
Lake Michigan from Sheboygan WI. Photo by Lucius Clay

Revisiting Wisconsin’s Acid-Sensitive Lakes 
30 years after Acid Rain Legislation

Steve Greb and Katherine Webster
UW-Wisconsin Madison
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• Acid rain is caused primarily by emissions of sulfur dioxide and nitrogen oxides. 
• Sulfur dioxide emissions come mostly from coal-fired power plants and pulp and 

paper mills. 
• Nitrogen oxide emissions come mostly from coal-fired power plants, factories, 

motor vehicles and home furnaces. 
• While in the air, sulfur dioxide and nitrogen oxides react with oxygen and moisture 

to form sulfuric acid, nitric acid and nitrous acid, which return to the land as 
precipitation through rain, snow or fog.

The former Pabst brewery in Milwaukee  
Photo by Jeremey Jannene

Background



Human health In the atmosphere, sulfate and nitrate aerosols increase morbidity and 
mortality from lung disorders, such as asthma and bronchitis, and impacts to the 
cardiovascular system. 
Surface waters Acidic surface waters decrease the survivability of animal life in lakes and 
streams and in the more severe instances eliminate some or all types of fish and other 
organisms.. 
Forests Acid deposition contributes to forest degradation by impairing trees' growth and 
increasing their susceptibility to winter injury, insect infestation, and drought. It also 
causes leaching and depletion of natural nutrients in forest soil. 

Impacts of Acid Rain



Materials Acid deposition contributes to the corrosion and deterioration of buildings, 
cultural objects, and cars, which decreases their value and increases costs of correcting and 
repairing damage. 
Visibility In the atmosphere, sulfur dioxide and nitrogen oxides form sulfate and nitrate 
particles, which impair visibility and affect the enjoyment of national parks and other scenic 
views. 

SOURCE: "Appendix I. Effect of Acid Rain on Human Health and Selected Ecosystems and Anticipated Recovery Benefits," in Acid Rain: 
Emissions Trends and Effects in the Eastern United States, U.S. General Accounting Office, March 2000, 
http://www.gao.gov/archive/2000/rc00047.pdf (accessed July 27, 2007) 

Impacts of Acid Rain

Photo by Spencer Platt



1970s- Acid rain started making worldwide news, thanks to research showing that 
acidic rainfall was damaging lakes, fisheries and forests in Europe and Canada. 

1979- DNR tested lakes around Wisconsin and concluded that half of the northern 
lakes tested were vulnerable to damage from acid rain. Also damaging fish, forests, 
crops and even stone monuments around the state. 

1986- Wisconsin acid rain legislation passed

History 



•Reduced acid rain and kept the pH of 
precipitation at least 4.7 across Wisconsin.

•Created standards for nitrogen oxide and 
sulfur dioxide emissions from different sources.

•Required the state's five major electric utilities 
to reduce their sulfur dioxide emissions to 50 
percent of 1980 levels by 1993.

•Capped annual emissions from the state's five 
major electric utilities at 250,000 tons of sulfur 
dioxide beginning in 1993, and 135,000 tons of 
nitrogen oxides beginning in 1991.

•Kept sulfur dioxide emissions from all large 
sources in Wisconsin below 75,000 tons per 
year.

•Reduced average sulfur dioxide emissions to 
1.5 pounds per million BTUs of heat produced 
by plants owned by Wisconsin companies

Goals of Wisconsin Acid Rain Legislation 



Acid Rain and Mercury deposition monitoring at Trout Lake

photos by Carl Watras
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Experimental acidification and recovery of Little Rock Lake: 1984-2008

Little Rock Lake: acidified basin at top of picture







The Wisconsin Early Response Lakes (WERL) -1987
EPA Long-Term Monitoring (LTM) -1983

The goal of the acid-sensitive lake monitoring program is to quantify relationships 
between declining deposition rates of mineral acids which followed reductions in 
SO2 emissions, and the acid-base chemistry of sensitive lakes across the State. 
Chemical, hydrologic and deposition data will be incorporated into an evaluation of 
dose-response relationships, and consideration of time lags between emission 
reductions and lake responses



..with help from 
many staff



Long-term lake chemistry changes to acid deposition; revisiting 
Wisconsin’s Acid-Sensitive Lakes in 2016

Goal: Quantify changes and trends in acid-base chemistry of sensitive lakes in 
northern Wisconsin in the context of declining acid deposition rates

Work plan:
1. Retrieve all past archived data
2. Review methods and protocols
3. Select a subset of lakes (n=18)
4. Sample lakes during fall turnover in 2016
5. Present and publish findings of both past and current work

Three Stratums of lakes sampled
a. Stratum 1 Low ANC, low Color
b. Stratum 2- Low ANC, high Color
c. Stratum 3- Higher ANC, low Color





Northern Wisconsin Lakescape: Vilas County Photo by Carl Bowser



2016 Acid Rain Lakes Crew

Katie Hein              Susan Knight         Carol Warden               Paul Garrison               Steve Greb 



Lake Sampling 2016

Photos by Carol Warden and Susan Knight



National Atmospheric Deposition Program (NRSP-3). 2018. NADP Program Office, Wisconsin State Laboratory of 
Hygiene, 465 Henry Mall, Madison, WI 53706. 

WOW!
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Wi -2.42 ueq/l/yr
NY -2.35
UK -1.1
IT -1.0
CZ -3.47
Driscoll (2016)



Stratum 1 Low ANC, low Color
Stratum 2- Low ANC, high Color
Stratum 3- Higher ANC, low Color

Sulfate Concentrations
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Possible explanations
• Changes in air temperature
• Increased precip.
• Land use changes
• Increased atm. CO2
• Decreased atm. sulfur dep.
• Accum. atm. dep. N
Krause and Sucker (2016)
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Possible explanations
• Changes in air temperature
• Increased precip.
• Land use changes
• Increased atm. CO2
• Decreased atm. sulfur dep.
• Accum. atm. dep. N
Krause and Sucker (2016)



AD = 10.321*DOC - 19.587
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Possible explanations
• Changes in air temperature
• Increased precip.
• Land use changes
• Increased atm. CO2
• Decreased atm. sulfur dep.
• Accum. atm. dep. N
Krause and Sucker (2016)



Results of regional Kendall tau trend test
(1987 – 2000 data and 1987 – 2016 data)

Str 1 -> low ANC, low Colour
Str 2 -> low ANC, high Colour
Str 3 -> higher ANC, low Colou

Trends show:
• Stratum 1 lakes had strongest trends in ion concentration, pH, and DOC
• SO4 showed largest change (slope), followed by Ca+Mg; ANC trends weak
• pH and DOC increases strongest in Stratum 1
• Most acid sensitive lakes = Stratum 1 (as designed) and showed major changes over 3 

decades 
• Reductions in SO4 deposition reflected in declines in lake SO4 in all strata but other 

trends interact.

Regional Kendall tau tests

Stratum 1 Stratum 2 Stratum 3 All Lakes Stratum 1 Stratum 2 Stratum 3 All Lakes
n=9 n=5 n=4 n=18 n=9 n=5 n=4 n=18

slope -4.2 -2.8 -0.9 -2.8 -3.6 -2.1 -1.0 -2.3
sig_corr *** ** ** *** *** ** *** ***

slope 1.0 0.6 -0.4 0.6 1.0 0.6 0.1 0.8
sig_corr * ns ns ns ** * ns *

slope 0.045 0.013 -0.010 0.023 0.039 0.013 -0.001 0.021
sig_corr *** ns ns ** *** * ns ***

slope 0.155 0.218 0.000 0.103 0.200 0.093 0.032 0.115
sig_corr ns * ns ns * * ns *

slope 0.089 0.118 0.021 0.067 0.090 0.117 0.028 0.075
sig_corr *** * ns *** *** ** * ***

slope -1.8 -0.8 -0.4 -1.3 -1.5 -0.7 -0.2 -1.0
sig_corr *** * * *** *** * ns ***

DOC

Cl

Trends 1987 - 2000 Trends 1987 - 2016

ANC

CA+MG

SO4

pH Field


Summary Table

		Regional Kendall tau tests

						Trends 1987 - 2000										Trends 1987 - 2016

						Stratum 1		Stratum 2		Stratum 3		All Lakes				Stratum 1		Stratum 2		Stratum 3		All Lakes

						n=9		n=5		n=4		n=18				n=9		n=5		n=4		n=18

		ANC		slope		1.0		0.6		-0.4		0.6				1.0		0.6		0.1		0.8

				sig_corr		*		ns		ns		ns				**		*		ns		*



		CAMG		slope		-1.8		-0.8		-0.4		-1.3				-1.5		-0.7		-0.2		-1.0

				sig_corr		***		*		*		***				***		*		ns		***



		SO4		slope		-4.2		-2.8		-0.9		-2.8				-3.6		-2.1		-1.0		-2.3

				sig_corr		***		**		**		***				***		**		***		***



		pH Field		slope		0.045		0.013		-0.010		0.023				0.039		0.013		-0.001		0.021

				sig_corr		***		ns		ns		**				***		*		ns		***



		Color (true)		slope		-0.23		-0.76		-0.63		-0.40				0.00		-0.33		-0.39		-0.20

				sig_corr		*		ns		*		*				ns		ns		*		ns



		DOC		slope		0.089		0.118		0.021		0.067				0.090		0.117		0.028		0.075

				sig_corr		***		*		ns		***				***		**		*		***



		Cl		slope		0.155		0.218		0.000		0.103				0.200		0.093		0.032		0.115

				sig_corr		ns		*		ns		ns				*		*		ns		*



		Na		slope		0.049		0.080		-0.218		0.000				0.083		0.038		-0.099		0.044

				sig_corr		ns		ns		ns		ns				*		ns		ns		ns
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		Regional Kendall tau tests

						Trends 1987 - 2000										Trends 1987 - 2016

						Stratum 1		Stratum 2		Stratum 3		All Lakes				Stratum 1		Stratum 2		Stratum 3		All Lakes

						n=9		n=5		n=4		n=18				n=9		n=5		n=4		n=18

		SO4		slope		-4.2		-2.8		-0.9		-2.8				-3.6		-2.1		-1.0		-2.3

				sig_corr		***		**		**		***				***		**		***		***



		ANC		slope		1.0		0.6		-0.4		0.6				1.0		0.6		0.1		0.8

				sig_corr		*		ns		ns		ns				**		*		ns		*



		pH Field		slope		0.045		0.013		-0.010		0.023				0.039		0.013		-0.001		0.021

				sig_corr		***		ns		ns		**				***		*		ns		***



		Cl		slope		0.155		0.218		0.000		0.103				0.200		0.093		0.032		0.115

				sig_corr		ns		*		ns		ns				*		*		ns		*



		DOC		slope		0.089		0.118		0.021		0.067				0.090		0.117		0.028		0.075

				sig_corr		***		*		ns		***				***		**		*		***



		CA+MG		slope		-1.8		-0.8		-0.4		-1.3				-1.5		-0.7		-0.2		-1.0

				sig_corr		***		*		*		***				***		*		ns		***













rkt_rs_9AP18

		RKT trends by stratum

		lkgroup		wqvar		stratum		sig		sig_corr		slope		p2sided		p2sided_cor		S		varS		varS.corrected		tau

		rs8700		CLFIL		1		*		ns		0.1547854701		0.0137288788		0.0996254866		127		2614.3333333333		5855		0.1711590296

		rs8700		CLFIL		2		*		*		0.2180555556		0.019115695		0.0105116131		89		1410.3333333333		1183		0.2202970297

		rs8700		CLFIL		3		ns		ns		0		0.9289710457		0.9372477153		-4		1132.6666666667		1452		-0.0123076923

		rs8700		NAFIL		1		*		ns		0.0491666667		0.0410900191		0.1560288461		107		2693		5583.6666666667		0.1371794872

		rs8700		NAFIL		2		ns		ns		0.07975		0.4053617598		0.2529584564		32		1388		735.3333333333		0.0792079208

		rs8700		NAFIL		3		*		ns		-0.2175		0.010874954		0.0797012509		-86		1114		2352.6666666667		-0.2646153846

		rs8716		CLFIL		1		***		*		0.2		0.0002193658		0.0247932011		211		3229		8753		0.2447795824

		rs8716		CLFIL		2		*		*		0.0933		0.0496919359		0.0273443622		83		1745.6666666667		1381		0.1765957447

		rs8716		CLFIL		3		ns		ns		0.0316666667		0.7085127011		0.7331615365		15		1402.3333333333		1686.3333333333		0.0396825397

		rs8716		NAFIL		1		**		*		0.0833333333		0.0024465319		0.0414108702		176		3336		7363.3333333333		0.1949058693

		rs8716		NAFIL		2		ns		ns		0.037875		0.3233283854		0.1775571998		42		1723.3333333333		924.6666666667		0.0893617021

		rs8716		NAFIL		3		ns		ns		-0.0992857143		0.1969106329		0.3976391776		-49		1383.6666666667		3220.3333333333		-0.1296296296





rkt_rsnostr_9AP18

		Regional KT trends for all lakes, no stratum

		lkgroup		wqvar		sig		sig_corr		slope		p2sided		p2sided_cor		S		varS		varS.corrected		tau

		rs8700		CLFIL		**		ns		0.1034		0.0033020684		0.0857889444		212		5157.3333333333		15083.3333333333		0.1441196465

		rs8700		NAFIL		ns		ns		0		0.470628269		0.6622340177		53		5195		14170.3333333333		0.0351225977

		rs8716		CLFIL		***		*		0.1154761905		0.0001148169		0.0280527963		309		6377		19661.6666666667		0.1807017544

		rs8716		NAFIL		*		ns		0.0435		0.0363508807		0.2378492475		169		6443		20257		0.0965162764







Summary
• Retrieved and reviewed past data sets
• Conducted field campaign on subset (n=18) of original lakes
• Lake responses differ depending on ambient lake chemistry
• Atmospheric acid concentrations strongly declining
• Concurrent decline in acid anions 
• Small decline and stabilizing of base cation concentrations
• Slight increases of salt ions despite decrease in atmospheric concentrations
• Significant increase in DOC 
• Caution when interpreting single point with large time gap. 

WDNR photo



Thank you!

Thanks to Katie Hein, Susan Knight, Carol Warden, and Paul Garrison for their field work
And the DNR Water Quality Bureau, Monitoring Section and UW Trout Lake Station for 
their support  
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