evans et al. 
2008). Currently, proposed mechanisms for the DOC increases include temperature and land-use 
changes (Freeman et al. 2001, Garnett et al. 2000), changes in hydrologic conditions (Worrall 
and Burt 2005), persistent N deposition (Findlay 2005, Evans et al. 2008), and increases in 
atmospheric CO2 (Freeman et al. 2004).  The debate over these mechanisms has not yet yielded a 
single driver, but many studies suggest that increasing DOC is due primarily to decreased sulfate 
deposition (Evans et al. 2006, Monteith et al. 2007, Roulet and Moore 2008). Furthermore, 
slowing rates of ANC recovery may be evidence that those lakes with naturally high DOC 
content are approaching full recovery. As discussed previously, these lakes may have always 
been naturally acidic, and were minimally influenced by the inorganic acidity in precipitation. 
 
Decreasing acidity in some regions of the northeastern US is a positive effect of the CAAA, and 
has already been linked to biological productivity increases in some affected areas of the 
Adirondacks (Momen et al. 2006).  Modest declines in aluminum in northeastern lakes provide 
very promising evidence towards biological recovery as well (Stoddard et al. 2003, Kahl et al. 
2004, Warby et al. 2008). 
 
Recovery: 
It has been shown that those lakes whose acid-base status was disrupted had been at least 
somewhat acidic at the onset of acidic deposition, with pre-industrial pH ~ 6 and ANC values   
~0 µeq/L (Galloway et al. 1983, Charles and Norton 1986, Kahl et al. 1993b). Furthermore, it 
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has been documented that the  maximum acidification of any known acidic lake in the northeast 
ranged from 0.4 to 1.1 pH, suggesting that these lakes must have started with a prehistorical pH 
no more than about 6 (Cumming et al. 1994).  Stoddard et al. (2003) showed that lakes with a 
summer baseflow ANC > 30 µeq/L were able to resist acidification episodes during high flows.  
In summary, full recovery for the majority of acidified lakes will be represented by a pH range of 
5.0-6.0 and an ANC range of 0-30 µeq/L.  At current rates of recovery, the fastest recovering 
lakes are no more than a decade away from this goal (Kahl et al. 2004). Full recovery of a 
surface water will occur when it has returned to a pre-industrial ecological status. Continued 
monitoring of the effects of current federal emissions standards is strongly encouraged at the 
present, as it will allow researchers to make science based recommendations to policy makers 
from long-term ecological data. 
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Chapter 3: METHODS 
 

Site Description: 
High elevation lake monitoring (HELM) project:  
The HELM lakes are located from western to north central Maine on generally mountainous 
terrain. HELM watersheds are comprised mainly of soils formed from glacial deposits overlying 
weather resistant bedrock such as granites, quartzites, and other igneous and metamorphic rocks. 
These high elevation evergreen boreal forests are dominated by spruce-fir cover similar to that of 
the Adirondack Mountains of NY (Kahl and Scott 1994). 
 
Selection criteria: The HELM project originally sampled all 90 Maine lakes that fit the 
following criteria:  

- Greater than 600m in elevation 
- At least 1m in depth 
- At least 1 acre in surface area 
- No stream flowages 
- No beaver impoundments 

 
This selection criterion was designed to target lakes in Maine that were the most vulnerable to 
the affects of acidic deposition (Kahl and Scott 1994), in parallel to the criteria for lakes sampled 
in the Adirondack region in the 1970s that brought the acid rain issue to national attention (e.g. 
Schofield 1976). 
 
Since 1986 a subset of the original 90 lakes has been sampled periodically, including a complete 
re-sample in 2000.  For this report we looked at a subset consisting of 28 lakes that have been 
sampled at the most consistent interval (Fig. 3-1). These 28 lakes were selected because they had 
been sampled at least twice prior to 1990 and were sampled at least 6 times between 1997 and 
2009. All 28 lakes were sampled at least once during the 2008-2009 sampling campaign (Table 
3-1). Samples were collected either in the summer or fall to meet the baseflow criteria used by 
companion EPA monitoring programs (Landers et al. 1988, Kahl et al. 2004)  
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Figure 3-1. Map of HELM and NHRP sites highlighting their proximity to the White Mountains. HELM-

All indicates all of the original HELM sites from 1986-87, while HELM-LTM indicates only those 
HELM sites used in this report. 
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Table 3-1. Sampling frequency for the 28 HELM lakes used in this report. Single stars (*) represent 
individual samples and multiple stars indicate that two or three samples were taken, both in the summer 
and in the fall. Sites that were not sampled during a given year are represented by “ns”. 

    
 

YEAR     
Pond Name 1986 1987 1997 1998 2000 2001 2002 2003 2008 2009 

Mountain (#2) ** ns * * * ns ns * * * 
Greenwood *** * * * * * * * * * 

Crater *** * * ns * * * * * * 
Cloud *** * * * * * * * * * 

Aziscohos ** * * * * * * * * * 
Rock (Chain) ** * ** ** * ns ns ns * ns 

Muskrat *** * * * * * * * ns * 
Tumbledown *** * * ns * * * * * * 

Mud-R *** ns ** * * * * * ns * 
Mountain-R *** ns ** * * ** * ns ns * 

Rock *** ns ** * ns * * * * * 
Eddy *** * ** *** *** * * * * * 

Moose & Deer *** * ** *** * * * * * * 
Ledge *** * ** * *** * * * * * 
Ethel ** * * *** *** * * * * * 
South *** ** ** ** ** ** * * * * 

Little Swift 
River *** * ** ** * * * * * * 
Long *** ns ** ** * * ns ns * * 

Round *** * ** ** * * * * * * 
Moxie *** * * * ** * * * ns * 

Spencer *** ns * ** * * * * ns * 
Southwest *** ns ** * * * * * * * 
Jackson *** ns * * * * * * * * 

Unnamed 
(6936) * * ns ns * * * * * * 

Unnamed 
(7776) ** ns ns * * * * * * * 
Horns *** ns * * * * * * * * 

Cranberry *** * * * * ns * * * * 
Unnamed 

(9114) *** * ns ns * * * * * * 
 
 
Precipitation influence: The chemistry of HELM lakes is responsive to seasonal events in 
precipitation.  Therefore, we split the samples into a baseflow group, and an event flow group to 
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account for years in which there was high fall precipitation. We plotted monthly precipitation in 
Greenville, ME from May to October since 1986 (Figure 3-2), and then broke the historical 
precipitation totals into quartiles and analyzed for outliers. An outlier was any month that had 
precipitation greater than 1.5 times the interquartile range (Devore 1994).  Two of the outlying 
months, September of 1999, and October of 2005, preceded sampling trips. Therefore, samples 
collected in the fall of 1999 and 2005 have been categorized as event samples and were not used 
is this report for assessing long term response to reductions in deposition from the CAAA.  
 

Monthly Precipitation at Greenville, ME
(May - October)
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Figure 3-2. The median monthly precipitation at the Greenville, ME NADP station for May to October 
during the monitoring period described in this report. The median monthly precipitation (9.9 cm) is 
represented by the dashed line. The solid line represents the upper boundary for outliers (> 1.5x the 
interquartile range). Any month that falls above the solid line is considered an “event” month. The pink 
dots represent event months that preceded sampling dates and the data were not used in this report.   
 
New Hampshire remote ponds (NHRP) project:  
A detailed description of the history of the NHRP project is in Chapter 2 and recommendations 
for the future of this sampling program are described in Chapter 7.   
 
From 1981-2006, sample collection and analysis was completed through the cooperative effort of 
the New Hampshire Fish and Game (NH F&G) Department and the New Hampshire Department 
of Environmental Services (NH DES). Historically, NHRP sample collection took place during 
mid- to late spring. In order to compare NHRP data to that collected from other regional 
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programs on acidic deposition, including HELM, we collected our NHRP samples during the 
summer and fall.  This allows us to make comparisons between regional data sets.  The NHRP 
data are poorly suited for assessing long term chemical changes specifically related to the CAAA 
because of the competing influence of spring runoff episodes due to snowmelt in the historical 
data.  Therefore, the information presented here is a population status summary based on 40 
ponds that were sampled during the 2007-2009 sampling campaign (Fig. 3-1).  
 

Sample Handling: 
All sample collection and analysis procedures for HELM and NHRP were consistent with EPA 
EMAP protocols (Peck 1992, Stoddard et al. 2003). The following is a detailed description of 
sample collection and processing procedures during 2007-2009. 
 
Sample collection: 
Prior to the sampling date, all bottles and syringes had been rinsed at least three times with 
deionized water with a resistance of at least 18 MΩ (DI) and then left to soak, filled with DI water 
for at least 48hr. At each site two 500mL HDPE bottles and two 60cc syringes were collected at 
arms depth from the center of the pond, away from the shore and any inlet or outlet influence. 
 
By helicopter: All HELM samples and most 2009 NHRP samples were collected from a jet-
ranger helicopter. Samples were collected by a crew of three people, a pilot, a navigator, and a 
sampler. In the day preceding the sampling trip, the containers were emptied and grouped into 
sets (2 bottles & 2 syringes). Each set was assigned a number, rubber banded together and set in 
a cooler. GPS coordinates were sent to the pilot in advance of the flight in order to organize a 
flight plan. Once in the air, the pilot would announce a waterbody name as it was approached 
and the navigator would confirm the site identification using a pre-labeled Delorme Gazetteer 
map. The sampler would then take out a bottle set and read the number to the navigator, who 
would make note in the field book of the site ID, its corresponding bottle set number and any 
other field notes. The helicopter was outfitted with large pontoons that allowed for a brief 
landing on each waterbody. Upon landing, the sampler would climb out onto the pontoon, rinse 
each container with sample one time, and then collect a sample for analysis. Samples were stored 
in a cooler on the helicopter and put on ice upon landing for storage until analysis. 
 
By inflatable raft: NHRP sample collection prior to 2009 was conducted by inflatable boat. 
Samplers were required to pack all necessary equipment in to sampling locations for sample 
collection. Upon arriving at a pond a small inflatable raft was inflated with a hand pump while a 
temperature reading was obtained from a location away from direct sunlight. Sample bottles and 
syringes were rinsed three times with pond water from the shoreline, taking care not to disturb 
sediment, and then filled with pond water to soak. Samplers then rowed out to a location away 
from the shoreline to dump and rinse the sample bottles and syringes one more time, this time 
leaving them empty and prepared to sample. The sampler would then row to the sample location, 
which was determined as a central location as far from any potential biases as possible (i.e. 
inlets, outlets, shallow areas, etc.).  A water temperature reading was obtained by allowing an 
armored thermometer to equilibrate during the sampling process. Samples were kept out of the 
direct sunlight until arrival at a vehicle where they were put in a cooler with ice as soon as 
possible and transported back to the lab. A field notebook containing a log of all sampling details 
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(i.e. sampler(s), date, site, weather conditions, temperature(s), etc.) was filled out for each site 
and is kept in the laboratory.  
 
Laboratory analysis: 
Prior to 2009, all sample analyses except DOC were conducted by the Environmental Research 
Laboratory (ERL) at the Plymouth State University (PSU) Center for the Environment (CFE). 
During this time, analysis for DOC was conducted at the University of New Hampshire (UNH) 
Water Quality Analysis Laboratory (WQAL).  In 2009, all sample analyses were conducted at 
the UNH WQAL using very similar equipment. Continuity of primary analyst (Adam Baumann) 
was maintained throughout the transition.  Table 3-2 lists a summary of techniques and 
equipment used during both time frames. 
 
Table 3-2.  Analytical Methods. 
____________________________________________________________________________________ 
Analyte    Method    Reference 
pH, equilibrated   Electrode    Hillman et al. 1986, EPA 5.04 
Specific conductance   bench-top meter  EPA 120.12, EPA 23.04 
ANC     Gran Titration   Hillman et al. 1986, EPA 5.04 
Anions: Cl, NO3, SO4   Ion chromatography    EPA 300.11 
Cations: Na, K, Ca, Mg  Ion chromatography                         EPA 300.11  
Aluminum (total & organic)  GFAA (2007-2008)    EPA 200.93 
     ICP-AES (2009)   EPA 200.83 
Dissolved Organic Carbon  High Temp. combustion, NDIR EPA 415.12 
Total Dissolved Nitrogen         High Temp. combustion, CLD Merriam et al. 1996 
______________________________________________________________________________ 
GFAA = Graphite Furnace Atomic Absorption spectroscopy CLD = chemiluminescence detector  
NDIR= Non-dispersive Infrared spectrophotometry 
 
Method references: 
1. Methods for the Determination of Inorganic Substances in Environmental Samples, EPA 600/R-93-100, 

1993. 
2. Methods for Chemical Analysis of Water and Wastes, EPA 600/4-79-020, 1979, Revised 1983. 
3. Methods for the Determination of Metals in Environmental Samples, EPA 600/4-91/010, 1991, 

Supplement 1, EPA 600/R-94/111, 1994. 
4. Handbook of Methods for Acid Deposition Studies:  Laboratory Analysis For Surface Water Chemistry, 

EPA 600/4-87-026, 1987. 
 
Quality control (QC): QC procedures were followed to maintain a high level of confidence in 
the entire analytical process. A summary of holding time and QC objectives is summarized in 
Table 3.  A summary of QC applications follows here. 
 
Calibration: A set of standards that contain the analyte of interest and that have been prepared 
across a concentration range that brackets the range of samples to be analyzed. Calibration 
accuracy can be determined by analyzing a regression of concentration vs. instrument response. 
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Check standards: Standards that have been prepared from a source independent of those used to 
prepare the calibration standards. Check standards are prepared to a concentration that represents 
a typical sample that will be analyzed. Check standards are subject to the accuracy objectives 
listed in Table 3-3. 
 
Field Duplicates (DUP): To ensure the control of sampling procedures, random sites are 
collected in duplicate and analyzed as two separate samples.  DUP’s are collected at a rate of at 
least 10% and are subject to the precision objectives listed in Table 3-3. 
 
Laboratory Replicates (REP): To ensure the reproducibility of analytical procedures, samples are 
split and run in replicate during each analysis. REP’s are analyzed at a minimum of 10% and are 
subject to the precision objectives listed in Table 3-3. 
 
Blanks: Periodically, sample bottles are filled with DI water in the laboratory and treated as a 
field sample. Blanks are then subject to the same sample handling procedures that a sample 
would be. This allows the analyst to assess potential contamination during the sample handling 
process and correct if necessary. 
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Table 3-3.  Target Holding Times, Method Detection Limits, and Precision and Accuracy Objectives for 
surface water samples. 
________________________________________________________________________________________ 
    HOLDING DETECTION   CONC.  PRECISION    ACCURACY 
   ANALYTE  TIME1  LIMIT2  RANGE OBJECTIVE OBJECTIVE 
_______________________________________________________________________________________ 
 
pH, equilibrated  48 hours n/a  ≤ 5.74 SU ± 0.075 SU ± 0.025 SU 
        > 5.75 SU ± 0.15 SU ± 0.05 SU 
 
ANC   14 days  n/a  ≤ 100 µeq/L ± 5 µeq/L ± 4 µeq/L 
        > 100 µeq/L ± 5%  ± 4% 
 
Conductivity  14 days  n/a  ≤ 50 µS/cm ± 1 µS/cm ± 1.0 µS/cm 
        > 50 µS/cm ± 2%  ± 2% 
 
DOC   14 days  0.1 mg/L  ≤ 2 mg/L ± 0.1 mg/L ± 0.1 mg/L 
        ≤ 2 mg/L  ± 5%  ± 5% 
 
Al, total & organic      28 days  10 µg/L  ≤ 100 µg/L ± 10 µg/L ± 5 µg/L 
        > 100 µg/L ± 10%  ± 5% 
 
Ca    28 days  1.0 µeq/L ≤ 20 µeq/L ± 1.0 µeq/L ± 0.8 µeq/L 
        > 20 µeq/L ± 5%  ± 4% 
 
Mg    28 days 0.8 µeq/L ≤ 16 µeq/L ± 0.8 µeq/L ± 0.6 µeq/L 
        > 16 µeq/L ± 5%  ± 4% 
 
Na    28 days  0.9 µeq/L ≤ 20 µeq/L ± 1.0 µeq/L ± 0.8 µeq/L 
        > 20 µeq/L ± 5%  ± 4% 
 
K    28 days  1.0 µeq/L ≤ 20 µeq/L ± 1.0 µeq/L ± 0.8 µeq/L 
        > 20 µeq/L ± 5%  ± 4% 
 
Cl-    28 days  0.8 µeq/L ≤ 20 µeq/L ± 1.0 µeq/L ± 0.8 µeq/L 
        > 20 µeq/L ± 5%  ± 4% 
 
NO3

-   7 days  0.5 µeq/L ≤ 10 µeq/L ± 0.5 µeq/L ± 0.4 µeq/L 
        > 10 µeq/L ± 5%  ± 4% 
 
SO4

2-   28 days  1.0 µeq/L ≤ 20 µeq/L ± 1.0 µeq/L ± 0.8 µeq/L 
        > 20 µeq/L ± 5%  ± 4% 
________________________________________________________________________________________ 
 1Holding time is the time from sample collection to analysis; 

2The method detection limit is determined as a one-sided 99 percent confidence interval from repeated 
measurements of a low-level standard across several calibration curves. 

 
Analytical Procedures: The following section contains procedural details for individual 
analyses used in this report. A summary of this information can be found in the accompanying 
tables in this Chapter. 
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Acid Neutralizing Capacity (ANC): ANC titrations were conducted on a Radiometer TIM860 
Titration Manager equipped with a 10mL burette and SAC80, 20 position sample changer, and 
Orion BN8104 pH probe. All samples and standards were titrated to a pH 3.5 endpoint with 
0.02N H2SO4 using Titramaster85 software. Titration data was exported into Excel and ANC 
was calculated through a Gran calculation spreadsheet. pH probe(s) were calibrated using pH 4 
and pH 7 buffer solutions and were required to meet a +/- 2% slope requirement for use before 
each run. Check standards consisted of standard acid (pH 4.70), air equilibrated DI water (eqDI), 
and various dilutions of sodium bicarbonate (NaHCO3). Multiple check standards were run 
throughout each batch and were subject to the QC requirements in Table 3-3.  REP’s were 
analyzed at >10% throughout the project. 
 
Filtration: Samples for IC, DOC, and Total-Al were filtered prior to analysis. Raw sample was 
passed through a 0.45µm polycarbonate filter using a vacuum pump attached to a HDPE side-
arm flask and magnetic filter funnel. The entire apparatus was DI rinsed, and filtrate rinsed prior 
to sample collection. Final filtrate was then poured into clean, DI soaking, filtrate rinsed 60mL 
HDPE bottles. Filtered aliquots were preserved and stored according to the procedures outlined 
for the individual analyses. 
 
Aluminum, Organic (Al-org): Inorganic aluminum was removed from samples through the use of 
an analyst prepared cation exchange column. A 50mL separation funnel was filled with 20cc 
cation exchange resin (CER) (CAS #: 69011-20-7) on top of a small amount of glass wool to 
keep the resin from draining out of the apparatus. The apparatus was rinsed with 500mL of DI 
water prior to its first use. Exchange sites in the CER were regenerated with a solution consisting 
of 825µL HCl and 5.75g NaCl diluted to 10L (Regen solution). In between samples the 
apparatus was rinsed with 40mL of DI water, 100mL of Regen solution, and 100mL DI water, in 
that order. The apparatus was then rinsed with 40mL of raw sample and drained prior to a small 
amount of sample being passed through the column, collected in, and used to rinse, a 60mL 
bottle. Sample was then passed through the column and collected in the sample rinsed bottle. 
Exchanged samples were preserved as described in “Total-Al” below. 
 
Aluminum, Total Dissolved (Total-Al): Filtered sample was acidified to 1.25% (v/v) with HNO3 
and refrigerated until analysis prior to 2009. In 2009 samples were filtered and frozen for 
storage, then thawed and acidified prior to analysis. Prior to 2009 samples were analyzed on a 
Varian Graphite Furnace Atomic Absorption (GFAA) analyzer. Independent, single element ICP 
standards were used for calibration and check standards. The instrument was calibrated before 
every run, and check standards were run multiple times throughout each batch. REP’s were run 
at > 10% throughout the analysis. In 2009 samples were analyzed on a Varian Vista inductively 
coupled plasma atomic emission spectrometer (ICP-AES) analyzer in the USDA Forest Service 
Laboratory in Durham 
 
Anions and Cations, Major (Cl, SO4, NO3, Na, K, Mg, Ca) (IC): Prior to 2009, major ion analysis 
was conducted on a Dionex ICS-2000 ion chromatography system. In 2009 the analysis was 
conducted on a Dionex ICS-1000 ion chromatography system. The analytical procedure is nearly 
identical between the two instruments. Filtered sample was stored at 4oC until analysis. Samples 
were analyzed in 3x DI rinsed and soaked 5mL plastic autosampler vials and filterless caps in an 
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AS40 autosampler. Sample was split at injection and run for anions and cations simultaneously 
in series. Data analysis (calibration, peak identification/quantification) was conducted using 
Dionex Chromeleon software.  Check standards and REP’s were analyzed at > 10% each. 
 
Conductivity: Conductivity measurements were carried out using an Accumet AB30 conductivity 
meter and 0.1cm cell constant glass body conductivity probe. The cell was calibrated using a 50 
µS/cm conductivity standard. Check standards were prepared in the 15-30 µS/cm range by 
diluting a 1N KCl solution. All samples were allowed to come to room temperature to minimize 
the need for temperature compensation, although automatic temperature compensation was 
enabled on the meter. The temperature probe and conductivity cell were rinsed thoroughly with 
DI water between each sample. Samples and standards were analyzed in DI cleaned and soaked, 
sample rinsed 50mL plastic cups. Check standards and REP’s were analyzed at >10% each. 
 
Dissolved Organic Carbon (DOC): Filtered sample was frozen until analysis and thawed 
completely before pouring.  This is a change from the 1987-2005 period when samples were not 
frozen because of concern about physical disruption of particulates in the sample matrix.  DOC 
samples were analyzed by high temperature combustion on a Shimadzu TOC-V Total Organic 
Carbon Analyzer. Sample was purged with oxygen and introduced into a preheated column 
(720oC) packed with a platinum catalyst to ensure complete oxidation of all carbon species. 
Sample was then acidified with H3PO4 to remove any remaining inorganic carbon prior to CO2 
analysis using a non-dispersive infrared detector. Calibration standards were prepared using 
potassium hydrogen phthalate (CAS #: 877-24-7) and check standards were prepared by diluting 
NIST traceable DOC standards. REP’s and check standards were analyzed at > 10% each.  
 
pH, Air-Equilibrated (EqpH): Samples for EqpH were analyzed on a Radiometer ION450 ion 
analyzer equipped with a SAC80 20 position sample changer and an Orion 8104BN pH probe. 
pH probe(s) were calibrated using pH 4 and pH 7 buffer solutions and were required to meet a 
+/- 2% slope requirement for use before each run. 300ppm CO2 was administered to samples for 
10min prior to pH analysis through a plastic aquarium diffuser. Standard acid (pH 4.70) and DI 
water acted as check standards. REP’s and check standards were analyzed at > 10%. 
 
Good Lab Practices (GLP): GLP are essential in maintaining the integrity of data, ensuring 
continuity between labs and analysts, and providing a safe work environment for all involved. 
We followed many GLP during the analysis time frame discussed in this report, including: 

• Yearly servicing of balances by national or University approved representatives 
• Use of independent sources for calibration and check standards 
• Overlapped use of analytical standards when new ones are prepared 
• Regular monitoring of fume hood efficiency by University Environmental Health 

and Safety (EHS) 
• Continuous monitoring of refrigerator and freezer temperatures 
• Digital tracking of chemical inventory 
• Proper labeling of all solutions prepared with name, date, contents and 

concentration 
• Waste collection and disposal as per University EHS guidelines 



23 

 

 
Quality Assurance (QA): QA involves calculating chemical relationships between parameters 
to validate data prior to using it for research.  It is important to note that QA is distinct from QC, 
which involves bench level methods to assure quality analyses.  Here we will present two such 
examples of QA calculations used in this research: the ion balance which is commonly used in 
environmental research if a full suite of sample analysis is done, and the conductivity balance 
which is a technique that is not commonly known but that provides an important complement to 
the interpretation of ion balance. 
 
Ion Balance (+/-): The ion balance is simply a comparison of the positive charges to the negative 
charges as obtained from analysis by ion chromatography. The theory here is that the positive 
and negative charges should be equal (charge balance). The calculation is simple: 
 

Na+ + K+ + Ca+2 + Mg+2 + H+ 
HCO3

- + Cl- + SO4
-2 + NO3

- 

 
where H+ is calculated from pH, ANC is substituted for HCO3

-, and all concentrations are in 
µeq/L. This ratio should come out to be 1.0, but uncertainties around which components are 
contributing to the ion balance can lead to deviations from 1.0 even if laboratory analyses are 
perfect.  To account for other contributions to charge (i.e. DOC, Al, and other less influential 
ions) EPA specifies that the ratio should fall within 20% of the ideal.  In practice, the calculated 
ratios tend to be biased toward values greater than 1.0 because of the unquantified contribution 
of anions from DOC. 
 
Conductivity Balance: The conductivity balance compares the measured conductivity (with the 
conductivity cell) and the conductivity summed from the individual analytes. The theory here is 
that the measured and calculated conductivity should agree. The calculation is a little more 
complicated as concentrations of each ion must be converted to conductivity. These relationships 
have been determined empirically and the conversions are listed in Table 3-4 (Hillman et al. 
1987). 
 

Measured Conductivity (µS/cm) 
Calculated Conductivity (µS/cm) 

 
Like the (+/-), this ratio should come out to be 1.0. We can analyze this ratio one step further 
than the (+/-) though because we can assume that the measured conductivity must be higher than 
the calculated conductivity as it accounts for absolutely everything in the sample which is 
impossible to do with the calculated value. This would mean that any deviation from the ideal 
ratio should be skewed toward values greater than 1.0, and any sample with a ratio less than 1.0 
is clearly in error. 
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Table 3-4. Calculations for specific conductivity of individual ions (Hillman et al. 1987) 

Ion 
Specific 

Conductance 
(µS/cm @ 25oC) 

per µeq/L 

H+ 0.350 
Na+ 0.0489 

Mg+2 0.0466 
K+ 0.072 
Ca+ 0.052 

HCO3
- 0.0436 

Cl- 0.0759 

NO3
- 0.0846 

SO4
-2 0.0739 

 
 
Further QA calculations and comparisons to long term data are carried out prior to final 
submission of data into the historical database, including looking at detailed trends by site and 
analyte to look for deviations from historical patterns.  Analyzing long term trends in ratios of 
analytes is often instructive in finding laboratory errors, although this method also often 
identifies trends in geochemical relationships resulting from changes in deposition or climate. 
HELM data are stored in PC SAS format at the University of Maine and are available online at 
www.pearl.maine.edu. NHRP data are stored at UNH in Microsoft Excel/Access format. Recent 
data (2007-09) collected for this thesis work is contained in the appendix. 

http://www.pearl.maine.edu/
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Chapter 4 
 

Changes in surface water chemistry in Maine high elevation lakes in response to the 1990 
Clean Air Act Amendments 

 
Baumann, A.J., Kahl, J.S., Boucher, T.B., McGuire, K.M. 
Submission planned for Environmental Science and Technology 

 
Abstract: 

The 1990 US Clean Air Act Amendments (CAAA) set target reductions for both sulfur and 
nitrogen emissions to reduce acidic deposition and improve the biological status of low alkalinity 
surface waters in the United States.  The Maine High Elevation Lake Monitoring (HELM) 
project was designed to complement assessments from other acid rain monitoring programs in 
the northeast that had underestimated the number of acidic lakes.  HELM lakes are more 
susceptible to the effects of acid deposition than lowland lakes typically included in other 
surveys because they receive higher amounts of precipitation, and the watersheds are less able to 
neutralize acidic inputs because of steep slopes, shallow soils, and resistant bedrock. Since 1986, 
decreases in HELM surface water SO4

-2 concentrations of 1.6µeq/L/yr. combined with lesser  
decreases in base cations (0.68 µeq/L/yr.) have led to increases in ANC (0.58µeq/L/yr.) and 
decreases in hydrogen ion (-0.05µeq/L/yr.). These improvements have led to a 50% decrease in 
the number of acidic (ANC <0) HELM lakes since 1986-87, and a 10% increase in the number of 
lakes projected to resist spring acidification (baseflow ANC > 30). Toxic inorganic aluminum 
comprises 9% less of the total aluminum in HELM lakes today than in 1986-87, possibly due to 
the decrease in acidity and a 0.03mg/L/yr. increase in DOC which complexes inorganic Al.  At 
current rates of change in both surface waters and deposition, we predict a recovery scenario for 
2025 in which HELM lakes reach a background 24µeq/L SO4

-2 and non-dystrophic lakes have 
pH ≥ 6 and ANC ≥ 30µeq/L as depositional SO4

-2 becomes undetectable. 
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Introduction: 
In 1984 the EPA implemented the National Surface Water Survey (NSWS) to identify the extent 
of acid sensitive lakes in the US As part of the NSWS the two phase Eastern Lake Survey (ELS) 
was conducted in 1984 and 1986 with the specific objective of characterizing lake chemistry in 
the eastern US (Landers et al. 1988). ELS estimated that 8 of the 1,967 lakes in the statistical 
population of Maine (ME) were acidic (ANC <0). This 0.4% acidic lakes was recognized to 
greatly underestimate the 60 known acidic lakes in the state (Kahl and Scott 1988). This 
discrepancy was due in part to the larger size limitation (≥ 4ha) built into the ELS sampling 
framework. The High Elevation Lakes Monitoring (HELM) project, started by the Maine 
Department of Environmental Protection (ME DEP) in 1986, was designed to enhance the 
relevance of the data coming from Maine by monitoring sentinel lakes at high elevations.  
Subsequent work identified an additional population of acidic seepage lakes in which one-third 
of the lakes were acidic (Kahl et al. 1987 & 1991, Seger 2004) 
 
In 1990, Title IV of the Clean Air Act Amendments (CAAA) was passed with the goal to 
substantially reduce S and N emissions from fossil fuel driven power plants in the Midwest and 
eastern US, in the context of decreasing acid rain and improving surface water quality in the US 
(NRC 2004). Decreases in the deposition of mineral acids, mainly as sulfate (SO4

-2), have led to 
improvements in biologically relevant water chemistry in acid sensitive surface waters, 
especially in the northeastern US (Kahl et al. 2004, Stoddard et al. 2003, Driscoll et al. 2003, 
Stoddard et al. 1999). 
 
In response to the CAAA, and as part of the NSWS, EPA created the Temporally Integrated 
Monitoring of Ecosystems (TIME) in 1991.  TIME included a statistical population of lakes 
chosen to represent the northeastern US and was designed to meet the congressional mandate of 
assessing the effectiveness of the CAAA (Young and Stoddard 1996).  
 
In this paper, we summarize the chemical changes in HELM lakes that have occurred since 
1986-87, highlighting the success of federal acid rain policy.  We compare chemical changes in 
HELM to those in the statistical TIME population to give the HELM lakes regional significance 
and to demonstrate the preferential suitability of HELM lakes as indicators of recovery from 
acidic deposition.  
 

Methods: 
Sampling sites: 
The HELM project originally sampled all 90 of Maine's lakes that fit the following criteria:  

- Greater than 600 m in elevation  
- At least 1 m in depth 
- At least 1 acre in surface area 
- No stream flowages 
- No beaver impoundments 

 
This selection criterion was designed to target lakes in Maine that were the most vulnerable to 
the affects of acidic deposition (Kahl and Scott 1994) and to be parallel to the original population 
of lakes sampled in the Adirondacks for which the impact of acidic deposition was cited in the 
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1970s (e.g. Schofield 1976).  HELM lakes were more acidic than the rest of Maine’s lakes 
because they: 

• receive higher amounts of precipitation 
• have a larger input of organic acids 
• have low acid neutralizing capacities (ANC) due to the characteristics of geology 

and soils (steep slopes, shallow soils, chemical-weathering resistant bedrock). 
We hypothesized in the 1980s that because of these characteristics, and a general lack of 
development impacts, that these lakes would be sentinel lakes for assessing trends in both the 
impacts and the recovery from acidic deposition (Kahl et al., 1991). 
 
The entire population of HELM lakes has been sampled periodically between 1986 and 2010.  
Since 2000 a subset of the original 90 lakes has been the focus of research for logistical and 
financial reasons.  For this study we looked at a subset consisting of 28 lakes that have been 
sampled at the most consistent interval (Table 3-1). These lakes represent most of the lowest 
ANC lakes, those of greatest ‘montaine’ character based on total relief in their watersheds, and 
include 10 of the original 13 acidic HELM lakes in the 1980s.  These 28 lakes were selected 
because they had been sampled at least twice prior to 1990, and were sampled at least 6 times 
during 4 of the 8 sampling years from 1997 to 2009.  
 
The TIME lakes reported on here are from two of the EPA determined geographic regions 
(Stoddard and Young 1996). The first group is located in the Adirondack Mountains of New 
York State (TIME-ADK). The second group represents New England and is spread from 
southeastern NY to central ME (TIME-NE) (Fig. 4-1).  TIME-ADK and TIME-NE are 
comprised of 40 and 29 sites, respectively. These 69 sites were sampled at least once prior to 
1995 and have been sampled 8 of the 11 sampling years since 1998. 
 
All lakes in this report were sampled at least once during the 2008-2009 campaign. Samples 
were collected either in the summer or fall to eliminate the influence of spring high-flow 
conditions on water chemistry.   
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Figure 4-1. Map of HELM, TIME-ADK, and TIME-NE sites used in this report. NADP sites ME02 and 

ME09, which are used in this report, are also indicated on the map. 
 
Sampling, analytical and statistical procedures: 
All sample collection and analysis procedures for HELM and TIME were consistent with EPA 
Environmental Monitoring and Assessment Program (EMAP) protocols (Peck 1992, Stoddard et 
al. 2003).  Continuity of researchers has helped to ensure the consistency of field and laboratory 
methods since their inception in 1983. 
 
Trends for each region were calculated through the use of a Theil-Sen single median slope 
estimator (Sen 1968, Komsta 2007). This approach has the advantage over ordinary least squares 
approach as it minimizes the impact that any outliers will have on the slope estimation. A slope 
(∆ [conc.]/year) was calculated for each site to create a distribution of slopes for each region. 
Trends are reported as the median value of this distribution of slopes, and bounds on significance 
were assigned based on whether or not confidence intervals around the medians included zero 
(DeVore 2004, Stoddard et al. 2003, Helsel and Hirsch 2002). For example, a 95% confidence 
interval will yield a significance level > 0.05 or < 0.05 depending upon whether the 95% 
confidence interval does or does not include zero, respectively. A 99% confidence interval will 
yield a significance level > 0.01 or < 0.01, and so forth. Comparisons between “pre-CAAA” and 
“current” time frames represent mean concentrations at each site from 1986-87 and 2008-09 for 
HELM, and 1991-1994 and 2008-09 for TI 
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Results and Discussion: 
HELM response to changes in deposition: 
The concentration of SO4

-2 in ME precipitation has decreased 53% since 1986 and has led to a 
slightly smaller decline in HELM surface water SO4

-2 concentration (Fig. 4-2). This small 
discrepancy represents a response lag in surface waters that has been reported in other regional 
datasets and is likely due to sulfur accumulation and/or mineralization in the watershed or the 
influence of dry deposition (Kahl et al. 2004). As expected, in the most responsive HELM lakes 
SO4

-2 declined at rates similar to that in precipitation.  
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Figure 4-2. Comparison of sulfate trends in surface waters and atmospheric deposition. The solid line 

represents a 2.3% and 2.4% annual decline in SO4
-2 concentration in precipitation as measured at NADP 

stations in Bridgton, ME (ME02) and Greenville, ME (ME09) respectively (total decline = 53%). The 
dashed line represents the median annual HELM surface water SO4

-2 decline of 1.8% (total decline = 
43%). The shaded area represents the 5th and 95th percentiles (-1.02 and -2.45%) of the HELM % annual 

surface water SO4
-2 decline. 

 
Regional comparison of major surface water trends: 
Sulfate and ANC:  The CAAA set goals to improve biologically-relevant chemistry of surface 
waters (i.e. decreased SO4

-2, acidity, and toxic aluminum).  All three regions (HELM, TIME-
ADK and TIME-NE) have experienced significant declines in SO4

-2 (Fig 4-3a).  All three regions 
have also shown an important increase (0.58-0.61 µeq/L/yr.) in ANC. It is important to note that 
Fig 4-3a highlights the potential for a spatial dependence of SO4

-2 deposition on SO4
-2 

concentration in surface waters. It is possible that a lakes proximity to SO4
-2 source is having an 

effect on chemistry trends. 
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Figure 4-3. (a) Regional comparison of trends in biologically relevant chemistry in acid sensitive surface 

waters. Bars represent the median slope of the regression analysis for each individual lake. Units are 
noted in parentheses below each analyte. Significance is indicated by either ** (p < 0.01), * (p < 0.05) or 

ns (p > 0.05). (b) Note the change in scale of y-axis. 
 

Base Cations:  Declines in calcium (Ca+2) and magnesium (Mg+2), collectively termed base 
cations (Cb), have been well documented in acid sensitive regions (Skjelkvale et al. 2005, Kahl et 
al. 2004, Stoddard et al. 2003, Driscoll et al.1995) As acid rain infiltrates the forest soils, protons 
may displace Cb from exchange sites.  This process neutralizes acidity, and may mobilize Cb to 
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surface waters.  Therefore, recent decreases in precipitation acidity have decreased the 
mobilization of acid neutralizing Cb to surface waters. Trends in base cations have been a 
confounding factor for recovery in many northeastern lakes, despite the trend actually 
representing an indicator of recovery for base cations in forest soils (i.e. Driscoll et al. 1995, 
Webster and Brezonik 1995, Stoddard et al. 1998). Here we found that HELM was the only 
region that showed a significant decreasing trend in Cb (-0.68 µeq/L/yr.) (Fig. 4-3a). Stoddard et 
al. (2003) reported significant Cb declines of -1.22 and -1.57ueq/L/yr. from 1990-2000 in a 
similar analysis of TIME-ADK and TIME-NE sites respectively. The much lower and less 
significant trends reported here suggest that the decline in Cb could be slowing which would be a 
very important factor in the recovery in HELM lakes (Fig. 4-4). 
 

 
Figure 4-4. Influence of base cation (Cb) decline on the increase of ANC in northeastern surface waters. 

The dashed line is the result of the linear regression of all sites combined. HELM, TIME-ADK and 
TIME-NE all exhibited similar slopes individually, but had r2 values of 0.70, 0.54, and 0.41 respectively. 
This indicates that rate of recovery of ANC in HELM is more dependent than the others on base cation 

response, a logical explanation given the characteristics of soils in HELM lakes. 
 

Nitrate:  Surface water NO3
- declines have been small or absent in northeastern surface waters 

(Fig. 3b). Only TIME-ADK showed a significant decline and it is of such small magnitude (-0.04 
µeq/L/yr.) that it is not quantitatively affecting the acid-base status of those lakes.  
 
Hydrogen Ion (pH):  All three regions exhibited reduction in hydrogen ion (increasing pH, 
decreasing acidity) (Fig. 4-3b). Interregional improvement in surface water pH is a major success 
for the CAAA whose main goal was to improve biological chemistry in these acid sensitive 
waters.  Decreasing acidity was modest in TIME-ADK and TIME-NE (-0.01 µeq/L/yr.). The 
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much larger decrease in HELM lakes (-0.05 µeq/L/yr.) is further evidence that they are 
responding to depositional changes more rapidly than the other regions. 
 
Dissolved Organic Carbon (DOC):  Increases in surface water DOC have been correlated to 
decreases in depositional acidity in many acid sensitive regions of the world (Monteith et al. 
2007, Evans et al. 2005, Canham et al. 2004, Stoddard et al. 2003). There were sites in all three 
regions that followed this trend of increasing DOC (Fig. 4-3b). However, only HELM exhibited 
a significant, region wide increase in DOC (0.03 mg/L/yr.).  Like declines in Cb, increases in 
DOC have the potential to confound our interpretation of recovery in these systems by 
contributing organic acidity to surface waters. However, we suggest that this increase should still 
be viewed as a positive effect of the CAAA as it represents a continuing trend towards a pre-
industrial state for these lakes where their acidity was controlled more by natural organics and 
less by mineral acids. A detailed analysis of how DOC is influencing CAAA recovery research is 
reported in Chapter 5. 
 
Surface water dilution: 
Decreased acidity in precipitation should lead to the overall dilution of impacted surface waters. 
This dilution occurs from the combination of decreased analytes being delivered to surface 
waters from deposition (sulfate, nitrate, acidity) and watershed leaching (base cations, DOC).  
These changes represent a return to a more natural ecological condition (Fig. 4-5).  14% of 
HELM lakes have conductance less than 10 µS/cm, nearly unprecedented values for eastern 
lakes (Brakke et al. 1988).  Furthermore, every HELM lake currently has conductivity equal to 
(+/- 0.5 µS/cm) or less than its conductivity pre-CAAA.  In comparison, 95% of TIME-ADK and 
only 79% of TIME-NE lakes fit this description.  The lack of deviation from the dilution theory 
in HELM lakes (and to a lesser extent TIME-ADK) is further evidence that they are responding 
to the CAAA with fewer complications than other surface waters.  These complications include 
the effects of development, such as increased Na+ and Cl- (e.g. Rosfjord et al., 2007) that are 
very apparent in the TIME-NE lakes. 
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Figure 4-5. Regional comparison of changes in conductivity of acid sensitive surface waters. Box 

boundaries represent 25th and 75th percentiles, whiskers indicate 10th and 90th percentiles and open circles 
represent 5th and 95th percentiles around the median. 

 
The chloride advantage of HELM and TIME-ADK lakes: 
Rosfjord et al. (2007) showed that human-induced changes in chloride (road salt), accelerate the 
apparent delivery of base cations to acid impacted surface waters complicating our recovery 
assessments.  The process appears to be a mass action effect of Na in soils, displacing other 
cations in a manner inconsistent with the process of recovery from acidic deposition only.  The 
remote nature of HELM and TIME-ADK lakes has left them with consistently low Cl- 
concentrations, while TIME-NE waters have been subject to much higher concentrations due to 
selection of developed lake watersheds or lakes close to the ocean (Fig. 4-6).  No HELM lake 
currently has a Cl- concentration exceeding 17 µeq/L.  Using the calculations and criteria 
detailed by Rosfjord et al. (2007), every HELM lake would be classified as “low Cl”, a group 
that was found to be minimally impacted by anthropogenic Cl- pollution. Nearly all of the TIME-
ADK lakes (95%) also fit into the “low Cl” group, while only 52% of the TIME-NE lakes are 
free of anthropogenic Cl- influences. Furthermore, over 24% of TIME-NE sites are within 50km 
of the coast, receiving significant amounts of natural Cl- from marine deposition. Surface waters 
that are influenced by ocean deposition, while being a natural source, are still receiving excess 
cations that are complicating our interpretation of reductions in acid deposition. No HELM or 
TIME-ADK sites are closer than 100km from the coast. 
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Figure 4-6. Regional comparison of pre-CAAA and current Cl levels. Box boundaries represent 25th and 

75th percentiles, whiskers indicate 10th and 90th percentiles and open circles represent 5th and 95th 
percentiles around the median. Displayed Cl- concentrations are raw values without correction for 

influence of marine aerosols. Note log scale needed to include the range of TIME-NE values. 
 
Recovery: 
Fewer acidic lakes: One of the most important and easily assessed goals of the CAAA is to 
reduce the number of acidic lakes (ANC < 0) in sensitive areas.  In 1986-87 28% of HELM lakes 
had a mean baseflow ANC < 0 µeq/L with a minimum ANC of –13 µeq/L (Fig. 4-7). Currently, 
only 14% of HELM lakes are acidic with a minimum ANC of -2 µeq/L.   
 
During the winter, New England watersheds accumulate precipitation in the form of snow. Then, 
during the spring as the snow melts, large pulses of wet deposition are delivered to surface 
waters over a relatively short time frame. This process can lead to depressed pH and ANC in 
many surface waters and is typically termed spring episodic acidification. In order to resist 
acidification during the spring melt period, Stoddard et al. 2003 estimated that summer baseflow 
ANC values needed to be above 30 µeq/L. Since 1986-87, the number of HELM lakes to eclipse 
this threshold has increased by more than 10%, with many more approaching.  There are only 
75% HELM lakes now subject to seasonal episodic acidification based on the Stoddard et al. 
criteria, compared to 86% in 1986-87. 
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Figure 4-7. Cumulative frequency plot of HELM ANC for 1986-87 and 2008-09. Dashed lines at 0 and 

30µeq/L indicate threshold values for acidic lakes and lakes susceptible to spring acidification 
respectively. 

 
Recovery of the most sensitive ecosystems: If buffering capacity of soils exists in the 
watersheds of acidic lakes, systems that had been subject to the most acidification should be 
recovering at the fastest rates (Kahl et al. 2004, Stoddard et al. 2003). To assess this recovery 
metric we split the HELM lakes into three acidity classes based on their 1986-87 ANC values. 
The lakes were split into acidic (ANC ≤ 0 µeq/L), low ANC (0µeq/L < ANC ≤ 20µeq/L), and 
moderate ANC (ANC > 20 µeq/L) groups with n = 8, 12, and 8, respectively. Our results show 
that indeed the most acidic systems are improving most rapidly (Fig. 4-8), consistent with the 
regional recovery in acidic lakes (Kahl et al., 2004). Decreases in sulfate fraction (SF), or the 
percent of the total anion charge contributed from SO4

-2
 were largest in the most acidic systems 

(Fig. 4-8a). The acidic and low ANC sub-groups have shown more rapid rates of improvement in 
ANC and acidity (hydrogen ion) than the HELM lakes as a whole. Increases in ANC for the 
acidic and low ANC sub-groups have been at rates three times that of the moderate ANC sub-
group.  Hydrogen ion in the acidic lakes has decreased at a rate of 0.18 µeq/L/yr., nearly four 
times the magnitude of either the low ANC sub-group or the entire HELM population. The 
improvement in acidity in the acidic sub-group represents an increase in the median pH from 
4.98 to 5.29 since 1986-87 and highlights the ongoing recovery of the most acidic lakes in the 
northeast. Decreases in SF, ANC, and pH in this manner illustrate how decreasing mineral acid 
inputs (SO4

-2 in deposition) have led to improved water chemistry (increased ANC and pH) in 
the most sensitive aquatic ecosystems (acidic and low ANC). 
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Figure 4-8. Slopes of trends in (a) Sulfate Fraction (b) ANC and (c) H+ in HELM lakes based on 1986-87 
ANC levels. HELM lakes are split into acidic (ANC ≤ 0µeq/L), low ANC (0µeq/L < ANC ≤ 20µeq/L), 
and moderate ANC (ANC > 20 µeq/L) groups with n = 8, 12, and 8 respectively. Dashed lines indicate 
the slope of the trend for the entire HELM population (n = 28) collectively as described in Fig.’s 3a, 3b. 

Significance is indicated by either ** (p < 0.01), * (p < 0.05) or ns (p > 0.05). 
 
Decreased toxic aluminum: In base-poor soils, like those of HELM, organically bound Al can 
be converted to the more toxic inorganic aluminum (Ali) during periods of soil acidification. Ali 
is then leached from the soil matrix to surface waters, leading to detrimental effects on biological 
communities (Baker and Schofield 1980, Cronan and Schofield 1990). Therefore, decreased Ali 
in surface waters is a key indicator of recovery for these sensitive ecosystems. Between 1986-87 
and 2008-09 surface water Ali in the median HELM lake has decreased 14 µg/L (36%), while 
total-Al remained relatively unchanged (Fig. 4-9). This means that Ali currently represents only 
13% of the total-Al in HELM lakes, a decrease of nearly 10% since 1986-87. The decrease in the 
relative amount of Ali in surface waters is due to a combination of increased pH mobilizing less 
Al and increased DOC allowing for more organic binding of Al.  
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Figure 4-9. Total-Al and Ali concentrations in HELM surfaces waters 1986-87 and 2008-09. Box 

boundaries represent 25th and 75th percentiles whiskers indicate 10th and 90th percentiles and open circles 
represent 5th and 95th percentiles around the median. 

 
An Ali concentration of 54 µg/L has been shown to be the threshold above which biological 
communities are subject to its toxic effects (Warby et al. 2008, McAvoy and Bulger 1995). Ali 
concentrations in HELM lakes that were above this toxicity threshold in 1986-87 have been 
reduced by more than 50%.  Furthermore, figures 4-9 and 4-10 show that the major decreases in 
HELM Ali have occurred in those lakes with the highest pre-CAAA concentration. However, the 
number of HELM lakes above 54µg/L has decreased only from 13 to 11 representing a modest 
7% reduction (Fig 4-10). While improvements in toxic Ali concentrations have been large in 
magnitude these numbers represent baseflow concentrations that are more than likely elevated 
during spring runoff and major event flow scenarios. Therefore, a continued reduction in Ali is 
necessary to reach year round ecologically ‘recovery’ levels.  
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Figure 4-10. Cumulative frequency of Ali concentrations in HELM surfaces waters 1986-87 and 2008-09. 
The vertical line represents the 54 µg/L toxicity threshold for aquatic biota (Warby et al. 2008, McAvoy 
and Bulger 1995). Currently 39% of HELM lakes are above this threshold, a decrease of 7% from pre-

CAAA levels. 
 

 
Future recovery scenario: We have estimated a future recovery scenario through a comparison 
of the current trends in SO4

-2 deposition to that of chemistry of the HELM surface waters (Fig. 4-
11). HELM lakes have experienced a positive relationship between their 1986-87 SO4

-2 
concentrations and the magnitude of decline in SO4

-2 concentration which has led to a decrease 
in the range of SO4

-2 concentrations in HELM sites. To estimate how this will look in future 
years we calculated the mean trend of the upper and lower 25th percentiles (n=7), as well as that 
of the median HELM lake and projected them forward in time from their 1986-87 values. We 
also projected the current deposition trends into the future. If we simply assume that trends in 
deposition and surface water chemistry continue at their current rate, the HELM lakes would 
reach a nearly uniform SO4

-2 concentration of 24µeq/L in 2025. Interestingly, this is the same 
year that SO4

-2 would become undetectable in wet deposition suggesting that background SO4
-2 

in many HELM lakes may be around 20µeq/L. Under this recovery scenario, in 2025 most 
HELM lakes would have exceeded the 30ueq/L ANC spring acidification threshold and pH 
would have reached 6 (Table 4-1).  
 
Galloway et al. (1983) reported that acidified lakes typically had a preindustrial pH < 6.0. 
Furthermore, Kahl et al. (2004) predicted, using similar findings from Cummings et al. (1992) 
and Smol et al. (1998), that full recovery of acidified waters would be represented by a pH ~6 
and ANC ~30 µeq/L. Our prediction of HELM recovery agrees very well with all of these 
studies (Table 4-1). 
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Figure 4-11. Estimated recovery scenario for HELM SO4

-2 concentration assuming continuing declines 
in SO4

-2 in atmospheric deposition. Boxplots represent HELM (n=28) data for 1986-87, 2000-01, and 
2008-09 respectively. Boxes represent the 25th and 75th percentiles around the median, and error bars 

indicate the 10th and 90th percentiles.  Solid lines show the regression for the upper and lower 25th 
percentiles and the dashed line represents the regression for the median. Dots indicate NADP data from 
Greenville (ME09) and Bridgton (ME02), ME while the dashed line represents the regression of both 

NADP stations together. 
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Table 4-1. Projection of  median HELM lake chemistry under current recovery trends. Projections 
assume that current chemistry trends stay consistent and are based on an end date of 2025, the estimated 
year of regional SO4

-2 recovery (Fig. 10). 
 

 Measured Projected  
 1986-87 2008-09 2025  
SO4

-2 86.3 49.2 24 µeq/L 
ANC 9.2 21.4 31 µeq/L 
pH 5.57 5.94 6.0  
Ca+2 + Mg+2 98.4 83.2 72 µeq/L 
DOC 4.90 5.88 6.0 mg/L 
SF 66 44 29 % 
Conductivity 17.4 13.4 11 µS/cm 

 
 

Conclusions: 
There have been many reports documenting the success of the CAAA at reducing inputs of 
mineral acids to surface waters in the northeastern US and the corresponding improvement in 
biologically relevant chemistry in sensitive ecosystems. The HELM lakes discussed in this report 
represent those surface waters that are highly sensitive to the effects of acidification. The 
undeveloped nature of the HELM lakes has allowed for minimal interference from development 
impacts making them ideally suited for assessing the effectiveness of the CAAA.  We report 
much smaller and less significant decreases in base cations than previously reported from similar 
studies in the northeastern US during earlier time frames. This indicates that the supply of 
terrestrial Cb is more available for export to surface waters, paving the way for larger 
improvements in surface water acidity. 
 
Like others have reported, we found that those lakes that were the most affected by acid rain 
have shown the greatest improvements in ANC and pH. This has led to a 50% reduction in the 
number of acidic lakes in HELM since 1986-87. Also, the number of HELM lakes susceptible to 
spring acidification (ANC < 30µeq/L) has decreased by more than 10% over this time frame. 
Many other lakes are close to this threshold and we project that the median HELM lake will 
eclipse this mark by 2025. Finally, toxic Ali concentrations have decreased in these waters and 
we believe they will continue to improve and move towards a more natural, pre-industrial, and 
ecologically sustainable state. 
 
Based on current deposition and recovery rates, we predict that surface water SO4

-2 
concentrations will reach nearly uniform 24µeq/L in 2025, the same year that wet deposition of 
SO4

-2 would become undetectable. This suggests that background SO4
-2 in the HELM lakes could 

be around 20µeq/L. Based on the data analysis presented here, the predictions of others, and 
paleolimnological pH research, we have outlined what the median HELM lake will look like 
under our 2025 recovery scenario (see Table 4-1.). 
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Chapter 5 
Increasing organic acidity as an indicator of recovery from acid rain in Maine high 

elevation lakes. 
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Abstract: 

Reduced acidity in precipitation in the northeastern US has led to improvements in surface water 
chemistry in some of the most affected waters. Nowhere is this more apparent than in Maine 
high elevation lakes (HELM). An important result of decreased acid rain has been an increase in 
the amount of dissolved organic carbon (DOC) across the northern hemisphere. This response 
has led to a shift in the source of acidity from anthropogenic inorganic (acid rain), to natural 
organic DOC sources.  This shift in acidity source has minimized the long-term increase in lake 
pH compared to the decrease in pH in precipitation. 
 
We have previously established that HELM lakes have responded rapidly to changes in 
deposition and are thus well suited to look at the impacts of increased DOC on recovery from 
acid rain (Chapter 4).  Sulfate fraction (SF, the relative contribution of SO4

-2 to the total anionic 
charge) has decreased 5% to 40% in HELM lakes since 1986-87, yet decreased H+ is not 
widespread.  Over the same time period, DOC has increased at 0.03mg/L/yr, the equivalent of 
0.13 µeq/L/yr. We estimate that organic anions (OA-) now contribute 10% to 15% more to 
anionic charge than in 1986-87. 
 
The influence of increased OA- is magnified because the HELM lakes are becoming increasingly 
dilute as acidic deposition declines and ionic leaching from watersheds decreases.  Conductivity 
in HELM lakes has decreased from 17.6 µS/cm to 13.4 µS/cm since 1986-87.  Overall, HELM 
lakes have experienced a shift in the SO4

-2:OA- ratio from 3.4 to 1.3 since 1986-87. We found 
important differences between lakes with a small change in OA- (low ∆OA) and those with large 
increases in OA- (high ∆OA).  Declines in H+ in the low ∆OA group of 0.09 µeq/L/yr. were 
twice that of the population median and 10x that of the high ∆OA group.  Furthermore, only the 
low ∆OA group exhibits a strong acidic deposition recovery pattern, with a significant decline in 
SF corresponding to a decrease in H+. This means that HELM lakes are recovering in one of two 
ways.  Low DOC lakes have experienced decreased H+ as a direct result of decreased mineral 
acid inputs, while high DOC lakes have undergone a shift towards a natural organic source of 
acidity.  While recovery in ANC may take an additional 10 to 30 years, recovery in pH is 
essentially complete in many lakes because their pH was not controlled by mineral acids and was 
relatively unaffected by acidic deposition. This conclusion is consistent with ample 
paleolimnological evidence from the northeastern US. 
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Introduction: 
Title IV of the 1990 Clean Air Act Amendments (CAAA) was passed with the intent to improve 
biologically relevant chemistry of surface waters by reducing emissions of sulfur and nitrogen 
(NRC 2004).  Resultant decreases in the acidity of precipitation are responsible for widespread 
improvements in the acid-base status of sensitive waters in the northeastern US  (e.g. Kahl et al. 
2004, Stoddard et al. 2003, Driscoll et al. 2003).  Significant decreases in sulfate deposition have 
led to increases in acid neutralizing capacity (ANC) and decreases in toxic aluminum levels.  
 
Recent increases of DOC in many acid sensitive regions in the northern hemisphere, although 
small, are proving to be an important factor in recovery assessments (e.g. Stoddard et al. 2003, 
Driscoll et al. 2003, Skjelkvale et al. 2005, Evans et al. 2005, Monteith et al. 2007, Evans et al. 
2008). Currently, proposed mechanisms for the DOC increases include temperature and land-use 
changes (Freeman et al. 2001, Garnett et al. 2000), changes in hydrologic conditions (Worrall 
and Burt 2005), persistent N deposition (Findlay 2005, Evans et al. 2008), and increases in 
atmospheric CO2 (Freeman et al. 2004).  The debate over these mechanisms has not yet yielded a 
single driver, but many studies suggest that increasing DOC is due primarily to decreased sulfate 
deposition (Evans et al. 2006, Monteith et al. 2007, Roulet and Moore 2008). 
 
Fluctuations in DOC directly impact water chemistry. Water clarity, light penetration, and 
nutrient cycles are all controlled in part by DOC.  The natural DOC pool is comprised of two 
classes of compounds, non-humics and humics. Non-humic substances are low molecular 
weight, typically labile compounds, exhibiting rapid turnover rates in the environment and 
include carbohydrates, amino acids, and proteins (Wetzel 2001). The majority of the DOC pool 
(70-80%) is high molecular weight aromatic and aliphatic hydrocarbon structures with any 
number of attached functional groups (i.e. ketones, carboxyl, hydroxyl, amide, etc.), collectively 
termed humics (Leenheer and Croue 2003). Humic substances are very important to the acid-
base status of natural waters as they feature both carboxylic and phenolic functional groups 
which can contribute to lake acidity (Wetzel 2001). High levels of DOC are capable of supplying 
enough organic acids to surface waters to naturally depress pH without the aid of acid rain (Kahl 
et al. 1989).  There is potential that high DOC lakes have always been acidic, and the possibility 
that decreasing the supply of inorganic acidity from acid rain may have little or no effect on their 
overall acidity (Davis et al. 1985, Driscoll et al. 1989).   
 
Earlier research proposed the idea that weak acids leaching from soils in the northeastern US and 
in Norway could be contributing to the overall acidity of surface waters at levels comparable to 
that from acidic deposition (Krug and Frink 1983, Rosenqvist 1978). Others have proposed 
mechanisms for a shift in acidity from organic sources to mineral sources, meaning that pH 
changes could be minimized even during periods of acidic deposition (Davis et al. 1985, Driscoll 
et al. 1989, Kahl et al. 1989). We now know that this hypothesis does not apply to all lakes as 
many have shown improvements in acidity as a result of the CAAA. However, significant 
increases in pH are both modest and scarce in most affected regions (Chapter 4).  
 
A lack of a pH improvement is also consistent with paleolimnological research that indicated that 
acidified lakes were already partially acidic prior to the onset of acid rain (Kahl et al. 1993, 
Cummings et al. 1994). Kahl et al. (1989) also reported that there were no low DOC (< 5mg 
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C/L) lakes in ME with a pH below 5, indicating that some significant amount of DOC was 
needed to depress lake pH below this level.    
 
Here we will present a shift in the influence of strong inorganic and weak organic acids on the 
acidity status of the high elevation lakes in Maine, USA. These lakes serve as early response 
indicator lakes due to the geography and geology of their watersheds.   Furthermore, we suggest 
that increasing DOC, while seemingly complicating our interpretation of acid rain recovery, 
should actually be viewed as an indicator of recovery as it represents a return to a more pre-
industrial, or natural state in many lakes.  
 

Methods: 
Lake chemistry data set: 
The Maine High Elevation Lake Monitoring (HELM) project was designed to sample lakes at 
high elevation believed to be the most sensitive to acidification. In 1986, all 90 of Maine’s lakes 
above 600m with surface area larger than 1 acre were sampled. The HELM lakes are more 
sensitive to the effects of acidic deposition than the rest of Maine's lakes because they: 

• receive a higher amount of precipitation 
• are considerably more dilute 
• have low ANC due to topographic and geologic controls 

 
Coupled with the lack of land use disturbance in their remote watersheds, the HELM lakes are 
among the best suited sites for assessing recovery from depositional changes.  
The entire population of HELM lakes has been sampled periodically between 1986 and 2010.  
Since 1997 a subset of the original 90 lakes has been the focus for logistical and financial 
reasons.  We looked at a subset consisting of 28 lakes that have been sampled at the most 
consistent interval (Fig. 5-1). These lakes represent most of the lowest ANC lakes, those of 
‘montaine’ character, and include 10 of the 13 lakes that were acidic in the 1980s.  These 28 
lakes were sampled at least twice prior to 1990, and were sampled at least 6 times during 4 of the 
8 sampling years from 1997 to 2009.  
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Figure 5-1. Map of the 28 HELM sites discussed in this report indicating their relative proximity 

to the high elevations of the White Mountains. 
 

 
Sampling and analytical procedures: 
HELM methods for field collection, sample handling and analytical protocols have followed 
EPA protocols for regional lake population sampling, including the Eastern lake Survey and 
Long Term Monitoring (LTM) Program methods for acid sensitive waters (Hillman et al., 1986; 
Morrison, 1991; Peck 1992, Stoddard et al. 2003). All lakes in this report were sampled at least 
once during the 2008 and 2009 field seasons. Samples were collected either in the summer or fall 
to eliminate the influence of spring high-flow hydrologic conditions on water chemistry.   
 
Sulfate Fraction: Kahl et al. (1989) described the influence of acid-deposition on surface water 
chemistry in terms of a “sulfate fraction”. The sulfate fraction (SF) represents the contribution of 
SO4

-2 to the total anion charge, and is calculated using the following equation: 
 

SO4
-2/ [Na++K++Ca+2+Mg+2] 

 
The sum total of the cations is used for this calculation because it is equal to the total anion 
concentration and is more accurately measured. 
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Organic Anions: As has been done by others (i.e. Driscoll and Newton 1985, Driscoll et al. 
1989, Kahl et al. 1989) we have used a modified charge balance to calculate the concentration of 
organic acid anions (OA-). The basic theory behind this approach is that in natural waters anion 
and cation charges must be equal and in the majority of northeastern lakes can be expressed as: 
 
H++Na++K++Mg+2+Ca+2+NH4

++Ali
+2 = Cl-+ SO4

-2+NO3
-+HCO3

-+OA-   (1) 
 
where all concentrations are expressed in µeq/L. For this study we do not include ammonium 
(NH4) as measured concentrations in dilute ME surface waters are rarely in excess of 2 µeq/L 
(Kahl et al. 1989).   We substitute acid neutralizing capacity (ANC) for bicarbonate ion (HCO3

-) 
and solve for OA-: 
 
OA- = [H++Na++K++Mg+2+Ca+2+Ali

+2]-[Cl-+ SO4
-2+NO3

-+ANC]    (2) 
 
where all of the components of eqn. 2 have been directly measured in the laboratory.  We 
recognize that there is the possibility of some double counting of charge when substituting ANC 
for HCO3

-, but due to low ANC and low ionic strength, we assume that the error is negligible. 
 
Temporal Chemistry Comparisons:  Trends in chemistry were calculated through the use of a 
Thiel-Sen single median slope estimator (Sen 1968, Komsta 2007). A slope (∆ [conc.]/year) was 
calculated for each site to create a distribution of slopes for each region, using the approach of 
Stoddard et al. (2003) that compared regions in EPA surface water monitoring networks. Trends 
are reported as the median value of this distribution of slopes, and significance was assigned 
based on whether or not confidence intervals around the medians included zero (DeVore 2004, 
Stoddard et al. 2003, Helsel and Hirsch 2002). Comparisons between “pre-CAAA” and “current” 
time frames represent mean concentrations at each site from 1986-87 and 2008-09. This two 
point comparison was necessary for calculations involving inorganic aluminum (Ali) which was 
only analyzed in the years represented. 
 
We split HELM into two groups based on each individual lakes change in OA- (∆OA) from 
1986-87 to 2008-09. The division was made at the median ∆OA of 11 µeq/L. Differences 
between low ∆OA and high ∆OA groups were tested for significant differences in distribution 
using a two sample Wilcoxon Rank Sum test, also known as a Mann-Whitney test (Hollander 
and Wolfe 1973, ‘R’ 2009). 
 

Results and Discussion: 
Surface water dilution: 
HELM lakes, like other populations in the northeastern US, have experienced significant 
decreases in sulfate, acidity, and base cations since the late 1980s in response to decreased 
acidity in precipitation.  Decreases in deposition of major anions and subsequent decreases in 
cations leaching from soils have led to an overall dilution in surface waters, which is 
quantitatively significant in most of the already dilute HELM waters (Fig. 5-2).  This naturally 
low ionic strength (median 2008-09 conductivity of 13 µS/cm) is of further importance when we 
consider that the median HELM lake has shown an increase of  0.03 mg C/L/yr. since 1986, 
which amounts to 20% of the median HELM DOC over that time.  In 1986-87 OA- accounted for 
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11% of the total anion charge in HELM surface waters, compared to 24% in 2008-2009 (Fig 5-2) 
as DOC increased and ionic strength decreased. 

 
Figure 5-2. Shift in anion concentrations of the median HELM lake from 1986-87 to 2008-09. [inset: 

decrease in median HELM conductivity since 1986]. 
 

 
 
Acid rain vs. natural acidity: 
The acid base status of HELM lakes is influenced by both inorganic acids (mainly as SO4

-2 from 
acid rain), and natural organic acids. We can express the relative contribution of both by 
analyzing an “acid fraction” by calculating the ratio of SO4

-2 to the sum of SO4
-2 plus OA- (Kahl 

et al. 1989).  This is different than sulfate fraction as it is a ratio of acidity sources, while sulfate 
fraction represents the influence solely of mineral acidity on surface waters. Lakes that exhibit a 
relatively high “acid fraction” are acidic mainly from anthropogenic sources, and those with low 
fractions are influenced more strongly by organic anions. Figure 5-3 illustrates this ratio as a 
continuum from organically to anthropogenically dominated acidity. The HELM lakes are 
experiencing a steady progression towards a more organically influenced acidity, reflecting both 
the decrease in the influence of acid rain on acidity and the increase in OA- concentration.   
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Figure 5-3. Shift in the relative influence of inorganic acid anions and organic anions in HELM lakes. 
[Note: The single lake still having a ratio of nearly 1.0 is Crater Pond, which sits high atop Saddleback 

Mtn. in western Piscataquis County, ME. The extremely dilute nature of Crater Pond (9 µeq/L Cl-, -1.5 
µeq/L ANC, 39 µeq/L SO4

-2 and conductivity of 8.7 µS/cm), even when coupled with DOC < 1 mg/L, 
leads to an acid fraction near 1.0. 

 
DOC effects on recovery interpretation: 
In 1986-87, all of the 28 acid sensitive HELM lakes had SO4

-2 concentrations in excess of ANC 
levels with a median difference of 79 µeq/L. Today those same lakes have a median difference of 
26 µeq/L and five lakes now have ANC in excess of SO4

-2 concentrations. This shift is due in 
part to a decrease in sulfate fraction of nearly 25% over the past two and a half decades, 
highlighting the positive effect the CAAA has had on surface water chemistry. Although the 
HELM lakes have experienced a decrease in acidity, as indicated by a significant increase in 
ANC and decrease in sulfate fraction, they have seen only modest increases in pH as a 
population. 
 
We found significant differences in distribution (p < 0.05) in H+ trends and change in inorganic 
aluminum (∆Ali) when comparing the high and low ∆OA groups  (Fig 5-4a, b). In both cases the 
low ∆OA group exhibited much larger chemical recovery than the high ∆OA group. This 
indicates that ∆OA is indeed affecting the response of some surface waters to decreased 
inorganic acids. While DOC trends did have more overlap between the two groups than the 
above trends, the high ∆OA group has a considerably tighter distribution than the low ∆OA 
group, and represents a much more uniform increase in DOC as is expected (Fig 5-4c). The two 
groups had no significant difference in sulfate fraction (SF) trends, importantly eliminating SF as 
a potential driver for any of the above mentioned differences between the two groups (Fig 5-4d). 
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Figure 5-4. Changes in water chemistry parameters in response to the CAAA in HELM lakes. HELM 
lakes have been split into two groups by their ∆OA at the population median (∆OA = 11µeq/L). Box 

boundaries represent 25th and 75th percentiles, whiskers indicate 10th and 90th percentiles and open circles 
represent 5th and 95th percentiles around the median. P-values obtained from a Wilcoxon Rank Sum test 
on the null hypothesis that the distribution of the two groups is equal. [Note: Aluminum values represent 

an absolute change between 1986-87 and 2008-09, all other concentrations are displayed as annual 
trends]. 

 
We found further support for the hypothesis of organic acidity replacing mineral acidity by 
comparing trends in SF and H+ for the ∆OA groups (Fig. 5-5). The low ∆OA group displays a 
significant linear dependence (r2 = 0.50, p < 0.01) of H+ on the decrease in SF, while there is no 
relationship present in the high ∆OA group. This means that for the low ∆OA group, SF was the 
main predictor of both past acidification and current/future recovery. The high ∆OA lakes are not 
responding to decreases in SF, indicating that their acid-base status was minimally affected by 
acid rain and will not see the same recovery as the low ∆OA group. 
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Figure 5-5. Relationship between trends in SF and trends in H+ for HELM lakes. The regression line and 
statistics are calculated for the low ∆OA group only, as no significant relationship exists in the high ∆OA 
group. Trends in H+ for the high ∆OA group have been minimally, if at all, affected by changes in SF as a 

result of the CAAA. 
 

Summary: 
The emissions regulations of the 1990 CAAA were designed to improve the biologically-relevant 
chemistry of acid-sensitive surface waters that had been impacted by acid deposition. Maine's 
HELM surface waters represent this priority group, and have responded favorably to federal 
regulations. An important indicator of recovery to decreased acidity in precipitation has been an 
increase in DOC and organic acidity.  
 
Increases in DOC are especially important in HELM waters due to their dilute character.  
Decreasing sulfate fraction trends have led to decreased acidity in many HELM lakes, but 
increasing organic acids have offset much of the change in others. The acidity levels of the high 
DOC lakes were not dramatically changed due to acid deposition and therefore are unlikely to 
recover any further than they have already. However, the acid-base status is beginning to shift 
from one dominated by anthropogenically induced inorganic acidity to one controlled by 
naturally occurring organic acids. While this shift appears to complicate the interpretation of 
acid-base data coming from acid-sensitive lakes, in reality it highlights recovery to a more 
natural state for these surface waters. 
 
Implications: 
With some lakes recovering by decreasing acidity, and others recovering by shifting H+ sources 
it becomes very important to include increasing DOC and organic acidity when discussing future 
regulations. Calculations of critical loads for future deposition scenarios are under consideration 
by EPA.  Our results indicate that critical loads should include an assessment of the changing 
contribution of organic acids (as DOC) to acid-base chemistry of surface waters.   Without this 
assessment, critical load targets for sulfate in deposition will be too low.  
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Chapter 6 
 

Acidic Deposition and NH’s Remote Ponds: a current snapshot 
 
Baumann, A.J., Kahl, J.S., McGarry, M.A. 
Submission planned for Northeastern Naturalist 
 

Abstract: 
Improvements in biologically relevant chemistry of sensitive surface waters have been 
documented extensively in the northeastern US (Stoddard et al. 1999, Driscoll et al. 2003, 
Stoddard et al. 2003, Kahl et al. 2004) as well as globally (Skjelkvale et al. 2005, Evans et al. 
2005). We have reported elsewhere the importance of data coming from remote and high 
elevation lakes in Maine and the Adirondacks to the assessment of federal acid rain policy 
(Baumann and Kahl 2009). Here we compare recent data from two such projects, the Maine 
High Elevation Lakes Monitoring project (HELM), and the Temporally Integrated Monitoring of 
Ecosystems project in the Adirondack region of NY (TIME-ADK), to recent data from the New 
Hampshire Remote Pond (NHRP) project (Estabrook 1996). This comparison serves to put the 
NHRP in regional perspective as well as enables us to make inferences about the recovery status 
of NH’s most sensitive aquatic ecosystems.  
 
NHRP lakes have sulfate (SO4

-2) levels consistent with those of NY and ME, with precipitation 
SO4

-2 accounting for 31% of surface water concentrations. Only 12.5% of NHRP lakes are 
currently acidic, defined as acid neutralizing capacity (ANC) < 0. We estimate that the number 
of acidic NHRP lakes has been cut in half prior to the Clean Air Act Amendments (CAAA).  
NHRP lakes are influenced by acid from both anthropogenic and organic sources. Using both 
HELM and NHRP data, we estimate that 25% of NHRP lakes have acidity that is influenced 
primarily by dissolved organic carbon (DOC) sources, and will experience little recovery in pH 
from decreases in acid rain.  Our research shows that nearly one-third of NHRP lakes still have 
elevated levels of toxic aluminum. While we suspect that this number has decreased since pre-
CAAA times, the data are incomplete for this conclusion to be drawn.  A continued reduction is 
necessary to be confident that a sustainable ecosystem recovery is underway.   
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Introduction: 
Oxides of sulfur (SOx) and nitrogen (NOx) are emission byproducts of fossil fuel combustion.  
When these compounds are combined with atmospheric moisture they form the strong acids 
sulfuric and nitric acid, respectively. This mineral acid is then deposited on the landscape as 
precipitation and termed “acid rain”. The negative impacts of acid rain on the chemical and 
biological health of sensitive ecosystems were initially documented in the US over three decades 
ago (Likens et al. 1972, Schofield 1976), in Canada over 50 years ago (Gorham 1957) and in 
Europe 140 years ago (Smith, 1872).  
 
In 1990, Title IV of the Clean Air Act Amendments (CAAA) was passed with the goal to 
substantially reduce S and N emissions from fossil fuel driven power plants in the Midwest and 
Eastern US   The justification was to decrease acid rain and improve biologically-relevant 
chemistry of surface waters in the US (NRC 2004).  Decreases in the deposition of mineral acids 
(mainly as SO4

-2), have led to improvements in biologically relevant water chemistry in acid 
sensitive surface waters, especially in the northeastern US (Kahl et al. 2004, Stoddard et al. 
2003, Driscoll et al. 2003, Stoddard et al. 1999).  Although acidic deposition is the ultimate 
‘non-point source pollutant’ because it falls on the entire landscape, only a small percentage of 
surface waters were ever actually ‘acidified’.   There are differences in environmental sensitivity 
among regions due to differences in soils and geology.  
 
This study compares our most recent results from the New Hampshire Remote Ponds project 
(NHRP), the Maine High Elevation Lake Monitoring project (HELM) and the Adirondack region 
of the Temporally Integrated Monitoring of Ecosystems project (TIME-ADK). These projects 
represent a geographical continuum of remote and high elevation lakes that were selected 
because of their heightened sensitivity to the effects of acid rain. While we have reported 
elsewhere on the improvements in water chemistry of HELM and TIME-ADK lakes, the current 
comparisons presented here serve to validate improvement of NHRP lakes. The value of data 
from high elevation and remote ponds is that they are the ‘canary in the coal mine’ for 
measuring acidification because, due to their general lack of watershed development impacts, 
they respond more quickly to changes in deposition, give us advanced notice of regional 
response, and the signals are not confused by competing changes in chemistry found in lower 
elevation lakes subjected to road salt, forest harvesting, and runoff from impervious surfaces 
(Kahl and Scott 1988, Kahl et al. 1991).   
 

Methods: 
Study site:  
NH Fish and Game (F&G) began fish stocking a subset of remote ponds in NH during the late 
1970’s in response to an increasing desire by the angling community for more secluded fishing 
opportunities.  The process of stocking the ponds began by backpacking milk cans of fish to the 
ponds.  The program transitioned to using fixed wing aircraft and helicopters within a few years.  
In the early 1980s concerns about the impact of acidic deposition (acid rain) on fisheries grew, 
leading F&G to test pH levels of the ponds during stocking flights (R. Estabrook, personal 
communication, March 14, 2008). While this initial pH data was a crude measurement, it 
nonetheless gave F&G insight into which ponds were most affected by acidic deposition. 
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In 1981, the NH Department of Environmental Services (NH DES) initiated the Remote Pond 
Monitoring project effectively establishing a long term monitoring database to detect changes in 
acidity for remote water bodies statewide.  Furthermore, the database served as a tool for 
fisheries managers to differentiate between ponds that were too acidic to support fish, and those 
ponds that were simply poor fish habitats.  A subset of remote ponds, many of which are at high 
elevation (above 600m), has been monitored periodically during spring stocking trips since the 
program’s inception (Estabrook 1996).  Research on lakes of this nature has been shown to 
provide an advanced signal of regional response to changes in deposition due in part to their 
remote locations (Kahl and Scott 1988). 
 
Sampling, analytical and statistical procedures: 
All sample collection and analysis procedures for HELM and TIME and NHRP were consistent 
with EPA EMAP protocols (Peck 1992, Stoddard et al. 2003). 
 
To ensure data comparability with HELM and TIME, we began sampling the NH remote ponds 
during conditions of summer baseflow. This timeframe is important because during periods of 
high flow, acidification relevant chemistry can be drastically affected (Stoddard et al. 2003) and 
the signal masked by competing acidification mechanisms including dilution, salt-exchange, and 
natural acidity. The NHRP data in this report are from the 40 individual lakes sampled from 
2007-2009 (Fig. 6-1). The map also shows National Atmospheric Deposition Program (NADP) 
monitoring sites used as background precipitation data in this report. 
 
Detailed project background for TIME and HELM has been published elsewhere (Kahl and Scott 
1988, Young and Stoddard 1996). TIME-ADK (2007-2009) and HELM (2008-2009) data in this 
report are from 40 and 28 lakes respectively. Site selection and data used in this report has also 
been detailed in Chapter 3. 
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Figure 6-1. Map of HELM, NHRP, TIME-ADK, and NADP sites used in this report. 

 
Results and Discussion: 

Decreased sulfate: 
Widespread decreases of sulfate in precipitation have directly led to decreased sulfate in surface 
waters in the northeastern US As is expected, our data show an eastward decrease in sulfate 
concentration for both surface waters and precipitation (Fig 6-2). This geographic dependence is 
due to each region’s proximity to the major source of S emissions in the upper Midwest.  On 
average sulfate concentration in precipitation accounts for 25-35% of surface water SO4

-2. The 
difference in SO4

-2 concentration between precipitation and surface waters is due to both a 
delayed delivery of SO4

-2 to surface waters due to soil processes that aid in retention of sulfur 
within the watershed and the lack of quantification of the magnitude of evapotranspiration and 
dry deposition on surface water SO4

-2 concentrations (Kahl et al. 2004). 
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Figure 6-2. Comparison of mean sulfate in surface water and precipitation for TIME-ADK, NHRP, and 
HELM regions. The surface water concentrations shown are estimated to be half of what they were prior 

to the initiation of the CAAA. Precipitation data was obtained from regional National Atmospheric 
Deposition Program (NADP) data for each lake group (MAP). TIME-ADK precipitation is an average of 

NADP sites NY29, NY28, NY98, and NY20 from 2007-2009. HELM precipitation is an average of 
NADP sites ME08, ME09, ME04, and ME02 from 2008-2009. NHRP precipitation is an average of 

NADP sites NH02, ME02, ME08 from 2007-2009. 
 

We have previously shown that sulfate concentrations in HELM and TIME-ADK lakes have 
been reduced by 50% since the implementation of the CAAA (Chapter 4). Therefore, we make 
the assumption that NHRP lakes which are bracketed geographically by HELM and ADK have 
seen a similar decrease in SO4

-2 concentrations. Historical NHRP data were not sensitive enough 
with respect to SO4

-2 concentration to make accurate inferences about the magnitude of change 
of SO4

-2 or its importance as a driver of changes in acidity status of NHRP lakes.  
 
Decreased number of acidic lakes: 
Possibly the most direct way to assess the success of the CAAA is to assess how many lakes are 
classified as acidic or are unable to resist any change in pH when acid is added (ANC <0). Our 
previous work has shown that the number of acidic HELM lakes has been cut in half since the 
mid 1980’s (Chapter 4). The data indicate that about 12.5% of acid sensitive NHRP lakes are 
acidic, slightly less acidic than the TIME-ADK and HELM lakes (Fig. 6-3). The high level of the 
similarity of chemical drivers between the groups also highlights how well they can serve as a 
tool for assessing spatial variation in chemistry changes from the CAAA. 
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Figure 6-3. Cumulative frequency plot of ANC for NHRP, TIME-ADK, and HELM. All three groups 

show very similar distributions of acidity. 
 

Influence of dissolved organic carbon (DOC) on acid-base chemistry: 
It is a commonly held false assumption that all acidic or low pH lakes are impaired due to acid 
rain. Many lakes have always had high levels of acidity from natural sources. DOC represents a 
naturally occurring group of compounds whose main source is the continuous decay and 
dissolution of forest matter.  These compounds exist in a variety of forms with a variety of 
influences on surface waters, one of which is organic acidity.  High levels of DOC act to supply 
enough organic acids to naturally depress surface water pH without the aid of acid rain (Kahl et 
al. 1989).  Therefore, it is well documented that many high DOC lakes have always been acidic.  
Decreasing the supply of inorganic acidity from acid rain will have little or no effect on their 
overall acidity (Kahl et al. 1991). We have already reported on the significance of DOC 
influence on the acidity status of HELM lakes (Chapter 5). 
 
To illustrate the influence of DOC on acidity, we split all three lake groups into classes based on 
their DOC concentrations and calculated an average pH for each class (Fig. 6-4). All three lake 
groups have lower average pH at high DOC concentrations verifying the contribution of organic 
acids. Then, we calculated an “acid fraction” for each lake. The acid fraction is a ratio of mineral 
acidity (acid rain) to organic acidity (DOC). Lakes fall on a continuum from 0 to 1 with high 
values indicating a dominant influence from acid rain, and low values indicating a dominant 
influence from natural organic acidity (Fig. 6-5).  After assessing which acid source is dominant 
in each lake, we estimate that at least one-quarter of the NHRP lakes are dominated by natural 
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organic acidity, and only modest decreases in acidity should be expected to result from 
reductions in acid rain (Fig. 6-5).  
 

 
Figure 6-4. Influence of organic acidity (DOC) on lake pH. Each lake group was split into the indicated 

classes based on their DOC concentration. 
 
 
 

 
Figure 6-5. Continuum of acid sources in NHRP lakes. Lakes that fall to the left of the continuum are 

dominated by natural organic acidity (DOC) while lakes on the right are influenced primarily by mineral 
acids present in acid rain. [Note: The single lake still having a ratio of nearly 1.0 is Black Mountain  

Pond, which currently has DOC < 1mg/L.] 
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Decreased toxic inorganic aluminum (Ali): 
Aluminum is the third most common element in the earth’s crust, and a naturally occurring metal 
found in the environment. Under low pH conditions aluminum is often in an inorganic form that 
has long been shown to be toxic and affect the life stage history of fish (Schofield 1976, Baker 
and Schofield 1982, Munson and Gehrini 1991).  During the acidification process, significant 
levels of toxic aluminum (Ali) may be leached from soils into surface waters.  Therefore, 
recovery of acidified surface waters should include a decrease in Ali concentration over time as 
has been documented recently (Kahl et al. 2004, Warby et al. 2008). 
 
Our previous work on TIME-ADK and HELM lakes has shown that the fraction of the total 
aluminum in surface waters that is toxic to aquatic biota has decreased since the CAAA took 
effect. A current analysis of Ali in surface waters highlights similarities between NHRP and 
HELM lakes (Fig. 6-6). An Ali concentration of 54 µg/L has been shown to be the threshold 
above which biological communities are subject to its toxic effects (Warby et al. 2008, McAvoy 
and Bulger 1995). Only around one-third of these lakes, which we hypothesize are the most 
sensitive to the effects of acid rain, are still above this threshold. Therefore, a continued 
reduction in Ali is necessary in these lakes.  

 
Figure 6-6. Cumulative frequency plot of toxic inorganic aluminum for all three lake groups. The vertical 

line in the center of the plot represents the upper threshold for aluminum toxicity to aquatic biota (54 
µg/L Ali). 

 
Summary: 

The CAAA is one of the best examples of a regulatory program that has demonstrably succeeded 
in improving both air quality and water quality in the northeastern US Decreased emissions of 
sulfur into the atmosphere has led to decreased sulfur in surface waters, and a corresponding 
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decreased level of acidity. Decreased acidity in surface waters is a necessary precursor to 
biological improvement and long-term ecological health of some of the most sensitive 
ecosystems in the region. 
 
In spite of the good news on recovery, not all lakes should be expected to recover to circum-
neutral pH. Many lakes have naturally high concentrations of dissolved organic carbon that 
supplies an organic source of acidity. This naturally occurring acidity can strongly influence the 
acidity status of surface waters, especially those that are in remote areas with relatively pristine 
watersheds. It is unlikely that lakes and ponds with high amounts of organic acids were heavily 
affected by acid rain, and should therefore not be expected to show extraordinary pH increases 
resulting from changes brought by the CAAA. Many lakes in the region had pH values in the 5.0 
to 6.0 range before industrialization and pH recovery from acidification isn’t realistic or 
warranted. 
 
The scientific and regulatory communities need data from ongoing monitoring programs of the 
most sensitive ecosystems, like the lakes of the NH remote ponds monitoring project, to 
determine the extent to which these indicators are indeed predicting chemical changes. 
Furthermore, these ‘canary in the coal mine’ lakes help provide scientists and regulators with 
information as to whether the current recovery will continue under the present deposition 
scenarios, or whether further regulatory action is necessary. 
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Chapter 7: CONCLUSIONS & RECOMMENDATIONS  
 

Conclusions: 
There is now overwhelming evidence that the CAAA have been successful at reducing inputs of 
mineral acids to surface waters in the northeastern US which has improved biologically relevant 
chemistry in these sensitive ecosystems. Decreased SO4

-2 in precipitation has led to decreased 
SO4

-2 in surface waters and decreased acidity in many lakes. Research on high elevation and 
remote surface waters in northern New England has enhanced our interpretation of how effective 
the CAAA have been, and what recovery of effected surface waters will look like moving 
forward. 
 

1. The undeveloped nature of the HELM lakes has allowed for minimal interference from 
development effects that influence our interpretation of the effectiveness of the CAAA on 
other TIME lakes. The advantages of the HELM lakes with respect to development are: 

o Uniform agreement with the theory of surface water dilution. All HELM lakes 
have become more dilute since the CAAA were passed. 

o No HELM lake is effected by Cl- contamination as defined by Rosfjord et al. 
(2007), which could contribute to ANC generation in surface waters 

 
2. The recovery of HELM lakes from acidification impacts can be measured in many ways. 

o There has been a 50% reduction in the number of acidic lakes in HELM since 
1986-87.  

o We report much smaller and less significant decreases in base cations than 
previously reported from similar studies in these regions. This indicates that the 
supply of terrestrial Cb is available for export to surface waters, paving the way 
for larger improvements in surface water acidity. 

o Furthermore, the number of lakes susceptible to spring acidification     
(ANC < 30 µeq/L) has decreased by more than 10% over this time frame. Many 
other lakes are close to this threshold and we project that the median HELM lake 
have ANC > 30 µeq/L by 2025. 

o Those lakes that were the most affected by acid rain (i.e. lowest ANC and pH) 
have shown the greatest improvements in ANC and pH. 

o Toxic Ali concentrations have decreased in these waters and we believe they will 
continue to improve and move towards a more natural, pre-industrial, and 
ecologically sustainable state. 

o At current deposition and recovery rates surface water SO4
-2 concentrations will 

reach nearly uniform 24 µeq/L in 2025, the same year that wet deposition of SO4
-2 

would become undetectable (i.e. below analytical detection). This assessment 
suggests that background SO4

-2 in the HELM lakes could be around 20µeq/L. 
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3. Another important indicator of recovery in response to decreased acidity in precipitation 
has been an increase in DOC and organic acidity. Increases in DOC are especially 
important in HELM waters due to their dilute character and have effected recovery in the 
following ways: 

o Decreasing sulfate fraction (fraction of total anions represented by sulfate) trends 
have led to decreased acidity in many HELM lakes, but increasing organic acids 
have offset much of the change in others. This suggests that the acidity levels of 
the high DOC lakes were not dramatically changed due to acid deposition and 
therefore are unlikely to recover much further than they have already. 

o The acid-base status is beginning to shift from one dominated by 
anthropogenically induced inorganic acidity to one controlled by naturally 
occurring organic acids. While this shift appears to complicate the interpretation 
of acid-base data coming from acid-sensitive lakes, in reality it highlights 
recovery to a more natural state for these surface waters. 

o Our results indicate that critical loads should include an assessment of the 
changing contribution of organic acids (as DOC) have on acid-base chemistry of 
surface waters.   Without this assessment, critical load targets for sulfate in 
deposition will be too low. 
 

4. New Hampshire’s remote ponds help provide an important geographic continuum of acid 
rain monitoring sites located in remote and high elevation areas. 

o The current acid-base condition of NHRP lakes is very similar to that of HELM 
and TIME-ADK. 

o This comparison leads us to the conclusion that NHRP lakes have responded quite 
similarly to HELM and TIME-ADK with respect to the CAAA. 

o Ali concentrations in HELM and NHRP are still higher than those of the TIME-
ADK population. There is some evidence that this may be due to Al complexation 
with fluoride and silica, especially in the White Mountains of NH. 

o We estimate that at least 25% of the NHRP lakes were unaffected by acid 
deposition due to having an acidity status that is dominated by organic acids. 
These lakes will not respond markedly to future reductions in deposition 
forthcoming in regulation. 

 
 

Recommendations: 
It is the opinion of the author that the continuation of long-term chemical (and biological) 
monitoring of remote and high elevation surface waters, like those of HELM and NHRP, is 
necessary beyond question for the success of future environmental regulatory measures. It is with 
that statement that I make the following recommendations for continued research at these sites. 
 

1. Establish two, high frequency monitoring stations at high elevation in the White 
Mountains. Sites should be selected to cover the range of DOC seen in our research. 
Frequent sample collection would give valuable insight into fluctuations in DOC and 
acidity throughout the year. These sites would also allow for event sampling (possibly via 
ISCO samplers) during the summer baseflow period to give valuable data on episodic 
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pulses. Sensor deployment (at least temperature) would fill the need for continuous 
monitoring of climate signals. 
 

2. Begin spectrofluorometric characterization of DOC in order to determine DOC quality 
(McKnight et al. 2001). Data on DOC quality could give valuable insight into differences 
in DOC response to, and influence by, changes in acidic deposition. 
 

3. Formally establish which sites will be included in the NHRP project, and sample 
annually. This does not have to be a large number. NH DES samples 10 lakes every 
spring during stocking trips. At the minimum, analysis of these samples should be 
conducted using EPA methods and TIME/LTM detection limits, and sites re-sampled 
during summer baseflow. 

 
4. Re-sample the original 90 HELM lakes. The last full population sample was conducted in 

1999, so a re-sample at this time would be very informative on a population basis. 
 

5. As is being done with TIME/RLTM projects we need to begin looking at these sites as 
indicators of change for climate related issues. While this is a new question to research at 
these sites, their remote nature should make them ideally suited as advance indicators, as 
it has with recovery from acid rain. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



70 

 

REFERENCES 
 
ABER, J. D., GOODALE, C. L., OLLINGER, S. V., SMITH, M. L., MAGILL, A. H., MARTIN, M. E., 

HALLETT, R. A. & STODDARD, J. L. 2003. Is nitrogen deposition altering the nitrogen status 
of northeastern forests? Bioscience, 53, 375-389.  

 
ABER, J. D., NADELHOFFER, K. J., STEUDLER, P. & MELILLO, J. M. 1989. Nitrogen saturation in 

northern forest ecosystems. Bioscience, 39, 378-386.  
 
ABER, J., MCDOWELL, W., NADELHOFFER, K., MAGILL, A., BERNTSON, G., KAMAKEA, M., 

MCNULTY, S., CURRIE, W., RUSTAD, L. & FERNANDEZ, I. 1998. Nitrogen saturation in 
temperate forest ecosystems - Hypotheses revisited. Bioscience, 48, 921-934.  

 
BAKER, J. P. & SCHOFIELD, C. L. 1982. Aluminum toxicity to fish in acidic waters. Water Air and 

Soil Pollution, 18, 289-309.  
 
BURNS, D. A., RIVA-MURRAY, K., BODE, R. W. & PASSY, S. 2008. Changes in stream chemistry 

and biology in response to reduced levels of acid deposition during 1987-2003 in the Neversink 
River Basin, Catskill Mountains. Ecological Indicators, 8, 191-203.  

 
CANHAM, C. D., PACE, M. L., PAPAIK, M. J., PRIMACK, A. G. B., ROY, K. M., MARANGER, R. 

J., CURRAN, R. P. & SPADA, D. M. 2004. A spatially explicit watershed-scale analysis of 
dissolved organic carbon in Adirondack lakes. Ecological Applications, 14, 839-854.  

 
CHARLES, D.F. & NORTON, S.A. 1986. Paleolimnological evidence for trends in atmospheric 

deposition of acids and metals. In: Acid Deposition: Long-term Trends. Committee on 
Monitoring and Assessment of Trends in Acid Deposition. National Academy Press. Washington, 
D.C. p. 335-431. 

 
COLE, J. J., CARACO, N. F., KLING, G. W. & KRATZ, T. K. 1994. Carbon-dioxide supersaturation in 

the surface waters of lakes. Science, 265, 1568-1570.  
 
CRONAN, C. S. & SCHOFIELD, C. L. 1979. Aluminum leaching response to acid precipitation - 

effects on high-elevation watersheds in the northeast. Science, 204, 304-306.  
 
CRONAN, C. S. & SCHOFIELD, C. L. 1990. Relationships between aqueous aluminum and acidic 

deposition in forested watersheds of North-America and northern Europe. Environmental 
Science & Technology, 24, 1100-1105.  

 
CUMMING, B. F., DAVEY, K. A., SMOL, J. P. & BIRKS, H. J. B. 1994. When did acid-sensitive 

Adirondack lakes (New-York, USA) begin to acidify and are they still acidifying? Canadian 
Journal of Fisheries and Aquatic Sciences, 51, 1550-1568.  

 
CUMMING, B. F., SMOL, J. P., KINGSTON, J. C., CHARLES, D. F., BIRKS, H. J. B., CAMBURN, 

K. E., DIXIT, S. S., UUTALA, A. J. & SELLE, A. R. 1992. How much acidification has 
occurred in Adirondack region lakes (New-York, USA) since preindustrial times. Canadian 
Journal of Fisheries and Aquatic Sciences, 49, 128-141. 

 



71 

 

DAVIS, R. B., ANDERSON, D. S. & BERGE, F. 1985. Paleolimnological evidence that lake 
acidification is accompanied by loss of organic-matter. Nature, 316, 436-438.  

DAVIS, R. B., NORTON, S. A., HESS, C. T. & BRAKKE, D. F. 1983. Paleolimnological 
reconstruction of the effects of atmospheric deposition of acids and heavy-metals on the 
chemistry and biology of lakes in New England and Norway. Hydrobiologia, 103, 113-123.  

 
DEVORE, J.L. 2004. Probability and Statistics for Engineering and the Sciences, Sixth ed. Brooks/Cole , 

Canada. 
 
DRISCOLL, C. T. & NEWTON, R. M. 1985. CHEMICAL CHARACTERISTICS OF ADIRONDACK 

LAKES. Environmental Science & Technology, 19, 1018-1024.  
 
DRISCOLL, C. T., DRISCOLL, K. M., MITCHELL, M. J. & RAYNAL, D. J. 2003. Effects of acidic 

deposition on forest and aquatic ecosystems in New York State. Environmental Pollution, 123, 
327-336.  

 
DRISCOLL, C. T., DRISCOLL, K. M., ROY, K. M. & DUKETT, J. Changes in the chemistry of lakes 

in the Adirondack region of New York following declines in acidic deposition. 2007. Pergamon-
Elsevier Science Ltd, 1181-1188.  

 
DRISCOLL, C. T., DRISCOLL, K. M., ROY, K. M. & MITCHELL, M. J. 2003. Chemical response of 

lakes in the Adirondack Region of New York to declines in acidic deposition. Environmental 
Science & Technology, 37, 2036-2042.  

 
DRISCOLL, C. T., FULLER, R. D. & SCHECHER, W. D. 1989. The role of organic-acids in the 

acidification of surface waters in the eastern United-States. Water Air and Soil Pollution, 43, 21-
40.  

DRISCOLL, C. T., LIKENS, G. E., HEDIN, L. O., EATON, J. S. & BORMANN, F. H. 1989. Changes 
in the chemistry of surface waters. Environmental Science & Technology, 23, 137-143.  

 
DRISCOLL, C. T., POSTEK, K. M., KRETSER, W. & RAYNAL, D. J. 1995. Long-term trends in the 

chemistry of precipitation and lake water in the Adirondack region of New York, USA. Water 
Air and Soil Pollution, 85, 583-588.  

 
DRISCOLL, C. T., WHITALL, D., ABER, J., BOYER, E., CASTRO, M., CRONAN, C., GOODALE, 

C. L., GROFFMAN, P., HOPKINSON, C., LAMBERT, K., LAWRENCE, G. & OLLINGER, 
S. 2003c. Nitrogen pollution in the northeastern United States: Sources, effects, and management 
options. Bioscience, 53, 357-374.  

 
DUPONT, J., CLAIR, T. A., GAGNON, C., JEFFRIES, D. S., KAHL, J. S., NELSON, S. J. & 

PECKENHAM, J. M. 2005. Estimation of critical loads of acidity for lakes in northeastern 
United States and Eastern Canada. Environmental Monitoring and Assessment, 109, 275-291.  

 
EPA (2010). Acid Rain Program 2009 Progress Report. 

http://www.epa.gov/airmarkets/progress/ARP09_1.html  
ESTABROOK, R.H.  1996. Acid Rain Status and Trends: New Hampshire Lakes and Ponds. Final Report 

for Assistance Agreement CL001652-01-0 NHDES-WSPCD-96-2. New Hampshire Department 
of Environmental Safety, Water Supply and Pollution Control Division. Concord, NH.  

 

http://www.epa.gov/airmarkets/progress/ARP09_1.html


72 

 

EVANS, C. D., MONTEITH, D. T. & COOPER, D. M. 2005. Long-term increases in surface water 
dissolved organic carbon: Observations, possible causes and environmental impacts. 
Environmental Pollution, 137, 55-71.  

 
EVANS, C. D., MONTEITH, D. T., REYNOLDS, B. & CLARK, J. M. Buffering of recovery from 

acidification by organic acids. 2008b. 316-325.  
 
EVANS, C., GOODALE, C., CAPORN, S., DISE, N., EMMETT, B., FERNANDEZ, I., FIELD, C., 

FINDLAY, S., LOVETT, G., MEESENBURG, H., MOLDAN, F. & SHEPPARD, L. 2008a. 
Does elevated nitrogen deposition or ecosystem recovery from acidification drive increased 
dissolved organic carbon loss from upland soil? A review of evidence from field nitrogen 
addition experiments. Biogeochemistry, 91, 13-35.  

 
FINDLAY, S. E. G. 2005. Increased carbon transport in the Hudson River: unexpected consequence of 

nitrogen deposition? Frontiers in Ecology and the Environment, 3, 133-137.  
 
FREEMAN, C., EVANS, C. D., MONTEITH, D. T., REYNOLDS, B. & FENNER, N. 2001. Export of 

organic carbon from peat soils. Nature, 412, 785-785.  
 
FREEMAN, C., FENNER, N., OSTLE, N. J., KANG, H., DOWRICK, D. J., REYNOLDS, B., LOCK, 

M. A., SLEEP, D., HUGHES, S. & HUDSON, J. 2004. Export of dissolved organic carbon from 
peatlands under elevated carbon dioxide levels. Nature, 430, 195-198.  

 
GALLOWAY, J. N., ABER, J. D., ERISMAN, J. W., SEITZINGER, S. P., HOWARTH, R. W., 

COWLING, E. B. & COSBY, B. J. 2003. The nitrogen cascade. Bioscience, 53, 341-356.  
 
GALLOWAY, J. N., NORTON, S. A. & CHURCH, M. R. 1983. Fresh-water acidification from 

atmospheric deposition of sulfuric-acid: A conceptual-model. Environmental Science & 
Technology, 17, A541-A545.  

 
GARNETT, M. H., INESON, P. & STEVENSON, A. C. 2000. Effects of burning and grazing on carbon 

sequestration in a Pennine blanket bog, UK. Holocene, 10, 729-736.  
 
GORHAM, E. 1957. The chemical composition of lake waters in Halifax County, Nova Scotia. 

Limnology and Oceanography, 2, 12-21.  
 
HELSEL, D.R. & HIRSCH, R. M. 2002. Statistical Methods in Water Resources Techniques of Water 

Resources Investigations, Book 4, chapter A3. US Geological Survey. 522 p. 
 
HENRIKSEN, A. & BRAKKE, D. F. 1988. Sulfate deposition to surface waters: Estimating critical 

loads for Norway and the eastern United States. Environmental Science & Technology, 22, 8-14.  
 
HERLIHY, A. T., LANDERS, D. H., CUSIMANO, R. F., OVERTON, W.S., WIGGINGTON, P. J., 

POLLACK, A. K., & MITCHELL-HALL, T. E. 1990. Temporal Variability in Lakewater 
Chemistry in the Northeastern United States: Results of Phase II of the Eastern Lake Survey. 
EPA/600/3-91/012. US Environmental Protection Agency. Washington, D.C. 216 p. 

 



73 

 

HILLMAN, D.C., POTTER, J. & SIMON, S. 1986.  Analytical Methods for the National Surface Water 
Survey, Eastern Lake Survey.  EPA/600/4-86/009. US Environmental Protection Agency,  Las 
Vegas, NV. 

HILLMAN, D. C., PIA, S. H. & SIMON, S. J. 1987. National Surface Water Survey: Stream Survey 
(Pilot, Middle Atlantic Phase I, Southeast Screening, and Episode Pilot) Analytical Methods 
Manual. EPA 600/8-87-005. US Environmental Protection Agency, Las Vegas, NV. 

 
HOLLANDER, M.  & WOLFE, D. A.  1973. Nonparametric Statistical Methods. New York: John Wiley 

& Sons. Pages 27–33 (one-sample), 68–75 (two-sample). 
 
JEFFRIES, D. S., CLAIR, T. A., COUTURE, S., DILLON, P. J., DUPONT, J., KELLER, W., 

MCNICOL, D. K., TURNER, M. A., VET, R. & WEEBER, R. 2003. Assessing the recovery of 
lakes in southeastern Canada from the effects of acidic deposition. Ambio, 32, 176-182.  

 
KAHL, J. S. & SCOTT, M. 1988.  Chemistry of Maine’s high elevation lakes: Results from the HELM 

project.  Lake and Reservoir Management, 4, 33-40. 
 
KAHL, J. S., HAINES, T. A., NORTON, S. A. & DAVIS, R. B. 1993. Recent trends in the acid-base 

status of surface waters in Maine, USA. Water Air and Soil Pollution, 67, 281-300.  
 
KAHL, J. S., NORTON, S. A., CRONAN, C. S, FERNANDEZ, I. J., BACON, L. C. & HAINES, T. A. 

1991. Maine. In: Acidic Deposition and Aquatic Ecosystems: Regional Case Studies, D.F. 
Charles ed. Springer-Verlag, New York, NY, 203-235. 

 
KAHL, J. S., NORTON, S. A., FERNANDEZ, I. J., NADELHOFFER, K. J., DRISCOLL, C. T. & 

ABER, J. D. 1993b. Experimental inducement of nitrogen saturation at the watershed scale. 
Environmental Science & Technology, 27, 565-568.  

 
KAHL, J. S., NORTON, S. A., MACRAE, R. K., HAINES, T. A. & DAVIS, R. B. 1989. The influence 

of organic acidity on the acid-base chemistry of surface waters in Maine, USA. Water Air and 
Soil Pollution, 46, 221-233.  

 
KAHL, J. S., STODDARD, J. L., HAEUBER, R., PAULSEN, S. G., BIRNBAUM, R., DEVINEY, F. 

A., WEBB, J. R., DEWALLE, D. R., SHARPE, W., DRISCOLL, C. T., HERLIHY, A. T., 
KELLOGG, J. H., MURDOCH, P. S., ROY, K., WEBSTER, K. E. & URQUHART, N. S. 2004. 
Have US surface waters responded to the 1990 Clean Air Act Amendments? Environmental 
Science & Technology, 38, 484A-490A.  

 
KAHL, J.S. & SCOTT, M. 1994. The Aquatic Chemistry of Maine High Elevation Lakes 1986-1989: 

Results from the HELM Project. Final Report. Maine Department of Environmental Protection. 
Augusta, ME. 61p. 

 
KAHL, J.S. 1999. Response of Maine surface waters to the Clean Air Act Amendments of 1990. Maine 

Ecological Assessment Project. EPA/CX826563-01-0. University of Maine, Water Research 
Institute. Orono, ME. 42p. 

 
 
KOMSTA, L. 2007. mblm: Median-Based Linear Models. R package version 0.11. http://www.r-

project.org, http://www.komsta.net/ 

http://www.komsta.net/


74 

 

 
KRUG, E. C. & FRINK, C. R. 1983. ACID-RAIN ON ACID SOIL - A NEW PERSPECTIVE. Science, 

221, 520-525.  
 
LANDERS, D. H., OVERTON, W. S., LINTHURST, R. A. & BRAKKE, D. F. 1988. Eastern lake 

survey. Environmental Science & Technology, 22, 128-135.  
 
LAWLER, J. J., RUBIN, J., COSBY, B. J., FERNANDEZ, I. J., KAHL, J. S. & NORTON, S. A. 2005. 

Predicting recovery from acidic deposition: Applying a modified TAF (tracking and analysis 
framework) model to maine (USA) high elevation lakes. Water Air and Soil Pollution, 164, 383-
399.  

 
LEENHEER, J. A. & CROUE, J. P. 2003. Characterizing aquatic dissolved organic matter. 

Environmental Science & Technology, 37, 18A-26A.  
 
LIKENS, G. E., BORMANN, F. H. & JOHNSON, N. M. 1972. Acid rain. Environment, 14, 33-.  
 
LIKENS, G. E., DRISCOLL, C. T. & BUSO, D. C. 1996. Long-term effects of acid rain: Response and 

recovery of a forest ecosystem. Science, 272, 244-246.  
 
LOVETT, G. M., BURNS, D., DRISCOLL, C., JENKINS, J., MITCHELL, M., RUSTAD, L., 

SHANLEY, J., LIKENS, G. & HAEUBER, R. 2007. Who needs environmental monitoring? 
Frontiers in Ecology and the Environment, 5, 254-260. 

 
LYNCH, J. A., BOWERSOX, V. C. & GRIMM, J. W. 2000. Changes in sulfate deposition in eastern 

USA following implementation of Phase I of Title IV of the Clean Air Act Amendments of 
1990. Atmospheric Environment, 34, 1665-1680.  

 
MACAVOY, S. E. & BULGER, A. J. 1995. Survival of brook trout (Salvelinus fontinalis) embryos and 

fry in streams of different acid sensitivity in Shenandoah National Park, USA. Water Air and 
Soil Pollution, 85, 445-450.  

 
MCBRIDE, M.B. 1994.  Environmental Chemistry of Soils. Oxford University Press. New York, NY. 

406p. 

MCKNIGHT, D. M., BOYER, E. W., WESTERHOFF, P. K., DORAN, P. T., KULBE, T. & 
ANDERSEN, D. T. 2001. Spectrofluorometric characterization of dissolved organic matter for 
indication of precursor organic material and aromaticity. Limnology and Oceanography, 46, 38-
48. 

 
MERRIAM, J., MCDOWELL, W. H. & CURRIE, W. S. 1996. A high-temperature catalytic oxidation 

technique for determining total dissolved nitrogen. Soil Science Society of America Journal, 60, 
1050-1055. 

 
MESSER, J. J., LINTHURST, R. A. & OVERTON, W. S. 1991. An EPA program for monitoring 

ecological status and trends. Environmental Monitoring and Assessment, 17, 67-78.  
 



75 

 

MITCHELL, M. J., DRISCOLL, C. T., KAHL, J. S., LIKENS, G. E., MURDOCH, P. S. & PARDO, L. 
H. 1996. Climatic control of nitrate loss from forested watersheds in the northeast United States. 
Environmental Science & Technology, 30, 2609-2612.  

 
 
MOMEN, B., LAWRENCE, G. B., NIERZWICKI-BAUER, S. A., SUTHERLAND, J. W., EICHLER, 

L. W., HARRISON, J. P. & BOYLEN, C. W. 2006. Trends in summer chemistry linked to 
productivity in lakes recovering from acid deposition in the Adirondack region of New York. 
Ecosystems, 9, 1306-1317.  

 
MONTEITH, D. T., STODDARD, J. L., EVANS, C. D., DE WIT, H. A., FORSIUS, M., HOGASEN, 

T., WILANDER, A., SKJELKVALE, B. L., JEFFRIES, D. S., VUORENMAA, J., KELLER, B., 
KOPACEK, J. & VESELY, J. 2007. Dissolved organic carbon trends resulting from changes in 
atmospheric deposition chemistry. Nature, 450, 537-U9.  

 
MORRISON, M. 1991. Data Users Guide to the United States Environmental Protection Agency’s Long-

Term Monitoring Project: Quality Assurance Plan and Data Dictionary. EPA 600/3-91/072. US 
Environmental Protection Agency. Corvallis, OR.  

MUNSON, R.G. & GHERINI, S.A.  1991. Processes influencing the acid-base chemistry of surface 
waters. In: Acid Deposition and Aquatic Ecosystems: Regional Case Studies, D.F. Charles ed. 
Springer-Verlag. New York, NY. p. 9-34. 

 
National Research Council. 2004. Air Quality Management in the US National Academy Press. 

Washington, D.C. 401p. 
 
NILSSON J. & GRENNFELT, P. eds. 1988. Critical levels for sulphur and nitrogen. Nordic Council of 

Ministers. Copenhagen, Denmark. 
 
ODEN, S. 1968. The acidification of air and precipitation and its consequences in the natural 

environment. Swedish National Research Council, Stockholm. 
 
PARDO, L. H. & DRISCOLL, C. T. 1996. Critical loads for nitrogen deposition: Case studies at two 

northern hardwood forests. Water Air and Soil Pollution, 89, 105-128.  
 
PECK, D. V. 1992. Environmental Monitoring and Assessment Program: Integrated Quality Assurance 

Project Plan for the Surface Waters Resource Group. EPA/600/X-91/080, US EPA. 
 
PORTER, E., BLETT, T., POTTER, D. U. & HUBER, C. 2005. Protecting resources on federal lands: 

Implications of critical loads for atmospheric deposition of nitrogen and sulfur. Bioscience, 55, 
603-612.  

 
R Development Core Team.  2009. R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL 
http://www.R-project.org. 

 
ROSENQVIST, I. T. 1978. Alternative sources for acidification of river water in Norway. Science of the 

Total Environment, 10, 39-49.  
 

http://www.r-project.org/


76 

 

ROSFJORD, C. H., WEBSTER, K. E., KAHL, J. S., NORTON, S. A., FERNANDEZ, I. J. & 
HERLIHY, A. T. 2007. Anthropogenically driven changes in chloride complicate interpretation 
of base cation trends in lakes recovering from acidic deposition. Environmental Science & 
Technology, 41, 7688-7693.  

 
ROULET, N. & MOORE, T. R. 2006. Environmental chemistry - Browning the waters. Nature, 444, 

283-284.  
 
SCHOFIELD, C.L. 1976. Lake Acidification in the Adirondack Mountains of New York: Causes and 

consequences. In: Proceedings of the First International Symposium on Acid Precipitation and 
the Forest Ecosystem. Dochinger and Seliga, eds. USDA Forest Service General Technical 
Report NE-23. Washington, D.C. 477p.  

 
SEGER, E.M. 2004. Seepage Lake Chemistry as an Indicator of Climate Change. M.S. Thesis in Ecology 

and Environmental Science. University of Maine. Orono, ME. ETD:EES2004-011. 
 
SEINFELD, J. H. & PANDIS, S. N. 1998. Atmospheric Chemistry and Physics: From Air Pollution to 

Climate Change. John Wiley and Sons. New York, NY. 1326p. 
 
SEN, P.K. 1968. Estimates of Regression Coefficient Based on Kendall’s tau. Journal of the American 

Statistical Association, 63, 1379-1389. 
 
SHANNON, J. D. 1999. Regional trends in wet deposition of sulfate in the United States and SO2 

emissions from 1980 through 1995. Atmospheric Environment, 33, 807-816.  
 
SKJELKVALE, B. L., STODDARD, J. L., JEFFRIES, D. S., TORSETH, K., HOGASEN, T., 

BOWMAN, J., MANNIO, J., MONTEITH, D. T., MOSELLO, R., ROGORA, M., RZYCHON, 
D., VESELY, J., WIETING, J., WILANDER, A. & WORSZTYNOWICZ, A. 2005. Regional 
scale evidence for improvements in surface water chemistry 1990-2001. Environmental 
Pollution, 137, 165-176.  

 
SMOL, J. P., CUMMING, B. F., DIXIT, A. S. & DIXIT, S. S. 1998. Tracking recovery patterns in 

acidified lakes: A paleolimnological perspective. Restoration Ecology, 6, 318-326.  
 
STODDARD, J. L., DRISCOLL, C. T., KAHL, J. S. & KELLOGG, J. H. 1998. Regional analysis of 

lake acidification trends for the northeastern US, 1982-1994. Environmental Monitoring and 
Assessment, 51, 399-413.  

 
STODDARD, J. L., DRISCOLL, C. T., KAHL, J. S. & KELLOGG, J. P. 1998b. Can site-specific trends 

be extrapolated to a region? An acidification example for the northeast. Ecological Applications, 
8, 288-299.  

 
STODDARD, J. L., JEFFRIES, D. S., LUKEWILLE, A., CLAIR, T. A., DILLON, P. J., DRISCOLL, C. 

T., FORSIUS, M., JOHANNESSEN, M., KAHL, J. S., KELLOGG, J. H., KEMP, A., 
MANNIO, J., MONTEITH, D. T., MURDOCH, P. S., PATRICK, S., REBSDORF, A., 
SKJELKVALE, B. L., STAINTON, M. P., TRAAEN, T., VAN DAM, H., WEBSTER, K. E., 
WIETING, J. & WILANDER, A. 1999. Regional trends in aquatic recovery from acidification 
in North America and Europe. Nature, 401, 575-578.  

 



77 

 

STODDARD, J., KAHL, J. S., DEVINEY, F., DEWALLE, D., DRISCOLL, C., HERLIHY, A., 
KELLOGG, J., MURDOCH, P., WEBB, J. & WEBSTER, K.  2003. Response of surface water 
chemistry to the Clean Air Act Amendments of 1990. EPA/620/R-03/001, US Environmental 
Protection Agency, Washington, DC.  78 p. 

 
STUMM, W. & MORGAN, J. J. 1970. Aquatic Chemistry: An introduction  emphasizing chemical 

equilibria in natural waters. Wiley-Interscience. New York, NY. 583p. 
 
WARBY, R. A. F., JOHNSON, C. E. & DRISCOLL, C. T. 2008. Changes in Aluminum Concentrations 

and Speciation in Lakes Across the Northeastern US Following Reductions in Acidic 
Deposition. Environmental Science & Technology, 42, 8668-8674. 

 
WEBSTER, K. E. & BREZONIK, P. L. 1995. Climate confounds detection of chemical trends related to 

acid deposition in upper Midwest lakes in the USA. Water Air and Soil Pollution, 85, 1575-
1580.  

 
WETZEL, R.G.  2001. Limnology: Lake and River Ecosystems. 3rd ed. Academic Press. London, UK. 

1006p. 
 
WORRALL, F. & BURT, T. 2005. Predicting the future DOC flux from upland peat catchments. Journal 

of Hydrology, 300, 126-139. 
 
YOUNG, T. C. & STODDARD, J. L. 1996. The temporally integrated monitoring of ecosystems (TIME) 

project design .1. Classification of northeast lakes using a combination of geographic, 
hydrogeochemical, and multivariate techniques. Water Resources Research, 32, 2517-2528. 



78 

 

APPENDICES 
 
These appendices contain the HELM and NHRP data collected by the author that was used in 
this report. The following data sets are contained in these appendices: 
 

A. Chemistry of HELM lakes 2008-09 
B. Chemistry of NHRP lakes 2007-09 

 
 
 
 
 
 
Reported Variables: 
 
Site No. = Site Number (for HELM this is the Maine MIDAS number, for NHRP it is the project 
site number) 
Name = Lake/Pond name 
Date = Sample collection date (dd/mm/yyyy) 
AlT = Total dissolved aluminum (µg/L) 
Ali = inorganic aluminum (µg/L) 
ANC = acid neutralizing capacity (µeq/L) 
Na, K, Mg, Ca = cations (µeq/L) 
Cl, NO3, SO4 = anions (µeq/L) 
COLOR = apparent color (PCU) 
COND = specific conductivity (µS/cm) 
ClpH = closed-cell pH 
EqpH = air-equilibrated pH 
DOC = dissolved organic carbon (mg/L C) 
TDN = total dissolved nitrogen (mg/L N) 
Si = dissolved silica (mg/L SiO2) 
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Appendix A. Chemistry of HELM lakes 2008-2009   
                      

Site 
No. NAME DATE AlT Ali ANC Ca Cl ClpH COLOR COND DOC EqpH K Mg Na NO3 Si SO4 TDN   

3106 Aziscohos 10/20/2008 548 146 21 50.7 9.2 5.19 62 14.0 9.7 5.43 4.5 14.2 29.1 nd 6.4 50.6 0.22   
906 Cloud 10/20/2008 241 100 -1 18.5 9.9 4.99 20 11.8 2.8 5.12 1.5 15.8 17.2 0.5 1.7 45.8 0.11   

8603 Cranberry 10/20/2008 219 15 61 94.9 8.7 6.43 39 16.7 8.0 6.85 5.4 36.9 30.8 nd 4.1 55.3 0.17   
468 Crater 10/20/2008 120 88 0 11.1 8.7 5.18 10 9.7 0.9 5.36 1.9 12.4 16.0 6.1 2.4 41.6 0.07   

3546 Eddy 10/20/2008 277 28 20 53.6 7.0 5.62 43 12.2 6.9 5.91 2.6 17.1 22.9 1.0 3.6 48.3 0.17   
3556 Ethel 10/20/2008 281 76 23 63.8 9.1 5.64 30 14.5 5.0 6.1 4.0 18.7 29.8 0.5 5.1 65.9 0.16   
464 Greenwood 10/20/2008 102 12 30 29.8 11.2 6.21 15 9.7 1.8 6.69 3.2 24.8 29.4 6.2 3.8 31.2 0.25   

8601 Horns 10/20/2008 137 22 30 61.3 7.0 5.95 29 12.5 4.5 6.55 5.5 23.1 22.8 nd 0.9 51.5 0.14   
3592 Jackson 10/20/2008 396 122 8 33.9 17.2 5.05 41 13.3 6.0 5.22 3.1 12.1 31.0 nd 5.1 44.9 0.16   
3554 Ledge 10/20/2008 453 83 19 73.2 8.8 5.32 80 13.6 8.7 5.44 2.1 15.2 17.0 0.5 2.4 46.9 0.14   
3572 Little Swift River 10/20/2008 255 34 29 71.9 8.3 5.62 58 14.3 6.0 6.13 5.0 18.4 25.0 0.3 3.5 55.0 0.10   
3582 Long 10/20/2008 93 19 34 61.2 7.6 5.99 18 12.5 3.8 6.64 4.9 21.9 25.7 1.0 2.2 50.6 0.08   
3548 Moose and Deer 10/20/2008 448 132 18 59.9 8.5 5.32 50 13.4 8.2 5.47 2.7 16.7 21.5 nd 2.9 42.8 0.11   
160 Mountain #2 10/20/2008 166 3 97 136.0 8.3 6.42 40 19.3 5.2 7.16 3.8 34.1 26.4 0.7 3.4 50.8 0.08   

3340 Rock 10/20/2008 213 24 95 128.0 7.1 6.52 38 21.4 6.3 7.07 6.7 34.9 33.6 nd 6.0 52.9 0.21   
3542 Rock 10/20/2008 188 0 49 82.0 7.7 6.1 40 14.9 4.5 6.77 3.6 21.9 29.2 2.0 5.2 51.2 0.23   
3584 Round 10/20/2008 314 49 32 53.1 6.0 5.72 68 11.7 7.0 6.19 4.3 23.3 25.5 1.2 4.9 31.3 0.20   
3560 South 10/20/2008 170 16 12 43.1 5.9 5.54 25 10.2 4.5 5.72 1.7 13.3 19.0 nd 1.5 39.6 0.11   
3590 Southwest 10/20/2008 219 20 10 50.1 6.8 5.29 30 14.7 4.2 5.52 3.9 21.5 24.2 2.2 1.4 70.4 0.10   
3512 Tumbledown 10/20/2008 110 0 11 33.1 5.3 5.56 20 9.5 2.9 5.91 1.4 17.6 16.6 nd 2.4 45.6 nd   
6936 Unnamed 10/20/2008 369 86 37 101.0 7.0 5.58 65 14.5 12.0 5.98 4.7 14.6 15.3 nd 0.7 42.5 0.31   
7776 Unnamed 10/20/2008 569 175 26 79.7 10.4 5.29 55 15.9 9.5 5.55 2.3 20.8 25.9 0.2 5.0 54.6 0.22   
9114 Unnamed 10/20/2008 480 0 16 36.4 11.4 5.26 77 14.6 5.5 5.43 0.4 25.4 24.2 1.4 4.1 55.5 0.28   
3106 Aziscohos P 10/6/2009 414 64 20 55.4 9.7 5.35 60 13.4 9.2 5.49 4.7 16.3 29.5 nd 4.6 42.1 0.18   
906 Cloud Pond 10/6/2009 208 86 -3 22.2 11.4 5.06 18 10.7 3.6 5.06 2.7 16.7 16.7 0.5 1.4 42.8 0.28   

8603 Cranberry P 10/6/2009 191 37 41 69.4 10.1 6.26 57 14.8 8.1 6.34 9.4 30.5 28.9 nd 1.3 44.8 0.08   
468 Crater Pond 10/6/2009 53 39 -3 13.6 9.8 5.37 0 7.7 0.7 5.36 2.7 13.7 14.3 2.2 2.5 36.8 0.21   

3546 Eddy Pond 10/6/2009 118 0 23 57.7 9.5 5.94 30 11.8 4.5 6.19 3.1 18.2 25.8 0.5 1.5 46.4 nd   
3556 Ethel Pond 10/6/2009 357 54 27 81.9 13.5 5.71 58 15.6 8.0 5.93 7.0 22.6 30.5 1.9 4.2 60.5 0.11   
464 Greenwood P 10/6/2009 46 0 17 35.5 11.3 6.31 15 9.1 2.1 6.51 4.2 27.3 30.1 1.6 2.4 27.9 0.18   
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Site 
No. NAME DATE AlT Ali ANC Ca Cl ClpH COLOR COND DOC EqpH K Mg Na NO3 Si SO4 TDN   

8601 Horns Pond 10/6/2009 94 8 27 68.2 8.0 6.15 10 12.6 3.8 6.36 5.9 25.1 22.0 nd 0.2 52.4 0.10   
3592 Jackson Pond 10/6/2009 584 241 -9 29.0 11.8 4.77 61 16.6 10.1 4.76 3.6 13.3 26.4 nd 4.7 44.0 0.12   
3554 Ledge Pond 10/6/2009 301 28 21 73.5 7.5 5.59 71 12.4 8.4 5.77 2.9 14.6 16.8 0.3 1.5 41.1 0.16   
3572 Little Swift 10/6/2009 173 12 22 73.2 9.4 5.67 64 13.3 6.1 6.03 5.8 18.7 23.8 nd 2.1 52.6 0.15   
3582 Long Pond 10/6/2009 65 12 34 61.1 9.4 6.22 19 12.9 3.3 6.43 5.8 22.3 25.4 0.3 2.5 49.5 0.12   
3548 Moose & Dee 10/6/2009 364 97 18 72.0 10.2 5.55 71 13.3 8.8 5.65 3.0 20.0 25.3 0.3 1.6 45.0 0.09   
3540 Mountain Po 10/6/2009 146 11 27 64.7 7.3 6.03 38 13.1 5.9 6.19 5.7 26.9 25.8 0.5 1.0 49.8 0.15   
3585 Moxie Pond 10/6/2009 205 37 21 58.6 7.7 5.62 58 13.4 7.2 5.93 4.2 24.9 26.9 nd 3.3 53.2 0.20   
160 MTN #2 10/6/2009 131 2 88 139.6 8.3 6.56 43 18.2 6.3 6.8 5.2 34.2 24.5 0.9 1.9 48.5 0.15   

3538 Mud Pond-Ra 10/6/2009 131 0 14 55.1 6.1 5.69 20 12.1 4.9 5.8 2.4 24.7 24.4 0.7 0.2 54.9 0.16   
3510 Muskrat Pond 10/6/2009 344 106 -1 30.5 11.7 4.97 40 13.5 6.8 5.06 4.9 17.4 25.1 nd 3.4 48.7 0.17   
3542 Rock Pond 10/6/2009 114 0 60 97.3 8.8 6.27 37 15.5 4.5 6.62 5.3 25.1 31.7 1.0 3.7 49.9 0.15   
3584 Round Pond 10/6/2009 169 19 34 54.0 9.1 6.05 60 10.4 6.5 6.29 4.8 21.7 26.0 0.3 3.9 30.0 0.17   
3560 South Pond 10/6/2009 127 0 12 46.8 8.3 5.69 35 9.2 4.4 5.8 1.9 14.6 20.5 nd 0.8 40.2 0.15   
3590 Southwest P 10/6/2009 138 8 6 59.2 8.4 5.34 30 14.8 4.8 5.48 5.1 22.8 24.0 2.7 0.3 76.0 0.17   
3586 Spencer Pond 10/6/2009 41 0 17 54.6 10.7 6.28 23 12.7 4.4 6.43 4.2 28.5 24.7 nd 0.7 38.9 0.10   
3512 Tumbledown 10/6/2009 80 0 8 33.4 7.6 5.67 16 8.5 2.5 5.84 1.9 17.9 15.8 nd 1.8 42.6 0.21   
6936 Unnamed 693 10/6/2009 213 41 37 86.8 8.0 5.77 50 14.1 9.0 5.93 7.1 14.0 12.0 nd 0.2 37.0 0.12   
7776 Unnamed 7776 10/6/2009 378 69 23 91.1 10.9 5.41 65 16.1 9.9 5.6 4.0 23.2 24.4 3.1 2.5 56.3 0.26   
9114 Unnamed 9114 10/6/2009 461 122 1 33.7 17.7 5.03 57 15.2 6.3 5.02 2.6 27.4 24.4 1.9 2.7 58.1 0.23   
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Appendix B. Chemistry of NHRP lakes 2007-2009 
                      

Site No. NAME DATE AlT Ali ANC Ca Cl ClpH COLOR COND DOC EqpH K Mg Na NO3 Si SO4 TDN   
NHRP003 Black Mountain Pond 6/16/2007 77 20 7 46.2 8.9 5.64 5 13.3 1.0 5.97 4.3 15.7 26.3 nd 2.5 78.2 0.07   
NHRP027 Greeley Pond (Lower) 6/16/2007 464 329 63 122.8 10.7 6.00 8 24.0 1.2 6.50 15.0 9.2 50.4 26.3 7.5 69.3 0.37   
NHRP028 Greeley Pond (Upper) 6/16/2007 610 434 49 131.3 10.3 5.94 25 24.9 1.7 6.21 17.1 8.5 44.4 43.2 7.6 64.9 0.62   
NHRP029 Guinea Pond 6/16/2007 127 0 30 64.1 6.3 5.85 46 13.7 3.9 6.30 2.8 13.5 29.0 nd 1.5 57.6 0.21   
NHRP046 Peaked Hill Pond 6/19/2007 84 2 17 47.9 9.5 6.07 18 13.5 2.4 6.20 2.5 23.0 30.5 nd 1.0 66.4 0.18   
NHRP061 Three Ponds (Middle) 6/19/2007 134 0 33 59.9 3.8 6.04 24 12.2 4.4 6.48 2.2 14.2 28.9 nd 0.6 46.8 0.23   
NHRP067 Wachipauka Pond 6/19/2007 44 0 38 85.3 13.4 6.52 20 18.9 2.6 6.69 6.5 22.9 40.9 nd 3.9 95.2 0.16   
NHRP004 Black Pond 6/24/2007 85 16 69 90.5 8.1 6.61 21 19.6 2.5 6.88 8.5 23.7 53.6 nd 5.9 61.3 0.12   
NHRP022 East Pond 6/24/2007 205 101 23 66.8 11.3 5.96 2 18.3 0.7 6.39 12.7 10.3 52.5 23.2 8.0 71.4 0.40   
NHRP036 Kiah Pond 6/24/2007 228 36 45 80.4 6.5 6.11 40 15.6 5.3 6.47 2.6 18.4 38.9 nd 3.1 56.1 0.27   
NHRP051 Little Sawyer Pond 6/24/2007 142 46 36 78.5 10.4 6.32 8 17.3 1.3 6.55 15.5 8.9 40.7 16.8 5.1 53.7 0.30   
NHRP024 Flat Mountain Pond #1 6/30/2007 174 29 18 43.2 6.4 5.84 26 10.4 3.6 6.12 2.9 13.4 34.6 nd 0.9 49.5 0.16   
NHRP026 Gordon Pond 6/30/2007 379 149 5 43.8 1.1 5.24 32 12.8 5.2 5.26 0.0 16.6 23.8 nd 2.9 61.1 0.18   
NHRP038 Kinsman Pond 6/30/2007 373 115 -17 16.1 4.7 4.63 50 15.7 6.3 4.64 2.6 6.5 12.2 nd 0.0 36.3 0.21   
NHRP039 Lonesome Lake 6/30/2007 185 32 26 60.1 7.9 6.15 10 14.4 2.4 6.32 11.3 9.2 34.0 0.9 2.1 55.5 0.13   
NHRP023 Ethan Pond 7/14/2007 684 408 45 88.5 9.4 5.79 100+ 19.2 7.8 5.92 6.6 18.8 49.3 1.9 7.1 50.9 0.24   
NHRP055 Shoal Pond 7/14/2007 601 88 57 94.0 6.2 5.47 100+ 18.8 11.6 5.86 7.6 24.1 53.0 0.4 5.3 22.5 0.45   
NHRP070 Zeacliff Pond 7/14/2007 825 442 -2 20.6 5.8 4.82 75 14.4 9.0 4.90 6.8 5.0 25.1 3.9 3.1 31.3 0.32   
NHRP015 Courser Pond 7/17/2007 100 34 10 42.4 6.2 5.70 20 12.9 2.9 5.88 5.9 27.4 19.7 0.7 1.3 67.0 0.14   
NHRP032 Middle Hall Pond 7/17/2007 154 1 32 74.3 12.0 6.21 25 15.6 4.4 6.36 4.7 20.7 34.3 0.4 1.7 65.5 0.16   
NHRP066 Unknown Pond 7/21/2007 133 65 -15 5.9 5.7 4.82 30 9.0 3.7 4.85 5.4 2.9 7.4 2.2 0.1 28.2 0.16   
NHRP034 Harrington Pond 7/22/2007 842 327 -77 19.5 5.5 4.16 100+ 33.8 23.0 4.20 0.3 10.0 19.2 nd 3.5 36.1 0.22   
NHRP037 Kilback Pond 7/22/2007 414 49 36 66.7 7.0 5.58 90 13.9 10.4 5.85 6.9 12.4 36.6 6.6 2.5 30.2 0.21   
NHRP057 Lake Solitude 7/22/2007 116 31 -4 26.6 12.2 5.13 25 12.0 3.4 5.21 4.1 12.2 21.3 nd 0.2 54.2 0.08   
NHRP052 Scott's Bog 7/29/2007 76 6 105 137.3 4.0 6.73 35 20.2 6.5 7.04 3.7 39.4 21.6 nd 1.7 54.9 0.22   
NHRP005 Bog Pond 7/31/2007 310 0 31 59.8 7.9 5.68 175 12.5 6.9 6.04 2.3 20.4 39.2 nd 3.2 41.3 0.29   
NHRP043 Boundary Pond 8/7/2007 37 1 204 196.5 8.0 7.12 45 28.7 4.7 7.41 3.5 74.3 23.3 1.2 0.6 52.6 0.21   
NHRP007 Brackett Pond 8/7/2007 232 74 -6 24.2 3.9 4.99 35 11.9 3.3 5.00 2.2 6.9 18.2 0.2 0.5 51.0 0.18   
NHRP021 East Inlet 8/7/2007 67 0 229 202.4 4.2 6.91 49 32.5 4.5 7.38 2.3 84.7 47.3 1.7 3.1 67.2 0.21   
NHRP049 Rocky Pond 8/7/2007 181 48 8 40.8 6.0 5.39 43 11.1 3.3 5.62 4.8 12.1 22.6 0.1 0.3 49.7 0.13   
NHRP068 Whitecomb Pond 8/27/2007 128 23 39 80.0 6.2 6.30 20 16.8 4.5 6.59 6.7 22.6 39.3 1.9 1.8 81.5 0.16   
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Site No. NAME DATE AlT Ali ANC Ca Cl ClpH COLOR COND DOC EqpH K Mg Na NO3 Si SO4 TDN   
NHRP006 Little Bog Pond 9/17/2007 199 19 67 98.3 6.9 6.33 48 18.3 5.3 6.80 7.0 22.1 46.2 0.7 5.1 60.6 0.15   
NHRP064 Upper Trio Pond 9/17/2007 337 63 32 67.1 6.7 5.66 92 14.7 7.8 6.07 6.8 19.6 35.6 1.0 3.2 51.7 0.20   
NHRP012 Cole Pond 9/20/2007 7 1 51 97.2 16.2 6.57 16 17.8 2.3 6.80 6.7 24.4 30.4 nd 1.4 76.3 0.10   
NHRP030 Halfmile Pond 9/23/2007 132 0 19 54.8 12.4 5.85 22 12.5 3.5 6.41 6.3 18.1 22.6 0.5 0.0 50.8 0.20   
NHRP011 Upper Carter Pond 9/30/2007 53 0 66 86.6 8.8 6.74 7 19.3 1.9 7.01 7.0 69.8 23.5 nd 0.7 91.1 0.12   
NHRP056 Signal Pond 10/3/2007 204 46 -1 34.8 5.8 5.00 37 13.7 8.1 5.03 3.3 21.1 21.6 nd 0.5 47.8 0.24   
NHRP059 Sweat Pond 10/3/2007 71 11 36 73.8 6.8 6.17 16 14.8 4.1 6.66 6.7 27.9 26.6 0.6 1.3 65.6 0.18   
NHRP017 Derby Pond 10/7/2007 43 0 14 47.6 12.1 5.77 70 13.7 6.7 5.86 5.7 25.9 31.5 nd 1.1 72.6 0.21   
NHRP065 Trout Pond 10/15/2007 64 0 145 180.9 12.4 6.63 33 27.2 4.8 7.29 12.3 35.3 42.2 nd 4.6 73.9 0.17   
NHRP022 East 7/15/2008 87 6 27 66.1 10.7 6.40 10 17.2 1.1 6.59 11.5 11.0 55.9 17.4 8.2 72.6 0.29   
NHRP032 Middle Hall 7/15/2008 120 7 34 74.3 9.6 6.35 33 15.8 3.4 6.63 4.8 22.3 33.6 nd 1.2 67.3 0.14   
NHRP061 Three Ponds (MID) 7/15/2008 163 1 33 64.6 4.3 5.99 40 12.1 4.9 6.46 3.9 14.0 28.0 0.2 0.9 46.3 0.20   
NHRP026 Gordon 8/24/2008 566 190 3 46.1 2.5 5.00 55 14.3 8.1 5.02 0.4 13.8 23.5 nd 4.9 55.6 0.17   
NHRP006 Little Bog 8/27/2008 199 0 59 96.5 5.0 6.36 32 17.3 4.8 6.82 5.7 21.0 44.7 nd 6.2 62.8 0.13   
NHRP068 Whitcomb 8/27/2008 275 48 34 85.8 3.9 5.98 38 16.5 6.2 6.31 4.1 21.6 38.7 nd 0.3 71.0 0.15   
NHRP007 Brackett 9/10/2008 382 98 -9 27.3 3.2 4.86 28 12.0 5.5 4.91 1.0 7.0 13.1 0.2 2.0 44.0 0.19   
NHRP049 Rocky 9/10/2008 330 111 -3 39.4 4.0 5.02 37 11.9 6.3 5.08 1.7 11.0 17.1 0.2 1.9 42.3 0.19   
NHRP029 Guinea 9/20/2008 264 119 19 63.6 5.5 5.83 21 11.7 5.5 6.02 1.8 13.3 27.0 nd NA 44.9 0.18   
NHRP051 Little Sawyer 9/20/2008 166 58 37 78.9 7.2 6.36 11 15.4 2.1 6.41 13.4 9.3 40.4 0.2 NA 53.8 0.09   
NHRP038 Kinsman 10/4/2008 632 229 -35 22.9 6.2 4.42 125 20.6 14.6 4.47 1.5 8.4 19.0 nd 2.9 36.1 0.29   
NHRP039 Lonesome 10/5/2008 435 174 18 56.5 9.0 5.63 35 13.6 5.2 5.71 11.2 7.9 32.7 3.8 5.9 54.8 0.19   
NHRP046 Peaked Hill 8/9/2009 125 26 22 65.9 7.9 5.78 32 12.1 4.7 6.23 2.2 24.5 28.9 nd 2.6 55.4 0.20   
NHRP061 Three Ponds (Middle) 8/16/2009 242 60 25 61.7 6.2 5.76 45 10.3 6.9 6.12 2.5 14.8 23.1 nd 2.4 34.8 0.26   
NHRP022 East 8/18/2009 141 38 30 78.5 10.2 6.01 11 18.2 1.1 6.59 12.6 12.5 55.9 19.7 9.3 75.4 0.37   
NHRP028 Upper Greely 8/25/2009 691 434 76 149.1 6.3 6.06 18 24.3 3.7 6.45 18.5 11.4 45.0 20.9 8.2 59.1 0.36   
NHRP066 Unknown Pond (NH) 9/12/2009 102 26 -7 14.5 8.6 4.94 38 8.1 3.5 4.97 2.5 4.9 8.4 nd 0.1 21.2 0.13   
NHRP012 Cole Pond 10/19/2009 7 0 57 98.1 14.7 6.52 10 16.5 2.3 6.68 7.4 24.7 29.4 nd 0.9 65.4 0.05   
NHRP015 Corser Pond 10/19/2009 74 0 33 54.0 8.6 6.02 25 11.8 3.7 6.32 7.8 29.1 21.0 0.7 1.2 46.0 0.13   
NHRP017 Derby Pond 10/19/2009 108 0 26 56.5 8.9 6.06 30 11.3 4.8 6.22 2.5 23.9 27.3 nd 2.2 43.8 0.11   
NHRP029 Guinea Pond 10/19/2009 139 23 27 73.0 13.9 6.01 25 13.5 4.8 6.18 7.2 17.2 31.1 nd 3.4 50.3 0.10   
NHRP030 Halfmile Pond 10/19/2009 102 0 14 55.8 11.4 5.79 30 11.1 3.6 5.99 4.7 17.7 20.5 1.3 1.3 47.5 0.14   
NHRP057 Lake Solitude 10/19/2009 112 29 4 45.8 11.8 5.41 20 11.4 2.9 5.49 4.1 14.0 23.6 1.2 1.1 56.9 0.09   
NHRP006 Little Bog Pond 10/19/2009 121 4 69 107.0 9.5 6.38 30 18.6 4.2 6.75 9.1 24.2 47.8 5.7 7.4 65.7 0.14   
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Site No. NAME DATE AlT Ali ANC Ca Cl ClpH COLOR COND DOC EqpH K Mg Na NO3 Si SO4 TDN   
NHRP051 Little Sawyer Pond 10/19/2009 119 45 19 81.8 8.3 6.40 10 15.9 1.9 6.51 16.1 12.2 40.8 nd 4.0 51.6 0.03   
NHRP039 Lonesome Lake 10/19/2009 282 108 26 68.5 8.6 5.98 25 13.6 3.5 6.07 12.2 9.9 32.6 5.0 5.4 55.1 0.09   
NHRP032 Middle Hall Pond 10/19/2009 163 43 26 67.7 11.3 5.93 35 13.6 4.3 6.18 5.5 20.3 29.1 0.4 2.7 59.4 0.07   
NHRP049 Rocky Pond 10/19/2009 249 42 7 44.4 10.3 5.29 45 11.3 6.3 5.33 7.0 12.4 21.2 0.6 2.1 40.8 0.13   
NHRP056 Signal Pond 10/19/2009 228 62 22 48.8 6.6 5.61 70 11.6 8.0 5.76 4.2 22.3 21.9 0.6 0.8 37.8 0.28   
NHRP059 Sweat Pond 10/19/2009 45 0 55 77.6 7.0 6.27 20 13.6 4.1 6.64 5.6 29.3 27.3 nd 1.8 44.1 0.08   
NHRP064 Trio Pond Lower 10/19/2009 158 0 48 78.7 8.4 6.29 50 14.7 6.1 6.42 12.7 22.9 36.4 1.3 2.6 47.7 0.13   
NHRP065 Trout Pond 10/19/2009 51 1 162 196.9 13.7 6.55 35 26.4 4.8 7.08 14.8 33.8 41.5 nd 6.3 56.4 0.08   
NHRP067 Wachipauka Pond 10/19/2009 34 0 56 106.7 11.8 6.35 30 18.8 3.4 6.55 7.3 26.4 39.9 nd 4.2 82.6 0.09   
NHRP068 Whitcomb Pond 10/19/2009 119 17 54 105.3 6.7 6.27 30 17.3 5.6 6.55 6.5 24.9 41.1 0.5 3.3 73.1 0.11   
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APPENDIX C:  Maine High Elevation Lakes 
(BAUMANN, A. J. & KAHL, J. S. 2007. Maine High Elevation Lakes. LakeLine, 27, 30-34.) 

 
 

Indicator Watersheds for Detecting Environmental Trends: 
Long-term environmental monitoring has historically been a challenge to sustain, despite 
generating long-term data records that form the basis for most questions underlying 
environmental science. It is increasingly clear that monitoring is an essential component of 
research (Lovett et al. 2007). Well-designed monitoring programs address clear questions that 
are relevant to policy, use consistent and accepted methods to produce and document quality 
data, and typically directly involve the researchers that will utilize the results. We recommend 
that government agencies commit to the highly cost-effective support needed to maintain 
existing long-term data records, rather than abandoning these successful, but perhaps seemingly 
mundane, programs in favor of new observing networks du jour that have no data record.  
 
One example of a research/monitoring program that is successfully addressing the effectiveness 
of the Clean Air Act Amendments of 1990 (CAAA) (Stoddard et al. 2003) is the USEPA 
program TIME (Temporally Integrated Monitoring of Ecosystems). This program uses a random 
sample of lakes that represents a statistical population of lakes in the northeastern U.S. The data 
record for some of these lakes extends back to 1984. Our part of the program since 1993 spans 
the region from the Adirondacks to Maine. USEPA has made a commitment to this program 
because the agency needs the data to report to Congress on the effectiveness of the Clean Air Act 
Amendments, yet the continuity of funding for the program is in question virtually every year.  
 

High Elevation Lakes as “Canary” Lakes?: 
TIME represents a random sample of lakes that have low alkalinity and are therefore expected to 
respond to changes in the acidity of atmospheric deposition. To complement TIME lakes, which 
are typically low-elevation lakes with at least some development in their watersheds, we have 
been sampling remote lakes at high elevation in Maine (Figure 1). This paper describes the 
characteristics and trends in chemistry of Maine high-elevation lakes that make these lakes good 
candidates as indicator systems capable of providing an advance signal of the response to 
stressors such as acidic deposition and climate change. Data for these lakes extend back at least 
20 years (Kahl and Scott 1988) in the program established by Matt Scott, Past President of 
NALMS.  
 

Federal Acidic Deposition Policy: 
The 1990 Clean Air Act Amendments set target reductions, beginning in 1995, for acid precursor 
emissions from industrial sources as a means to reduce the acidity in atmospheric deposition. 
The intended result was to decrease the acidity in surface waters and thereby improve their 
biological condition. In setting policy for acidic deposition, policymakers face the difficult 
challenge of dealing with an environmental issue that has rather subtle effects, takes decades to 
unfold, and may require years to reach a consensus about what “recovery” entails (Kahl et al. 
2004). 
 
 
 



85 

 

 
 

 
 

Figure 1. Shoreline view of South Basin Pond in Baxter State Park, ME. Mt. Katahdin (5267 ft.) makes 
up the pond’s southwestern shore. 

 
Although acidic deposition is the ultimate non-point source pollutant because it falls on the entire 
landscape, only a small percentage of surface waters are “acidified” (e.g., Landers et al. 1988). 
Therefore, the choices for future Clean Air Act policy depend on awareness of the scientific 
consensus about the magnitude of the resource at risk for a given region or resource. Differences 
in environmental sensitivity and capacity also require decision support tools capable of capturing 
regional variation.  
 

Scientific Context for Acidic Deposition: 
Title IV of the 1990 Clean Air Act Amendments set target reductions for sulfur and nitrogen 
emissions from industrial sources as a means to reduce the acidity in deposition. One of the 
intended effects of the reductions was to decrease the acidity of low alkalinity waters, largely in 
the Northeast (Figure 2), thereby improving their biological condition. The measures of expected 
“recovery” in biological condition include decreased acidity, sulfate, and toxic dissolved 
aluminum concentrations.  
 
Nitrate and sulfate from the combustion of fossil fuels react with water in the atmosphere to 
produce “acid rain”, a dilute solution of nitric and sulfuric acids. This acidity (and the acid 
anions sulfate and nitrate) may travel hundreds of miles before being deposited on the landscape. 
The northern and eastern U.S. receives precipitation with mean pH that ranges from 4.3 in 
Pennsylvania and New York to 4.8 in Maine and the Upper Midwest. The acidity (hydrogen ion 
concentration) in precipitation in the eastern U.S. is at least twice as high as in pre-industrial 
times. In the Northeast, sulfate in precipitation has declined significantly for at least 30 years 
(Lynch et al. 2000). Nitrate concentrations have declined slightly in the Northeast since 2000.  
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Figure 2. Acid sensitive regions of the northern and eastern United States (figure adapted from Stoddard 

et al. 2003) with the red circle indicating the region of Maine High Elevation Lakes. 
 

Acidic Lakes at High Elevation: 
In 1984 the EPA began monitoring the status of lakes in the Northeast through the Eastern Lake 
Survey (ELS) (Landers et al. 1988). The HELM (high elevation lakes of Maine) project was 
designed to enhance the relevance of the data coming from Maine by monitoring lakes at the 
high elevations. Beginning in 1986, 90 Maine lakes, greater than 600m elevation, at least 0.4 ha 
surface area and 1m deep, have been sampled periodically (Figure 3). On average, the HELM 
lakes are more acidic than the rest of Maine’s lakes because they:  
 

• receive higher amounts of precipitation  
• have a larger input of organic acids 
• have low or no development disturbance 
• have low acid neutralizing capacities (ANC) due to the characteristics of geology and 

soils (steep slopes, shallow soils, chemical-weathering resistant bedrock) (Figure 4)  
 
All of these factors make the population of HELM lakes preferentially suited as an indicator of 
recovery from acidic deposition.  
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Figure 3. Aerial view of Cranberry Pond with Cranberry Peak rising out of its western shoreline. The 
majority of the HELM lakes are set in similar topographic backdrops. 

 
 

 
 

Figure 4. Shoreline view of Tumbledown Pond, a HELM sampling site in western Maine, showing the 
geology characteristic of the HELM population. 

 
The Low-Cl Advantage in HELM Lakes: 

A recent study by Rosfjord et al. (2007) used the EPA ELS statistical framework of lakes 
representing the population of lakes with low acid neutralizing capacity (ANC) in the 
northeastern U.S. to provide a regional assessment of 20-year changes in Cl and major cation 
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chemistry. The study region included urban/suburban areas in southern New England and more 
remote settings in the Adirondack Mountains and Maine. The conclusions were that assessments 
of acid-base chemistry are compromised by major changes in chlorine (Cl-) (largely from road 
salt) in much of the population of lakes (Figure 5). The more remote regions of the Adirondack 
Mountains and Maine were relatively less impacted by increases in Cl-. Within Maine, the 
HELM lakes have a mean Cl-concentration of only 11 µeq/L (0.4 mg/L) compared to an average 
of 148 µeq/L in Maine, with no increase in Cl-through time. This lack of impact from 
development enhances the suitability of HELM lakes for long-term assessment of recovery from 
acidic deposition. 

 
 

Figure 5. The distribution of Cl- (µeq/L) in 1984 (open boxes) and 2004 (gray boxes) by region. Box 
boundaries represent 25th and 75th quartiles, whiskers the 10 and 90th percentiles, and open circles the 5 
and 95th percentiles (from Rosfjord et al. 2007). The HELM Cl- data in red inset box are from 1986 and 

2003. 
 

Acid-base Status of Surface Waters: 
EPA ELS estimated the number of acidic lakes at 4.2 percent of the population in northeastern 
U.S. (Landers et al. 1988). Surface waters in most other regions are not sensitive to the impacts 
of acidification due to the nature of the local geology. “Acidic” waters are defined as having acid 
neutralizing capacity (ANC) less than zero (i.e., no acid buffering capacity in the water), 
corresponding to a pH of about 5.2. In Maine, the percentage of acidic waters was estimated by 
EPA to be less than 1 percent, but we were aware in the mid-1980s of more than 100 acidic lakes 
not considered in the EPA estimate. The high-elevation lake population, with 13 percent acidic 
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lakes, was established as a sensitive subset of Maine lakes to track the response of surface waters 
to reduced acidic deposition.  

Declining Conductance: 
One of the regional trends in the chemistry of low ANC surface waters is declining conductance. 
The reason is a combination of chemical trends occurring due to decreases in acidic deposition. 
Concentrations of sulfate, nitrate, and hydrogen (acidity) are decreasing due to lower levels of 
acidic anions in deposition. As the acidity is reduced, the concentration of acid neutralizing base 
cations (Ca+2 and Mg+2) in the surface waters is also reduced due to changes in soil chemistry. 
Typically, the only concentrations that are increasing are ANC (alkalinity) and natural organic 
anions represented by increased Dissolved Organic Carbon (DOC). Therefore, the concentration 
of declining constituents outweighs the increasing ones leading to an overall decline in 
conductance. This decline likely represents a return to a more pre-industrial condition for surface 
waters.  
 
In the Northeast, Maine high-elevation lakes and lakes in the Adirondacks have declining sulfate 
as expected from declining deposition of sulfate in precipitation (Figure 6). However, the decline 
in sulfate is being offset by the decline in base cations, resulting in only small increases in pH 
and ANC. The response in the past 10 to 15 years suggests that the indicator systems such as the 
HELM lakes show greater “recovery” than the general population of lakes in the region.  
 

 
Figure 6. Summary of annual regional trends in surface water chemistry in HELM lakes, New England 

lakes, and the Adirondacks (regional data from Kahl et al. 2004). 
 

Indicators of Recovery: 
A main goal of the Clean Air Act Amendments (CAAA) is to decrease the acidity of surface 
waters. Although a major decrease in acidity has not occurred, some factors appear to point 
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toward recovery, forecasting an improvement in biologically relevant surface water chemistry. It 
is not yet clear if further reductions in emissions and deposition will be necessary for widespread 
recovery to occur. These factors suggest that continued data collection is essential to document 
the effectiveness of the Clean Air Act Amendments:  
 

• Sulfate constitutes an increasingly smaller percentage of total ions in sensitive surface 
waters. 

•  Base cations have declined in concentrations similar to the decline in sulfate, offsetting 
the sulfate decline and resulting in typically small increases in ANC in the region.  

• Dissolved organic carbon has increased in many surface waters. This change probably 
represents a return to a more natural pre-industrial acid-base condition. 

• Toxic aluminum concentrations, which is the major biological impact resulting from 
acidic deposition, have decreased in indicator systems such as the HELM lakes.  

 
The scientific and regulatory communities need data from ongoing monitoring programs to 
determine the extent to which these indicators are indeed predicting recovery, and whether 
recovery will continue with at current levels of deposition without further deposition reductions.  
 

Expectations for recovery: 
An important consideration for measuring the success of the CAAA is to have appropriate 
expectations for the magnitude of recovery. Lakes inferred to have been measurably acidified by 
atmospheric deposition were already marginally acidic before anthropogenic atmospheric 
pollution began more than 100 years ago. Lakes acidified by acidic deposition were naturally at 
least marginally acidic before anthropogenic acidic deposition began. Therefore, full recovery of 
acidic lakes may yield more sustainable fisheries, but there is no reason to expect neutral pH in 
presently acidic lakes.  
 

Conclusions: 
Surprising or unexpected results sometimes are discovered as part of long-term monitoring, 
typically results that cannot be uncovered by short-term research. Moreover, baseline data can 
often immediately rule out or suggest hypotheses. In the case of the Maine high elevation lakes, 
current results confirm that the lack of impact from Cl- makes these lakes well suited to 
determining long-term trends in response to declining acidic deposition. Widespread application 
of road salt in many non-HELM watersheds interferes with our ability to detect trends in lake 
chemistry related to other regional stressors such as climate change and acidic deposition. We 
suggest that regional monitoring programs used to assess the status and trends in the chemistry of 
aquatic systems should consider the effect of widespread salt contamination on water chemistry 
when interpreting policy-relevant data.  
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