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The recent public focus on Lake Erie 
harmful algal blooms (HABs) has 
pushed researchers, conservationists, 

and policy makers to attempt to isolate the 
cause(s) and the solution(s) to this prob-
lem. Previous reports indicated as many as 
25 potential “causes” of the HABs (Smith 
et al. 2015c). More recently, researchers 
have placed further scrutiny on individual 
causes, such as tile drainage (King et al. 
2015), fertilizer placement (Smith et al. 
2016), fertility recommendations (Smith 
et al. 2018), or groups of these potential 
causes (Smith et al. 2015a; Jarvie et al. 
2017; King et al. 2017; Smith et al. 2017; 
Williams et al. 2017).

One item that has yet to be addressed 
from the original list of causes is the 
influence of decreased sulfate (SO4) con-
centrations in rainfall and a concomitant 
increase in rainfall and soil pH (Smith et al. 
2015c). Acid rain that resulted from power 
plant and other emissions was known to 
degrade aquatic and soil quality and dam-
age structures in the 1970s and 1980s 
(Seaborn 1982; Helvey et al. 1982). 

The 1990 Amendments to the Clean 
Air Act was enacted to address, among 
other things, acid rain (40 CFR C.50-97). 
Thus, flue-gas desulfurization has been 
adopted by power plants to decrease sul-
fur (S) emissions from power plants. Figure 
1 shows the rainfall chemistry at one of 
the National Atmospheric Deposition 
Program’s sites nearest the Western Lake 
Erie Basin (WLEB). There have been 

A possible trade-off between clean air and clean water

marked decreases in the concentration of 
SO4 and nitrate (NO3) in rainfall, while 
the rainfall pH has increased. Similar 
results have been seen throughout the 
United States as well as worldwide upon 
the passage of regulations to control acid 
rain (Kahl et al. 2004; Sopauskiene and 
Jacineviciene 2006; Strock et al. 2014).

Total phosphorus (TP) has increased in 
rivers and lakes that are not impacted by 
anthropogenic inputs (e.g., fertilizers or 
wastewater) over the last 20 years in both 
North America and Europe (Kopacek et al. 
2015; Stoddard et al. 2016). In the WLEB, 
tributary TP loads have remained nearly 
stable since the early 2000s; however, 
soluble P (SP) loads have increased over 
this period (Joose and Baker 2011; Jarvie 
et al. 2017). Unfortunately, the studies of 
pristine systems did not include differen-
tiation between SP and TP to determine 
if the soluble or particulate fraction was 
contributing to the increased P loading 
(Kopacek et al. 2015; Stoddard et al. 2016). 
In the WLEB, the increase in SP loading 
has been closely associated with the extent 
of HABs; however, increased SP loading is 
masked by the high TP loads when trend 
analysis is completed for TP during the last 
two decades. 

The large-scale trends in precipitation 
chemistry over the last 20 years have been 
directly linked to changes in soil chemistry 
and water quality. For example, increasing 
organic matter solubility and enhanced 
export of dissolved organic carbon (DOC) 
have been documented in acid-sensitive 
watersheds across North America and 
northern Europe (Monteith et al. 2007). 
However, it is not yet known whether 
the observed continental-scale increases 
in freshwater TP concentrations could be 
linked to changes in precipitation chemistry.

Upon compilation of these disparate 
data sources, some interesting gaps in our 
knowledge are highlighted. Chiefly among 
these are the following: 
1. Does a link exist between changes in 

precipitation chemistry and altered P 
loss trends in the last 20 years? 

2. If P losses are affected by precipi-
tation chemistry, what P fractions 
would be impacted?

3. If P loss is increased in either pristine 
or anthropogenically managed sys-
tems as a function of altered rainfall 
chemistry, what mitigation strategies 
might be used? 
Since SP losses in the WLEB have 

occurred concomitantly with changes to 
precipitation chemistry, we conducted a 
preliminary study to determine if there 
could be a relationship between the 
two. Soils and fertilizers were chosen for 
this study, as the instantaneous interac-
tions between rainwater and these two 
P sources are likely to have the greatest 
impact on changes to P loss from fields 
and watersheds. 

PROCEDURES
Precipitation chemistry measured by 
the National Atmospheric Deposition 
Program at Huntington, Indiana, was 
used as the basis for this work. Rainwater 
in 1990 had a mean pH of 4.4, and SO4, 
NO3, and ammonium (NH4) concentra-
tions of 2.5, 1.7, and 0.35 mg L–1 (2.5, 
1.7, and 0.35 ppm), respectively. In 2011, 
mean rainwater pH was 5.1, while SO4, 
NO3 and NH4 concentrations were 1.05, 
1.0 and 0.45 mg L–1 (1.05, 1.0, and 0.45 
ppm), respectively. Precipitation chemistry 
was simulated by mixing 20 L (5.3 gal) of 
deionized water with these constituents, 
henceforth called 1990 precipitation and 
2011 precipitation. 

Soils from the WLEB were collected 
from two sites in Indiana (IN1 and IN2) 
and four sites in Ohio (OH1, OH2, 
OH3, and OH4), dried at 60°C (140°F), 
ground, and sieved to pass a 2 mm (0.08 
in) mesh sieve. Triplicate samples of each 
soil were extracted with 1990 precipita-
tion and 2011 precipitation, using a 1:10 
soil to extractant ratio. After 5 minutes of 
shaking at 200 oscillations min–1, samples 
were centrifuged at 5,000 × gravity, and 
the supernatant was filtered (0.45 µm) 
and acidified. In addition to the soils, six 
fertilizers (bone meal, rock phosphate, 
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significant correlations between extract-
able Fe and P, whereas there were no 
significant correlations observed between 
extracted P and Ca.

In four of the six fertilizers studied, 2011 
precipitation resulted in greater SP con-
centrations compared to 1990 precipitation 
(figure 3). Only rock phosphate showed 
significantly lower SP concentrations when 
extracted with 2011 precipitation. The 
most commonly used fertilizer sources in 
the WLEB (MAP and DAP) both showed 
that P loss from direct contact with pre-

single superphosphate [SSP], triple super-
phosphate [TSP], diammonium phosphate 
[DAP], and monoammonium phosphate 
[MAP]) were also extracted with 1990 
precipitation and 2011 precipitation. This 
was completed using the same procedures 
as the soils, except a 1:100 fertilizer to 
extractant ratio was used. 

Soluble P was measured on a Sans++ 
segmented flow analyzer (Skalar, Inc., 
Buford, Georgia), while aluminum (Al), 
calcium (Ca), and iron (Fe) were ana-
lyzed on a Vista-MPX ICP (Varian, Palo 
Alto, California) on the filtered, acidi-
fied samples. Statistics were performed in 
JMP v. 10.0.0 (SAS Institute, Cary, North 
Carolina), using t-tests to compare means 
of precipitation treatments by soil or fertil-
izer. Further, P concentrations for each soil 
were regressed against cation (Al, Ca, or 
Fe) concentrations for each soil to deter-
mine the significance of any relationships 
that might exist.

RESULTS 
Across the six soils used in the current 
study, SP increased, on average, by 0.16 
mg L–1 (0.16 ppm) when they were 
extracted with the 2011 precipitation 
compared to the 1990 precipitation (table 
1). An increase in SP was observed for 
four of the six soils when using the 2011 
precipitation, with the largest increase 
(1.08 mg L–1 [1.08 ppm]) occurring in 
the OH3 soil. The 2011 precipitation 
also extracted more Al in four of the 
six soils compared to the 1990 precipi-
tation (table 1). In contrast, Ca and Fe 

decreased with the 2011 precipitation in 
six and five soils, respectively. 

Significant positive correlations were 
observed between extracted P and Al in 
two of the six soils studied (IN1 and OH4). 
Figure 2 shows the relationship between 
P and Al for OH4. These trends were not 
observed in every soil, but could be one 
mechanism for increase SP loss from some 
soils. Further study is needed to determine 
if other soils exhibit similar relationships, 
and what characteristics those soils have 
in common. Two soils were found to have 

Figure 1
Mean annual sulfate (SO

4
), nitrate (NO

3
), and pH in rainfall at the National 

Atmospheric Deposition Program (NADP) site IN20 from 1983 to 2016. (Original 
data source is the NADP, site IN20, Roush Lake near Huntsville, Indiana: http://
nadp.sws.uiuc.edu/.)

Table 1
Phosphorus, aluminum, calcium, and iron concentrations in extractions for two soils from Indiana and four soils from Ohio with 
simulated rainfall from 1990 and 2011.

 Phosphorus (mg L–1)  Aluminum (mg L–1)  Calcium (mg L–1)  Iron (mg L–1)
Soil 1990 2011 p 1990 2011 p 1990 2011 p 1990 2011 p
IN1 0.17 0.29 ** 0.07 0.16 *** 82.90 79.30  0.256 0.453 *
IN2 0.95 1.12 † 3.44 3.92  14.60 14.20  4.04 3.37 
OH1 3.25 3.18  1.10 1.20  21.60 19.70 † 1.51 1.26 †
OH2 0.31 0.36  1.27 1.22  22.80 21.40  1.88 1.64 
OH3 0.28 1.36 ** 2.81 3.22 * 9.28 9.28  6.01 3.93 *
OH4  3.25 2.99 * 3.08 1.25 * 19.30 18.60  3.09 1.52 
Notes: Significant differences exist between rainfall chemistry treatments for a given soil and element when there is an annotation in the p column. 
Significance occurs at p < 0.05 (*), p < 0.01 (**), or p < 0.001 (***). 
† Represents a p-value between 0.05 and 0.15. 
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cipitation may have increased during the 
period from 1990 to 2011.

IMPLICATIONS
Data presented herein are preliminary 
results from a study designed to deter-
mine if precipitation chemistry could be 
a contributing factor to the increased SP 
loadings to Lake Erie, among a wider range 
of potential drivers (Smith et al. 2015c). 
These other drivers include increasing 
extent and intensity of tile drainage in the 
WLEB, which enhances the hydrologic 
connectivity between P sources (i.e., agri-
cultural fields) and receiving waters (King 
et al. 2015; Smith et al. 2015b); and role of 
conservation practices, such as no-till and 
grassed waterways, that reduce TP while 
increasing SP losses (Smith et al. 2015a). 
Based on our preliminary results, we 
cannot rule out the possibility that anthro-
pogenically induced declines in SO4 and 
the associated pH increase in precipitation 
between 1990 and 2011 may have resulted 
in greater SP loss from soils and fertilizers. 
However, this dataset alone is insufficient 
to confirm that this has occurred, and fur-
ther studies are underway to develop and 
extend this pilot study.

From 2000 to 2014, continental scale 
TP loadings to water bodies in the United 
States increased at a rate of approximately 
2.5 µg L–1 y–1 (2.5 ppb yr–1) (Stoddard 
et al. 2016), but with no corresponding 
assessment of speciation of TP as soluble 
or particulate concentrations. Changes in 
atmospheric deposition offer a plausible 
explanation for such widespread increases 
in TP concentrations, which could also 
elucidate why these changes are occur-
ring in pristine watersheds. Atmospheric 
deposition may have a direct impact 
through increased TP deposition linked 
to particle deposition of atmospheric dust 
(which may increase particulate P in run-
off). Alternatively, as shown in this pilot 
study, it may have an indirect impact, as 
a result of decreased SO4 deposition and/
or increased rainfall pH (driving increased 
SP losses). 

Mitigation of acid rain deposition in 
the United Kingdom resulted in increased 
DOC concentrations in streams and rivers 
(Evans et al. 2005). Decreased S depo-
sition in Sweden decreased in-stream 

Figure 2
Relationship between soluble phosphorus (SP) and aluminum (Al) from soil OH4.

Figure 3
Soluble P (SP) concentrations for fertilizers upon extraction with simulated precipitation 
from 1990 and 2011. Bars within a fertilizer treatment with different letters indicate a 
significant treatment effect of rainwater chemistry.
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Environmental Quality 44(2):486-494.

King, K.W., M.R. Williams, L.T. Johnson, D.R. 

Smith, G.A., LaBarge, and N.R. Fausey. 2017. 

Phosphorus availability in Western Lake Erie 

Basin drainage waters: Legacy evidence across 

SO4 concentrations with increased total 
organic C and Cl stream concentrations 
(Folster and Wilander 2002). While P 
was not measured in their study, it is not 
out of the realm of possibility that other 
anions increase when SO4 concentra-
tions decrease. From the 1980s to the late 
2000s, as Adirondack streams recovered 
from wet deposition of S, streams’ water 
SO4 concentrations declined while DOC 
concentrations increased (Lawrence et al. 
2011). Declining wet acid deposition and 
land disturbance resulted in greater DOC 
and Fe concentrations in UK streams 
(Neal et al. 2008).

An evaluation of Dutch moorland pools 
demonstrated that during recovery from 
acid rain deposition, SP and DOC concen-
trations increased while TP concentrations 
decreased (van Kleef et al. 2010). In this 
study, they further observed that pool water 
pH was directly related to SP concentration 
and that SP concentrations increase as a 
result of increased organic matter decompo-
sition. Recovery from acid rain deposition 
resulted in improved macroinvertebrate and 
diatom species richness in the streams and 
lakes of the United Kingdom. (Tipping et 
al. 2002). Increased drinking water reservoir 
DOC concentrations have been observed 
to occur concomitantly with declining acid 
deposition (Oulehle and Hruska 2009).

Soil DOC concentrations have been 
shown to increase in response to declin-
ing acid deposition from rainfall and 
increased microbial activity (Vanguelova 
et al. 2010). Increased acid deposition to 
soils resulted in lower soil pH and in turn 
increased Al in soil solution (Stevens et al. 
2009). They also found soil pH was posi-
tively correlated with Ca and negatively 
correlated with Fe (Stevens et al. 2009). 
European air emission standards resulted 
in declining soil SO4 concentrations in 
most Swedish forest sites; however, soil 
pH and Al concentrations recovered from 
acidification at some, but not all sites 
(Karlsson et al. 2011). 

Applications of S to alfalfa (Medicago 
sativa L.) and corn (Zea mays L.) have been 
shown to decrease P uptake (Caldwell et 
al. 1969). In legume crops, S additions 
tended to decrease foliar P concentra-
tions, whereas P additions tended to result 
in decreased foliar S concentrations (Jones 

et al. 1970). Berger et al. (2016) dem-
onstrated that as beech (Fagis  sylvatica) 
trees in Austria recovered from acid rain 
deposition, there was still substantial S 
in soils. However, while the soils were in 
the process of recovering, as evidenced 
by greater organic mineralization rates, 
high soil S concentrations resulted in low 
P uptake. In the WLEB, crop consultants 
and farmers have observed fewer crop P 
deficiencies and more crop S deficiencies 
over the last 10 to 15 years (Joe Nester, 
personal communication, April 26, 2017). 

In the WLEB tributaries, SP loadings 
increased since the early 2000s with no 
corresponding increase in particulate P 
loadings. Our results highlight the need 
for more intensive and broader studies 
to evaluate the impacts of changing pre-
cipitation chemistry on SP losses, through 
benchtop and field scale studies, and to 
assess if this mechanism could be plausi-
ble. If so, this could present a potentially 
intractable trade-off between clean air and 
clean water: whereby improvements in 
air quality may have been achieved at the 
expense of surface water quality. As such, 
reduced atmospheric S emissions may 
have inadvertently contributed to increas-
ing SP loadings to water bodies, a major 
cause of eutrophication and water-quality 
impairment globally.

Again, this study is preliminary in 
nature and does not provide defini-
tive proof of Clean Air Act regulations 
diminishing water quality. This study does 
indicate further study is warranted. Other 
studies in the region have shown that the 
observed changes in SP loading are likely 
the result of a myriad of factors (Jarvie 
et al. 2017), and precipitation chemistry 
may simply be another confounding fac-
tor. Whether or not the higher pH/lower 
SO4 precipitation received by WLEB soils 
and fertilizers in recent years and into the 
future impacts the SP losses, it is impera-
tive that scientists, resource managers, and 
policy makers quickly find and implement 
strategies to decrease SP loading through 
WLEB tributaries.
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