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In 2011, Lake Erie experienced the largest harmful algal bloom in its
recorded history, with a peak intensity over three times greater than
any previously observed bloom. Here we show that long-term
trends in agricultural practices are consistent with increasing
phosphorus loading to the western basin of the lake, and that
these trends, coupled with meteorological conditions in spring
2011, produced record-breaking nutrient loads. An extended
period of weak lake circulation then led to abnormally long
residence times that incubated the bloom, andwarm and quiescent
conditions after bloom onset allowed algae to remain near the top
of the water column and prevented flushing of nutrients from the
system.We further find that all of these factors are consistent with
expected future conditions. If a scientifically guided management
plan to mitigate these impacts is not implemented, we can
therefore expect this bloom to be a harbinger of future blooms in
Lake Erie.
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Eutrophication of freshwater and coastal marine ecosystems
resulting from increased anthropogenic nutrient loading to

receiving waters has become a global problem (1). Examples of
eutrophic lakes with severe toxic cyanobacterial blooms include
Lake Taihu in China (2), Lake Winnipeg in Canada (3), and
Lake Nieuwe Meer in The Netherlands (4). Lake Erie, the
shallowest, most productive, and most southern of the Lau-
rentian Great Lakes, has experienced substantial eutrophication
over the past half century. In the 1960s and 1970s, excess
phosphorus from point and nonpoint sources produced nuisance
algal blooms, poor water clarity, and extensive hypoxic areas (5).
In response, the United States and Canada implemented phos-
phorus loading reduction strategies through the Great Lakes
Water Quality Agreement (6, 7). These load reductions resulted
in a rapid and profound ecological response as predicted by
a range of models (8–10). Despite early success from these
management actions, however, hypolimnetic oxygen depletion
rates, hypoxia extent (11, 12), and algal biomass (13–15) have
increased systematically since the mid-1990s. Of greatest concern
is the increase in toxin-forming strains of the cyanobacteria
Microcystis sp. and Anabaena sp. that produce the hepatotoxin
microcystin and the neurotoxin anatoxin, respectively. Even
nontoxic forms of these blooms, however, severely stress the
ecological structure and functioning, as well as the aesthetics, of

the Lake Erie ecosystem. Possible causes for these more recent
increases include increases in agricultural nonpoint sources of
bioavailable phosphorus (16), the presence of invasive mussel
species, specifically Dreissena rostriformis bugensis (quagga mus-
sels) and Dreissenid polymorpha (zebra mussels) (17–20), and
internal phosphorus loading to Lake Erie’s central basin that
increases in response to hypoxic conditions (21).
In 2011, Lake Erie experienced an algal bloom of record-

setting magnitude (Fig. 1). Land use, agricultural practices, and
meteorological conditions may all have contributed to stimulat-
ing and exacerbating the bloom. We hypothesize that severe
spring precipitation events, coupled with long-term trends in
agricultural land use and practices, produced a pulse of re-
markably high loading of highly bioavailable dissolved reactive
phosphorus (DRP) to the western basin of Lake Erie. Un-
commonly warm and quiescent conditions in late spring and
summer, and an unusually strong resuspension event immedi-
ately preceding bloom onset, are further hypothesized to have
provided ideal incubation, seeding, and growth conditions for
bloom development. Dreissenid populations (22, 23), and phos-
phorus levels in lake sediments (24, 25) have been stable in re-
cent years, and neither of these factors is therefore hypothesized
to be a significant additional contributing factor. Here we test
these causal hypotheses and their correspondence with long-
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term trends to assess whether the 2011 bloom was driven by
a unique and unfortunate combination of circumstances or
whether it is a harbinger of future eutrophication conditions
expected under evolving land management practices and climate
change in the region.

Results and Discussion
Lake Erie’s 2011 algal bloom began in its western basin in mid-
July, and estimates from remotely sensed data (26) indicate that
it covered an area of ∼600 km2 during the initial phase (Fig. S1).
In situ sampling of algal biovolume, areal coverage, and duration
indicate that by early September the bloom was at least 2.4 times
greater than the previous largest bloom (2008), and four times
greater than the average of blooms between 2002 and 2010 (14).
As Microcystis declined in the western basin in the latter part of
the summer, the bloom spread into the central basin, eventually
extending 150 km eastward and persisting until mid-October. At
its peak in early October, the extent of the bloom was estimated
to be more than 5,000 km2 (26) (Fig. S1). The peak bloom in-
tensity, calculated from remote sensing, was 7.3 times greater
than the average for the previous 9 years and 3.3 times greater
than the previous peak observed in 2008. Cyanobacteria, which
were undetectable in June, represented 60–98% of in situ fluo-
rescence measured from surface water throughout the western
basin during the bloom.
Taxonomic analysis of the phytoplankton community con-

firmed that composition was almost entirely Microcystis. Micro-
cystin toxin was detected at most western basin sampling sites with
water-column integrated concentrations ranging from 0.1 μg/L to
8.7 μg/L. Surface toxin concentrations could have reached over
4,500 μg/L in early August assuming all Microcystis and micro-
cystin formed a surface scum 10 cm in thickness. The World
Health Organization guideline for microcystin in recreational
waters is 20 μg/L (27), pointing to potential for adverse health
effects in 2011. DNA analysis of Microcystis from various loca-
tions indicated similar strains in the western and central basins,
suggesting that the central basin bloom arose from the eastward
migration of Microcystis colonies from the original bloom. As the

abundance of the nonnitrogen fixing Microcystis began to decline
significantly in the western basin in late August, it was replaced by
a secondary bloom of nitrogen-fixing Anabaena sp., suggesting
that the Microcystis bloom had largely depleted bioavailable ni-
trogen in the lake. This was confirmed by in situ sampling of algal
nutrient concentrations (SI Materials and Methods and SI Results
and Discussion).
Microcystis sp. and Anabaena sp. are both potentially toxic

cyanobacteria. Microcystis thrives in Lake Erie, where its growth is
stimulated by high concentrations of DRP and combined in-
organic nitrogen (i.e., ammonia and nitrate) (28). Concentrations
of bioavailable phosphorus appear to govern the ultimate biomass
of Microcystis, but Lake Erie’s low bioavailable nitrogen-to-phos-
phorus ratio in late summer also provides cyanobacteria, including
those that are nonnitrogen fixing, an additional competitive ad-
vantage over other phytoplankton classes (29–31). Temperature
and mixing conditions are also important in determining growth,
because cyanobacteria have a higher temperature optimum (on
the order of 25 °C) than eukaryotic phytoplankton (17, 32), and
temperature-dependent gas vacuoles increase Microcystis buoy-
ancy, allowing them to rise to more favorable light and tempera-
ture conditions under quiescent conditions (33).
We hypothesize that trends in agricultural land use contributed

to the 2011 bloom. Corn cropland increased 11% nationally and
land in the federal Conservation Reserve Program (CRP) de-
creased 14% between 2008 and 2011 (Fig. S2). Similar trends in
the western Lake Erie watershed could lead to increased phos-
phate fertilizer use, because phosphate is applied to corn at a 36%
higher rate than to soybeans in Ohio (SI Materials and Methods
and SI Results and Discussion), and because the conversion of
CRP land to agriculture would also substantially increase phos-
phate use. Together, these could result in greater phosphorus
runoff and higher loadings in western Lake Erie. However, trends
in the Lake Erie watershed deviate sharply from those national
trends. Both corn cropland and CRP land changed only slightly
from 2008 to 2011 (SI Materials and Methods, SI Results and
Discussion, and Fig. S2). It is therefore unlikely that recent agri-
cultural land use trends are important drivers of the 2011 bloom.
Long-term trends in agricultural nutrient management practi-

ces, on the other hand, are consistent with a potential for higher
nutrient loading (Table S1). Three management practices—
autumn fertilizer application, fertilizer being broadcast on the
surface rather than injected in the soil, and conservation tillage—
can create conditions for enhanced DRP runoff. These practices
have increased in the region over the last 10 y, although in some
cases evidence is only anecdotal. Consistent with these trends is
the observed 218% increase in DRP loadings between 1995 and
2011 (P = 0.0004) from the Maumee River, the main tributary to
the western basin, whereas runoff increased by only 42% (P =
0.12) over the same period (SI Materials and Methods, SI Results
and Discussion and Table S2).
Autumn weather conditions in 2010 were ideal for completing

harvest and preparing fields for the following year, increasing
autumn application of fertilizer. The spring of 2011 then expe-
rienced a series of large storm runoff events between February
17 and June 8, including a major event with peak daily mean
discharge exceeding 2,200 m3/s on May 25–27 (SI Materials and
Methods and SI Results and Discussion and Fig. 2A). This storm
represents the 99.8th percentile for Maumee daily discharge
since 1975, when intensive monitoring of this tributary began.
During this peak event, convective cells originated from a low-
pressure system centered over the southern Great Plains and
propagated to the north and east over a 2-d period (Fig. S3). The
peak 24-h accumulated precipitation exceeded 50 mm over the
Maumee River basin on May 26, contributing to a total of over
170 mm of rain in May 2011. This is over 75% above the prior
20-y average for May (97 mm averaged over 1986–2005). Total
discharge and phosphorus loads for the 111-d (February 17 to

Fig. 1. MODIS satellite Image of Lake Erie on September 3, 2011, overlaid
over map of Lake Erie tributaries. This image shows the bloom about 6 wk
after its initiation in the western basin. On this date, it covers the entire
western basin and is beginning to expand into the central basin, where it
will continue to grow until October (Fig. S1).
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June 8) and 15-d (May 25 to June 8) periods covering the
springtime precipitation events (Fig. S4) are among the largest
observed since 1975, for periods of those lengths. Similarly, total
discharge and DRP loads during the March-to-June timeframe,
which is the critical period for setting up algal blooms (26), were
the largest since intensive monitoring began in 1975. This is in
stark contrast to these months in 2012, when discharge from the
Maumee was only 20% and DRP loading was 15% of 2011 values.
We use the Soil and Water Assessment Tool (SWAT) model

(34, 35) to test the impact of precipitation intensity and agri-
cultural nutrient management practices on expected nutrient
loading, to determine whether these factors are likely to be re-
sponsible for the loading observed in 2011. SWAT simulations
indicate that DRP yields are sensitive to precipitation intensity
(higher intensity increasing yields, Fig. 2B), fertilizer application
timing (proximity to storm events increasing DRP yields, Fig. 2 A
and B), and tillage practices (no-till increasing DRP yields, Fig.
2B), with precipitation having the strongest influence and fer-
tilizer timing having the least influence (SI Materials and Methods
and SI Results and Discussion). This supports the hypothesis that
the confluence of long-term trends in agricultural nutrient man-
agement practices and extreme precipitation events was a strong
contributor to the DRP yields that triggered the 2011 bloom.
We also hypothesize that temperature and wind conditions

over the lake both before and during the bloom encouraged
bloom growth, because warm and quiescent conditions before
bloom onset led to minimal flushing of the system and reduced
vertical lake mixing that allows Microcystis to take advantage of
its buoyancy regulation. However, wind and surface water tem-
perature data from the lake buoy indicate a lower frequency of
warm and quiescent conditions during the 2011 prebloom period
(defined as daily average wind stress τ < 0.05 Pa and temperature
T > 15 °C) (36) relative to other bloom years (SI Materials and
Methods and SI Results and Discussion). In addition, although
a particularly strong wind-driven resuspension event before the
bloom onset could encourage fast initial bloom growth, wind
conditions that led to the resuspension event immediately pre-
ceding bloom onset were not unusual relative to other years.
After bloom initiation, on the other hand, conditions were in-
deed more conducive to bloom growth relative to other years, as
quantified by the percent of time under warm and quiescent
conditions after bloom onset (62% relative to 35–56% in other
years, P = 0.015). These buoy-based observations are consistent

with satellite-derived lake temperatures that were 3 °C warmer
than the 1992–2011 summer climatology and 1 °C warmer than
2010 temperatures (SI Materials and Methods, SI Results and
Discussion, and Fig. S5).
To investigate the role of lake circulation in encouraging the

bloom, we apply 3D hydrodynamic and particle transport models
(SI Materials and Methods and SI Results and Discussion). Sim-
ulations show that western basin monthly circulation is charac-
terized by a broad west–east flow that exits the basin via three
channels (North, Middle, and South), with low current magni-
tudes correlated with increased residence times (Fig. 3). All
simulated years exhibit relatively low-magnitude currents during
summer months (May–August), but 2011 had an extended pe-
riod with weak currents (consistent with weaker winds) from late
winter through summer (February–July) (Fig. S6). The residence
times in the western basin during this period were 46% and 36%
longer than in the previous years (2009 and 2010, respectively).
Furthermore, residence times of Maumee River water in June
2011 were 53% longer than in the previous years and 77% longer
(>90 d) than the estimated mean hydraulic residence time of the
western basin (Fig. S7). Simulations also show that the long
residence times were accompanied by a “short circuiting” of
Detroit River waters, leading to minimal mixing between the
Detroit and Maumee River waters along the western and
southern shores of the basin, thus diminishing dilution of nutri-
ent-rich Maumee River waters. Although some mixing occurs
near the islands between the western and central basins during
April–August, Detroit and Maumee waters primarily leave the
western basin through the North and Middle/South Channels,
respectively (Fig. S8). Location and timing of bloom initiation is
consistent with simulated advection of the elevated late spring
Maumee runoff, suggesting that the water mass present at the
first stages of the bloom initiation likely originated from the
Maumee River close to June 1.
Of the original hypothesized causes of the monumental 2011

bloom, observations and simulations therefore confirm that long-
term trends in agricultural practices are consistent with increasing
DRP loads delivered to the western basin of Lake Erie, and that
meteorological conditions in spring 2011 led to record-breaking
nutrient loads to the lake during the late spring. This conclusion is
further supported by substantially lower discharge in 2012 leading
to lower DRP loading and a weaker bloom (37). Our results
further show that weak circulation during summer 2011 led to

Fig. 2. (A) Time series of precipitation over the Maumee watershed, with the three different fertilizer application scenarios (arrows) used in the SWAT
simulations. (B) Dissolved reactive phosphorus (DRP) yield (kilograms of P per hectares) response to different precipitation intensities, fertilizer application
timing, and tillage practices. All DRP yields are summed over May 21–30, 2011 (red box in A). Baseline tillage practices include a realistic combination of
conventional and no-till practices. Alternate tillage practice scenarios include either all conventional or all no-till practices with fertilizer application on May 5.
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longer residence times that incubated the bloom, and that warm
and quiescent lake conditions after bloom onset allowed Microcystis
to remain near the top of the water column and prevented flushing
of nutrients out of the system. Conversely, data do not support
the hypothesis that recent land use and crop choice trends in the
watershed contributed to the observed significant increase in the
2011 nutrient loading. In addition, observations show that lake
conditions were not unusually warm and quiescent before bloom
onset, and the resuspension event immediately preceding the
bloom was not of unusual magnitude. Overall, the magnitude of
the 2011 bloom was thus caused by a confluence of long-term
trends in agricultural nutrient management and extreme mete-
orological events conducive to bloom formation.
The degree to which the 2011 bloom is a harbinger of future

conditions depends on the likelihood of these long-term agri-
cultural trends continuing, and the likelihood of an increased
frequency of meteorological conditions such as those observed
in 2011.
Lacking policy intervention, many of the socioeconomic forces

driving the trends in agriculture and nutrient management
practices found to have exacerbated the 2011 bloom are likely to
continue, increasing the likelihood of such massive blooms in the
future. Factors such as increasing fertilizer costs, however, may
provide some economic constraints. Furthermore, although crop
choice was not found to have been a contributing factor in 2011,
2012 showed a marked increase in fertilizer-intensive corn
acreage in the region (15% increase in Ohio; 4% increase in
Michigan) (38). Nationally, planted corn acres were higher than
a recent spike in 2007 and the highest since 1937, driven in large
part by the high prices for corn resulting from biofuel policy
(39). In addition, prospective changes to the CRP would lead to
higher land use by agriculture overall (SI Materials and Methods
and SI Results and Discussion). If the 2012 corn acreage is in-
dicative of the future—and policies mandating higher biofuel
production and lower CRP acres suggest that it is—then this
trend will add to those trends found to have been significant in
the 2011 loads.
To determine if precipitation events such as those observed in

spring 2011 are more likely to occur in the future, we evaluate
spring (March–April–May) daily precipitation over the western
Lake Erie basin from 12 Climate Model Intercomparison Project
Phase 5 (CMIP5) climate models implementing the Representa-
tive Concentration Pathway 8.5 (RCP8.5) scenario (SI Materials
and Methods, SI Results and Discussion, and Table S3) (40). The
historical (1986–2005) CMIP5 simulations over the western ba-
sin overpredict the current frequency of events >10 mm (Fig. 4)

and overestimate the current average springtime precipitation
intensity by 30%. Despite this overprediction of the historical
period, prior CMIP3 studies have shown that climate model
simulations of large scale (>1,000 km) flow patterns can reliably
reproduce observations, and multimodel predictions of increased
future precipitation intensity are statistically significant (41).
Under the future RCP8.5 scenario, the frequency of events of
>20 mm, which have an approximately annual recurrence in-
terval based on the observational record, increases by ∼50%, and
the frequency of larger storms increases even more, with events
>30 mm being twice as frequent. This suggests a potentially even
greater increase in the frequency of occurrence of the largest
storms, such as the one observed in 2011.
Weak lake circulation and quiescent conditions after bloom

onset, as observed in 2011, are also consistent with observed
trends of decreasing wind speeds over the continental United
States (42) and elsewhere (43), suggesting that the long resi-
dence times and quiescent conditions observed in 2011 may not
be uncommon in the future. A continuing trend toward lower
wind speeds would contribute to the severity of blooms, both
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Fig. 3. Depth-averaged circulation (A) and residence times (B) in days of western basin of Lake Erie in June 2011. Red contours illustrate residence times that
exceed the mean hydraulic residence time of the western basin. Histogram shows the percentage of water in the basin with residence times below 20 d, 20–40 d,
40–60 d, 60–80 d, and greater than 80 d.

Fig. 4. Probability of daily precipitation intensities for spring (March–April–
May) averaged over the western Lake Erie basin (40–43°N, 82–85.5°W) as
observed by the Climate Prediction Center (CPC) gridded data (black squares)
for the present-day time period (1986–2005), as modeled by a 12-model
multimodel average for the same present-day time period (black diamonds)
and for two future time periods of 2046–2065 (red diamonds) and 2080–2099
(blue diamonds). Vertical lines represent the range of individual model pre-
dictions for those models with a nonzero probability of a given event size.
Diamond size represents the number of models included in each calculation
(i.e., the number of models with nonzero probabilities for a given event size),
ranging from 0 to 12. Individual model members are shown in Fig. S9.
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through increasing residence times and decreased mixing in the
water column.
In summary, we find that trends in agricultural practices, in-

creased precipitation, weak lake circulation, and quiescent con-
ditions conspired to yield the record-breaking 2011 Lake Erie
algal bloom. We further find that all of these factors are con-
sistent with expected future conditions. Lacking the imple-
mentation of a scientifically guided management plan designed
to mitigate these impacts, we can therefore expect this bloom to
indeed be a harbinger of future blooms in Lake Erie.

Materials and Methods
Microcystis biovolume and nutrient concentrations were determined at
fixed locations in western Lake Erie, and molecular fingerprints were used to
analyze Microcystis populations. Data on land use, county-level CRP land
area, and crop-level phosphate fertilizer application were obtained from the
US Department of Agriculture. Additional county-level nutrient use data
were obtained from the Nutrient Use Geographic Information System.
Meteorological analysis used data from the University Corporation for At-
mospheric Research image archive and the College of DuPage. Daily pre-
cipitation observations were obtained from National Oceanic and
Atmospheric Administration (NOAA) Climate Prediction Center. Analysis of
discharge and phosphorus loading were based on data from the National
Center for Water Quality Research at Heidelberg University and flow data
from the US Geological Survey. The SWAT model was used to model nutrient
loading. Lake Erie wind and temperature data were obtained from the

NOAA National Data Buoy Center, and remote sensing lake surface tem-
perature data were obtained from NOAA CoastWatch. Hydrodynamic
modeling was conducted using the Beletsky and Schwab model and a par-
ticle tracking code was used for residence time calculations and river plume
tracking. Present-day and future climate model analyses were based on the
CMIP5 data archive. Detailed materials and methods, and references, are
available in SI Materials and Methods. Information on data availability is
provided in SI Materials and Methods and SI Results and Discussion.
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In-Lake Microcystis Data. Microcystis biovolume (milliliters per
meter squared) was estimated from six fixed locations in western
Lake Erie (1). Microcystis colonies were collected in duplicate
whole water-column tows at approximate biweekly intervals
(April–October) using a 112-μm mesh plankton net in 2002–
2011. Biovolume of Microcystis in these tows was determined
with a settling method and averaged over all sites on a given
date. Annual bloom biovolume of Microcystis blooms was de-
termined by calculating the area under the curve for plots of
biovolume over time, throughout the growing season (1).
Ambient concentrations of nitrogen, phosphorus, and other

algal nutrients were determined at six locations at approximately
biweekly intervals in 2011. Vertical tube samplers were used to
collect integrated water-column samples that were placed on ice
and transported to the laboratory within 5 h of collection. Water
samples were filtered on 0.45-μm Millipore filters and stored
frozen until analysis. Concentrations of dissolved nutrients were
determined at the National Center for Water Quality Research
in Tiffin, Ohio following standard methods (2) and US Envi-
ronmental Protection Agency protocols.
Molecular fingerprints were used to analyze similarity of

Microcystis in the western basin during July–September, with
those in the central basin on October 10. DNA collected on 0.45-
μm polyvinylidene fluoride filters was extracted using a MoBio
Power Water kit (MoBio Laboratories; 14900), and then the
16S–23S rRNA internal transcribed spacer (ITS) gene was PCR
amplified following the protocol from ref. 3. The PCR products
were visualized on 2% (wt/vol) agarose gel and the Microcystis
550-bp band (3) was excised, PCR amplified again, and visual-
ized on a 2% (wt/vol) agarose gel to ensure purity. Molecular
fingerprints were generated using denaturing gradient gel elec-
trophoresis with a 30–40% denaturing gradient (3).
Microcystin concentration was determined using ELISA

(Abraxis; 520011) following cell lysis (Abraxis; Quik-lyse kit
529911QL) of unfiltered water-column samples, as in ref. 4. This
microcystin analysis is congener independent, therefore repre-
senting the total microcytin concentration.

Land Use Data. Annual county-level data for corn, winter wheat,
and soybean acres planted are available from US Department of
Agriculture (USDA)’s National Agricultural Statistics Service
(NASS) using the Quick Stats tool available at https://explore.
data.gov/Agriculture/Quick-Stats/ddcm-63jr. To generate acreage
estimates for the western Lake Erie watershed, county totals were
summed across all counties that overlap the watershed.
Data on county-level Conservation Reserve Program (CRP)

land area are available online as Excel spreadsheet files from the
Farm Service Agency CRP statistics webpage (available at www.
fsa.usda.gov). County totals were summed across all counties that
overlap the western Lake Erie watershed.

Fertilizer Use Data. Throughout the manuscript, “phosphate” refers
to fertilizer applications and “phosphorus” refers to any form of
phosphorus in water, including orthophosphate and dissolved or-
ganic phosphorus.
Data on crop-level phosphate fertilizer applications for

1997–2010 are from USDA’s Agricultural Resource Manage-
ment Survey (ARMS). The data were compiled from https://
explore.data.gov/Agriculture/Quick-Stats/ddcm-63jr. The data
represent state-level averages from sampled farms. Phosphate
data from ARMS are not available for the major crops in the

watershed for 2011; the most recent data are from 2010. Phos-
phate fertilizer data are reported as amounts of P2O5.
A second source of data on fertilizer use for 2007–2010 is from

the International Plant Nutrition Institute. These data were
developed for the Nutrient Use Geographic Information System
(NuGIS) and represent estimates of farm-level nutrient appli-
cations for counties in the western Lake Erie watershed.
Whereas the recent data are not publicly available, county-level
estimates at 5-y intervals from 1987 to 2007 are available to the
public. County totals were summed across all counties that
overlap the western Lake Erie watershed to obtain watershed-
level estimates.

Precipitation Data.Meteorological analysis for spring 2011 is based
on a combination of satellite, radar, and surface analysis from the
University Corporation for Atmospheric Research image archive
(www.mmm.ucar.edu/imagearchive/) and the College of DuPage
(http://weather.cod.edu/).
Daily precipitation observations for 1986–2005 (Fig. 4) are

based on the National Oceanic and Atmospheric Administration
(NOAA) Climate Prediction Center (CPC) daily US Unified
precipitation dataset. The CPC daily Unified precipitation is
a 0.25° × 0.25° gridded product available from 1948 to 2006
derived from three sources, including National Climatic Data
Center (NCDC) station data, the CPC dataset, and daily accu-
mulations of hourly precipitation (data available at www.esrl.
noaa.gov/psd/data/gridded/data.unified.html). Present-day ob-
servations were spatially averaged over the western Lake Erie
basin to represent the watersheds of interest (40–43°N, 85.5–83°W).
Observational averages (Fig. 4 and Fig. S9) reflect an average
from 1986 to 2005, the defined Climate Model Intercomparison
Project Phase 5 (CMIP5) present-day analysis time period.
Whereas 2011 is not in the Unified CPC dataset, real-time data
are available for 2011 and implemented for the May 2011 event
analysis as described in the previous paragraph.

Nutrient Loading Data. Analysis of long-term trends and 2011
discharge and phosphorus loading were performed using the
Maumee River dataset of the National Center for Water Quality
Research at Heidelberg University (NCWQR) and flow data from
the US Geological Survey, both from a site at Waterville, Ohio
(USGS 04193500). The NCWQR dataset contains near-daily
observations of sediment, nutrients, and major ions with two to
four observations per day during periods of storm runoff, and
contains more than 16,000 samples between 1975 and 2011.
Parameters include total phosphorus (TP) and dissolved reactive
phosphorus (DRP). Based on results from special studies on
a smaller number of samples, particulate phosphorus (PP) was
estimated as PP = TP − 1.1 × DRP. Phosphorus loads are re-
ported as metric tons of P.
The Maumee data were converted to a complete daily time

series by discharge-weighted averaging of concentrations for days
with multiple samples. Daily discharge for 2011 is shown in Fig.
S4. Gaps in phosphorus data were filled using linear interpolation
if the gap was less than 6 d long or by regression models relating
concentration to flow, long-term trend, and seasonality if longer
than 6 d long. The daily series were collapsed to monthly series,
which are used for trend analysis.
Long-term trends (1995–2011) and net changes were deter-

mined by regression of monthly load and discharge-weighted
mean concentration (load/discharge) against decimal time. Results
were verified using more complex regression models involving ln
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(concentration) as a function of ln(discharge), time, and sea-
sonality represented by sine and cosine terms in 2πt and 4πt,
where t is decimal time (5, 6). Table S2 shows the results of this
regression analysis.
Analysis of 2011 loading was performed using a FORTRAN

program that steps through the daily time series, computing the
total discharge and loads for a specified length of time (111 or 15 d
for this study). The results were then sorted from high to low and
the corresponding percentile in the overall distribution was
computed for the period that ended June 8, 2011, the last day of
the period of storm runoff.

Soil and Water Assessment Tool Model. The Soil and Water As-
sessment Tool (SWAT), developed by the USDA, is a process-
based watershedmodel with spatially explicit parameterization (7,
8). SWAT models forecast hourly, daily, monthly, or annual flow,
discharge, sediment, and nutrient loads for each subwatershed
(often around 10,000 ha) and for an entire watershed. It is a con-
tinuous time and long-term model to predict the impact of agri-
cultural management on flow, discharge, sediment, nutrient, and
chemical yields (7). SWAT is driven with weather data (i.e., pre-
cipitation and air temperature), and approximates the hydrologic
cycle (i.e., surface runoff, infiltration, and evapotranspiration),
plant growth, water quality constituents (i.e., nitrogen, phosphorus,
pesticides, and bacteria), and agricultural management schemes
(i.e., fertilizer/manure application and tillage practices).

Lake Erie Temperature and Wind Data. Wind and temperature data
from a buoy located in the central basin of Lake Erie were an-
alyzed to assess in-lake meteorological conditions during the
spring and summer in 2011. Hourly data on wind speed and water
temperature were downloaded from the NOAA National Data
Buoy Center (NDBC) website (www.ndbc.noaa.gov/station_page.
php?station=45005) for Station 45005 (41.677 N 82.398 W),
a 3-m discus buoy operated in the middle of the central basin of
Lake Erie. The data are available for the years 2002–2011.
Wind stress in units of Pascals (τ) is determined from wind

speed based on the approach in ref. 9:

τ= ρ×w2 × ½0:001× ð0:69+ 0:081×wÞ�;

where ρ is the air density, estimated as 1.25 kg·m−3, w is the
mean hourly wind speed in m/s, and the term in square brackets
is an empirical drag coefficient. Wind stress and water temper-
ature were daily averaged (i.e., over 24 h).
Days with average wind stress less than 0.05 Pa and average

water temperature greater than 15 °C were classified as pro-
moting growth, whereas periods with average wind stress greater
than 0.1 Pa and/or average water temperature less than 15 °C
were classified as limiting growth (9).
Additionally, three specific time periods were identified for

years where the bloom initiation date was known (2002, 2003,
2008, and 2011): prebloom, bloom onset, and postonset. The
approximate dates of bloom initiation, determined based on dates
reported in the literature (9–12), were August 28, 2002; August
12, 2003; August 14, 2008; and July 15, 2011, respectively.
The prebloom period was defined as the time from the first

occurrence of the growth-promoting conditions until two weeks
before bloom initiation. The bloom onset period was defined as
a four-week window around the date of bloom initiation. The
postonset period is defined as starting two weeks after bloom
initiation and lasting until the last occurrence of growth-promoting
conditions. The percent of time with growth-promoting and
growth-limiting conditions was calculated for each of these three
periods for the four years with known bloom initiation dates.
Statistical significance was assessed using a difference in sample

proportions test, comparing 2011 conditions to pooled statistics
from 2002, 2003, and 2008, examining the proportion of days in

each period where conditions were either growth promoting or
growth limiting, depending on the analysis. No significant tem-
poral autocorrelation was found in the observations, confirming
the validity of this test.
Remotely sensed lake surface temperature data from the

NOAA CoastWatch were also examined for all of Lake Erie for
1992–2011 and for the western basin specifically for the years
2009–2011 (data available from http://coastwatch.glerl.noaa.gov/;
Fig. S5).

Lake Hydrodynamic Model. The 3D hydrodynamic circulation
model developed by Beletsky and Schwab (13) was used to
represent circulation in Lake Erie. The model is based on the
Princeton Ocean Model (14) and is a nonlinear, hydrostatic, fully
3D, primitive equation, finite difference model. The model uses
time-dependent wind stress and heat flux forcing at the surface,
free-slip lateral boundary conditions, and quadratic bottom
friction. The drag coefficient in the bottom friction formulation
is spatially variable and is calculated based on the assumption of
a logarithmic bottom boundary layer using depth-dependent
bottom roughness that varies from 0.1 cm in deep water to 1 cm
in shallow water. Horizontal diffusion is calculated with a Sma-
gorinsky eddy parameterization with a multiplier of 0.1 to give
a greater mixing coefficient near strong horizontal gradients. The
Princeton Ocean Model employs a terrain following vertical
coordinate system (sigma-coordinate). The equations are written
in flux form, and the finite differencing is done on an Arakawa-C
grid using a control volume formalism. The finite differencing
scheme is second order and centered in space and time (leap-
frog). The model includes ref. 15’s level 2.5 turbulence closure
parameterization.
The hydrodynamic model of Lake Erie has 21 vertical levels

(with equal spacing from surface to bottom) and a uniform
horizontal grid size of 2 km (Fig. S6). The model was driven by
observed winds and tributary flows. Daily inflows from 22
tributaries and outflows at the Niagara River and Welland Canal
were incorporated as boundary conditions (16). The model also
incorporates an empirical ice model (16), which reduces mo-
mentum flux: wind stress is reduced by 0.5 times the ice con-
centration. The model was validated with observations of water
level and lake surface temperature.

Lake Particle Transport Model. The 3D particle trajectory code is
based on the second order accurate horizontal trajectory code
described by ref. 17, with the addition of vertical position
tracking. It uses currents from the 3D circulation model of Lake
Erie. Particles in the model are neutrally buoyant and follow the
local currents. Particles are reflected back into the interior after
collisions with model boundaries. Horizontal and vertical diffu-
sion was introduced via Smagorinsky (with coefficient of 0.005)
and random-walk approaches, respectively. Vertical diffusion
was set at 5 × 10−4 m2/s.

Lake Residence Times and River Plume Tracking. Particles were re-
leased at lake surface for two cases: (i) monthly basin-wide in-
stantaneous releases and (ii) Maumee River and Detroit River
mouth continuous 30-d release for June 2011.
In case i, residence times were investigated as a function of

location and month (Fig. S7). In each month, particles were
distributed across the western basin (20 particles per grid ele-
ment) on the first day of each month, and trajectories were
computed for each particle until it left the western basin.
In case ii, particles were released hourly from the Maumee and

Detroit River mouths for the period June 1 to July 1, 2011 (20
particles per hour for 30 d; Fig. S8). Water originating from the
Maumee and Detroit Rivers was tracked separately to elucidate
mixing between the two sources and to determine the pathway by
which their respective waters leave the basin.
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Climate Model Output. Present-day and future climate model anal-
ysis was based on the Coupled Model Intercomparison Project
Phase 5 (CMIP5) model data archive (18) (data available at http://
cmip-pcmdi.llnl.gov/index.html). All model output was spatially
averaged over the western Lake Erie basin. A total of 20 models in
the CMIP5 archive have daily precipitation rates available, and
one ensemble member (r1i1p1) for each model was selected for
this analysis. Of these 20 models with daily precipitation rates,
only 12 models had available future simulations using the Rep-
resentative Concentration Pathway (RCP8.5) emissions scenario.
The RCP8.5 emissions scenario projects greenhouse gas emissions
with a continuous rise in radiative forcing to about 8.5 Watts per
square meter in 2100 (19) and therefore represents an aggressive
warming scenario. The 12 models selected for this analysis are
detailed in Table S3.

SI Results and Discussion
May 25–27 Precipitation Event. The precipitation during May 25–
27, 2011 over the Maumee and Sandusky river basins was pro-
duced by convective cloud clusters embedded in a synoptic scale
low-pressure system. The center of circulation originated over
the southern Great Plains on May 25, 2011, and propagated to
the north and east over the following 2 d. Convection was con-
centrated along a lower-tropospheric stationary front that
stretched from the low-pressure center to the northeast over the
Maumee River watershed (Fig. S3). By 1200 coordinated uni-
versal time (UTC) on the 25th, a cluster of convective cells had
formed along this boundary and subsequently moved to the
north and east, reaching the Maumee basin by 1730 UTC (Fig.
S3A). Over the following 10 h, convection continued to develop
west and south of Lake Erie, moving in near continuous fashion
over the Maumee and Sandusky river basins (Fig. S3B). During
this time, a south–north oriented line of intense convective
precipitation developed over Illinois associated with very strong
south-to-north low level water vapor transport along and ahead
of the surface cold front. Precipitation from this convective line
reached the western shore of Lake Erie at ∼0600 UTC on May
26 (Fig. S3C) and rapidly moved to the northeast, exiting the
region by ∼0800 UTC. Between 0800 UTC on May 26 and 0400
UTC on May 27, the center of circulation passed south of Lake
Erie and produced a final set of relatively unorganized convec-
tive precipitation cells between 1600 UTC on May 26 and 0300
UTC on May 27 (Fig. S3D).

Land Use. Three main agricultural crops are grown in the western
Lake Erie watershed: soybeans, corn, and winter wheat (Fig. S2).
Substantial cropland also resides in the Conservation Reserve
Program (CRP) under contracts that expire in different years
(Fig. S2). The national trends in land use, since 2007, show an
increase in corn and a decrease in CRP. Specifically, corn
cropland grew by over 3.655 million hectares (11%) when
comparing average annual area before (1997–2006) and after
(2008–2011) the anomalous spike in corn cropland in 2007. CRP
land area declined by 2.9 million hectares (20%) since 2007.
Trends in the western Lake Erie watershed, however, deviate

sharply from the national trends. Based on county-level data for
the watershed from the National Agricultural Statistics Service,
average corn area for 2008–2011 decreased slightly relative to
1997–2006, from 959,000–957,000 ha per year. A minor upward
trend occurred annually after 2007, with hectares increasing
from 944,000 in 2008 to 967,000 in 2011 (2% increase). The
watershed did experience the 2007 spike, with 1,114,000 ha
planted in corn. A slight downward trend in CRP area occurred
in the watershed, with hectares declining from 128,812 in 2007 to
114,806 in 2011 (11% decrease). Fig. S2 illustrates these trends.

Fertilizer Use. Two perspectives are relevant on phosphate fertilizer
use: a comparison across the three main crops grown in the wa-

tershed and evidence on recent applications. The data on crop-level
phosphate applications for 1997–2010 are from USDA’s ARMS.
We used state-level data from Ohio farms (the majority of the
watershed is in Ohio) because county-level data are not available.
ARMS does not collect data on every crop each year. Average
phosphate applications are as follows: corn receives 78.7 kg·ha−1·y−1

(as P2O5) based on 9 y of data; soybeans receive 58.1 kg·ha−1·y−1

based on 8 y of data; and wheat receives 72.2 kg·ha−1·y−1 based on
7 y of data. Intensification of corn production—for example, (i)
extending to 2 y of corn before growing soybeans in a corn–soy-
bean rotation, (ii) moving from a corn–soybean rotation to con-
tinuous corn, or (iii) converting CRP land to corn production—
would result in higher phosphate applications on farm fields.
Phosphate application data for the three crops are not available

from ARMS for 2011 (only barley and sorghum are available for
2011); the most recent data are for 2010. In Ohio and Michigan,
annual phosphate applications on corn fields were markedly lower
in 2010 than during 1997–2005. The Ohio rate was 71.7 kg·ha−1·y−1

versus the 1997–2005 average of 79.6 kg·ha−1·y−1, whereas the
Michigan rate was 35.9 kg·ha−1·y−1 versus the 1997–2005 average
of 52.5 kg·ha−1·y−1. At the same time, other estimates of phos-
phate fertilizer applications in 2010 from the International Plant
Nutrition Institute were higher than in the three previous years,
2007–2009. An estimated 83,814 tons were applied, in total, to
farmland in the western Lake Erie watershed in 2010. The second
highest level was 79,246 tons in 2007.

Dominance of Maumee River Nutrient Loading. The nutrient loading
analysis was focused on the Maumee River because it dominates
nonpoint source loading to the western basin of Lake Erie, where
the Microcystis algal blooms originate.
The Maumee River contributes about 5% of discharge, but

nearly 50% of phosphorus loading to the western basin. The other
major loading source to the western basin is the Detroit River,
which also contributes almost 50% of the phosphorus load, but
more than 90% of the discharge. Because of the difference in
discharge, the phosphorus concentrations in the Detroit River
plume aremuch lower than those in theMaumeeRiver plume. This
means that the Detroit River concentrations are too low to make
a significant contribution to major cyanobacteria blooms in the
western basin of Lake Erie. Based on annual loads measured by
the NCWQR between 2002 and 2011, the Sandusky River, which
enters Lake Erie at the western end of the central basin, had 24%
of both the TP and the DRP load of the Maumee River, and the
Raisin River, adjacent to the Maumee to the north, had only 5%
of the TP load and 6% of the DRP load of the Maumee. During
the first half of 2011, the Sandusky River discharge was 30%of the
Maumee River discharge, the TP load was 29% of the Maumee
River load, and the DRP load was 27%. Cumulative loads of DRP
for Maumee and Sandusky during the first half of 2011 are shown
in Fig. S4.
Phosphorus loading from the Sandusky River may have helped

support the late development of the 2011 bloom in the central
basin. However, the Sandusky River discharges to the relatively
large Sandusky Bay, where significant processing of phosphorus
occurs before the water enters the central basin proper. Sandusky
Bay often has its own algal blooms, but these are typically
Planktothrix, a different alga. The fact that this alga was not
detected in the central basin bloom indicates that the influence
of the Sandusky River on the 2011 bloom was secondary at best,
through phosphorus recycling in the lake.

SWAT Modeling. We model the Maumee watershed to investigate
the effect of stormevents and agriculturalmanagement practices on
nutrient delivery to LakeErie. SWATwas previously calibrated and
confirmed for the Maumee watershed for discharge, sediment,
and total and dissolved reactive phosphorus from 1998 to 2001
(20). Building on ref. 20, we extended the simulation period
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(1970–2011) with calibration (1991–2011) and validation (1975–
1990) to further explore the impact of weather and management
scenarios on phosphorus loads. Temporal variation of agricultural
practices, crop choices, and fertilizer application rates (21, 22)
were represented for the 40-y simulation. We use meteorological
information from 2011 and agricultural management input to in-
vestigate their contributions on nutrient delivery in the 2011 event.
Precipitation data were taken from a single representative NOAA
station in Fort Wayne, Indiana (Station ID:US1INAL0039) to
drive the model scenarios. To enhance or reduce precipitation
intensities, we multiplied observed intensities in April and May
2011 by 1.2 or 0.8, respectively. For the agricultural management
practices, we assumed that all farmers in the watershed apply
fertilizer on either April 15, May 5, or May 21 and select either no
till or conventional tillage. Tillage practices in SWAT are repre-
sented by modifying the curve number (CN2) and overland
roughness (23). The 1970–2011 model simulation includes the
parameter changes described above during the whole simulation
period.

Lake Erie Temperature and Wind Data. The analysis of bloom-pro-
moting and bloom-limiting conditions shows that 2011 was less
warm and quiescent (i.e., less bloom promoting) during the pre-
bloom period than other years (51% relative to 64–71% in other
years, p = 0.017). For the bloom onset period, 2011 was un-
remarkable with respect to strong wind conditions; it was under
bloom-limiting conditions (i.e., high wind stress and/or tempera-
ture) 3.5% of the time, compared with 3.3–10.3% in other years
(p = 0.32).
As an analysis of robustness, different start dates for the pre-

bloom period were also tested: from the first time under growth-
limiting conditions afterApril 1, from themean date of first growth-
limiting conditions (May 4), and from 2 and 3 mo before the bloom
onset period. The results above are consistent across these pre-
bloom period start dates.
Lake-wide summer lake surface temperatures in 2011 were

about 3 °C above 1992–2011 climatological average (Fig. S5). In
the western basin specifically, the 2011 summer peak tempera-
ture values reached 27 °C and exceeded that of 2010 by 1.2 °C for
about 2 wk.

Future Land Use. Incentives and opportunities to expand corn
production are expected to increase over the next 5 to 10 y. Under
the Energy Independence and Security Act of 2007, the Renewable
Fuel Standard program requires blending a certain amount of
biofuel with gasoline (data available from www.epa.gov/oms/
fuels/renewablefuels/index.htm). Under the standard, the eligible

amount of corn ethanol rises steadily from 9 billion gallons in
2008 to 15 billion gallons in 2015, and it remains there through
2022. (A future rulemaking by the US Environmental Protection
Agency will specify conditions after 2022.) Consequently, corn
cropland in the United States likely will continue to increase
through 2015 and then will (roughly) plateau.
Features of the CRP will tend to support an expansion of crop

production in the western Lake Erie watershed. The CRP is
a voluntary program in which individual landowners enroll agri-
cultural land in the reserve rather than farming the land. CRP
contracts range from 10 to 15 y, and landowners receive payments
for their enrolled acreage. CRP contracts continue to expire in the
watershed, with 78% of current CRP land (almost 90,000 ha)
eligible to return to crop production between 2012 and 2018. Data
on contract expirations are available online as Excel spreadsheet
files from the Farm Service Agency CRP statistics webpage
(available at www.fsa.usda.gov). More generally, the US Congress
is considering a new farm bill that would apply through 2017. The
leading bills in both houses would shrink the maximum area in the
CRP bymore than 20%, from 12.9 million hectares in 2012 to 10.1
million hectares in 2017 (for the Senate bill, see http://hdl.loc.gov/
loc.uscongress/legislation.112s3240; and for the House bill, see
http://hdl.loc.gov/loc.uscongress/legislation.112hr6083. Shrinkage
of the program would imply that, through at least 2017, land area
in new CRP contracts would not replace the land in expiring
contracts. CRP thus will serve as a “new” source of cropland in
support of the biofuel boom.
With corn’s requirement for phosphate fertilizer, a credible

projection for the next decade is that the agricultural land base
will create greater potential for phosphorus loadings in western
Lake Erie. The relationship between land use and the near-future
scenarios of climate change (2046–2065) is less clear and may
depend on changes in biofuel production technology. Whether
corn continues as a vital feedstock and the environmental con-
sequences of alternative feedstocks are difficult to forecast accu-
rately for that time period.

Climate Model Output. For future climate scenarios, we define two
time periods: the near future (2046–2065) and the end of century
(2080–2099). Individual CMIP model daily precipitation rates
are shown for the historical and two future time horizons (Fig.
S9). Nearly all models (except for the Norwegian Climate Center
Earth System Model) overpredict the intensity of precipitation
with rates above 10 mm·d−1. The models estimate that intensity
will increase in the both the near-future and end-of-century
simulations.
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Fig. S1. Progression of Moderate Resolution Imaging Spectroradiometer (MODIS) satellite images of the western basin of Lake Erie. (A) June 1, 2011. This
image was taken after the peak of the late May high flow event in the Maumee River and shows the plume of suspended solids and associated nutrients from
the river associated with that event. (B) July 19, 2011. This image was taken at the beginning of the Microcystis bloom. It shows that the bloom started along
the western shore of the western basin, shortly after a moderate wind-driven bottom sediment resuspension event along the western shore. (C) July 31, 2011,
approximately 2 wk after the bloom was first initiated. This image shows how the bloom has spread through much of the southern western basin. It also shows
how the large flow from the Detroit River is keeping the bloom from spreading to the north. The Detroit River plume is also seen to be short circuiting to the
central basin through the north passage between Point Pelee and Pelee Island. (D) August 11, 2011. This image shows the bloom spreading east toward the
central basin. It also shows a smaller separate bloom from Lake St. Clair beginning to be transported through the Detroit River to the western basin. (E)
September 3, 2011. This image shows the bloom expanding into the central basin and a second phase of the bloom forming along the northern shore of the
central basin. (F) October 9, 2011. This image shows the decline of the bloom in the western basin, as it is diluted by the Detroit River plume transporting
a whiting event from Lake St. Clair (precipitation of CaCO3 as pH and temperature increase) into the western basin. The bloom is still evident along both the
north and south shorelines of the central basin. [Images courtesy of University of Wisconsin-Madison Space Science and Engineering Center.]
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Fig. S2. Major agricultural land uses in western Lake Erie watershed and national corn cropland, 1997–2011.

Fig. S3. Radar composite on (A) May 25, 2011 at 1730 UTC, (B) May 25, 2011 at 2300 UTC, (C) May 26, 2011 at 0600 UTC, and (D) May 26, 2011 at 2130 UTC.

Michalak et al. www.pnas.org/cgi/content/short/1216006110 6 of 13

www.pnas.org/cgi/content/short/1216006110


Fig. S4. Maumee River and Sandusky River daily discharge and cumulative DRP loading (as tons of P) for the first half of 2011. Extremely high flows occurring
in February through June led to massive DRP loading. The Maumee loading to the western basin is approximately four times larger than the loading from the
Sandusky to the central basin.

Fig. S5. Lake-average surface water temperature in 2009, 2010, and 2011 relative to the 1992–2011 climatology. Shaded area represents ±1 SD of the 1992–
2011 observations.
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Fig. S6. 2011 monthly mean circulation (depth averaged) in the western basin of Lake Erie.
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Fig. S7. 2011 residence times of western basin Lake Erie water (in days) for each month. Red contours indicate residence times that exceed the estimated
mean hydraulic residence time for the basin (53 d for January–October period). Histograms in the lower left corner of each plot show the percentage of water
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Fig. S8. Particle release tracking the Maumee River (red) and Detroit (blue) River water. Particles are released hourly from each river mouth for a 30-d period
starting on June 1, 2011 (Julian Day 152).
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Fig. S9. Probability distribution functions of daily precipitation (millimeters day−1) for three time periods: (A) historical (1986–2005) for CPC observations
(thick red line), 12 individual model members (thin colored lines), and the present-day multimodel average (thick black line); (B) the near future (2046–2065)
RCP8.5 Assessment Report 5 (AR5) individual simulations (thin colored lines) and 12-model average (thick black line); and (C) the far future (2080–2099) RCP8.5
AR5 individual model simulations (thin colored lines) and 12-model average (thick black line).
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Table S1. Risk factors for dissolved phosphorus loss from agriculture

Risk factor Trend Basis of knowledge of trend
Impact on

nutrient loading Mechanism

Fall fertilizer application
rather than spring

+ Impact documented by Ohio Lake Erie
Phosphorus Task Force (1); trend
documented in neighboring regions
(2) and anecdotally confirmed by
farmers and certified crop advisors.

++ Longer exposure to precipitation.

Fertilizer broadcast on
surface instead of
injected or incorporated

+ Anecdotal (based on discussions with
farmers and certified crop advisors).

++ More direct exposure to precipitation,
lack of binding to soil particles.

Conservation tillage + (primarily
pre-2000)

Data from Conservation Tillage
Information Center, Purdue University.

+ Contribution to phosphorus
stratification; incentive to surface-
apply nutrients.

− Enhanced flow through soil matrix
and reduced preferential flow lead
to better contact with phosphorus-
adsorption sites; enhanced water
retention capacity.

Stratification of P in soil + Presence documented by NCWQR,
trend inferred from conservation
tillage trend. Eckert and Johnson (3)
showed that stratification sets up
quickly (3 y) without inversion tillage.

++ Surface application; breakdown
of crop residue; lack of inversion
tillage leads to phosphorus
concentration near soil surface
where leaching is most active.

Extent and efficiency
of tile drainage

+ Research of Kevin King, USDA–ARS,
The Ohio State University (Columbus, OH);
Jane Frankenburg, USDA–NRCS, Purdue
University (W. Lafayette, IN).

+ Decrease contact time between
phosphorus and soil matrix.

Excessive fertilizer sales Unknown Practice documented (4), trend unknown. + More fertilizer, more export.
Consolidation of farms + Data from Census of Agriculture via

National Agricultural Statistics
Service.

+ Need for greater efficiency promotes
surface application of fertilizers in
the fall.

Animal numbers + Data from Census of Agriculture via
National Agricultural Statistics
Service.

+ More nutrients from manure.

Soil phosphorus
concentrations

− Data obtained by NCWQR from major
soil-testing laboratories in Ohio (4).

− Higher soil concentrations correlated
with higher losses in runoff.

Impact of factors is based on consensus judgment of personnel involved with agriculture in northwest Ohio (USDA Natural Resources Conservation Service;
USDA Agricutural Research Service; Ohio Department of Agriculture; certified crop advisors; The Andersons Inc., Toledo, Ohio; Tom Bruulsema, International
Plant Nutrition Institute, Guelph, Ontario, Canada; NCWQR staff). For trend, + indicates an increase and − indicates a decrease. For impact, + indicates an
increase in potential for nutrient loading, ++ indicates a large increase, and − indicates a decrease.

1. Strickland T, Fisher L, Korleski C (2010) Ohio Lake Erie Phosphorus Task Force Final Report (Ohio Environmental Protection Agency, Columbus, OH).
2. Napier T & Bridges T (2002) Adoption of conservation production systems in two Ohio watersheds: A comparative study. J Soil Water Conserv 57(4):229–235.
3. Eckert DJ, Johnson JW (1985) Phosphorus fertilization in no-tillage corn production. Agron J 77(5):789–792.
4. Mullen RW, Dayton EA (2010) Analysis of Soil Testing Laboratories and Data Mining. Final Report - Lake Erie Protection Fund Project TG02-09. Available at http://lakeerie.
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Table S2. Results of discharge and nutrient loading trend analyses, 1995–2011

Parameter

Simple regression

Complex regression P valueTrend, yr−1 % change over 1995–2011 P value

Discharge, 106 m3 9.72 42 0.12 —

TP load, Mg of P 5.01 58 0.14 0.56
PP load, Mg of P 2.28 31 0.39 0.003
DRP load, Mg of P 2.48 218 0.0004 <0.0001
TP DWMC, mg/L of P 4.73 × 10−4 2.7 0.82 0.56
PP DWMC, mg/L of P −2.36 × 10−3 −16 0.16 0.003
DRP DWMC, mg/L of P 2.58 × 10−3 98 <0.0001 <0.0001

Simple regression refers to regression against time only, complex regression refers to regression of logged parameter against ln
(discharge), time, and sinusoidal seasonality factors. DWMC, discharge-weighted mean concentration (load/discharge).
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Table S3. CMIP AR5 models used in present-day and future
climate precipitation analysis

Model name Institute Resolution Lat/Lon Eqv.

CCSM4 RSMAS 288 × 192 1.25° × 1°
GFDL-ESM2G NOAA GFDL 144 × 90 2.5° × 2°
HadGEM2-CC MOHC 192 × 145 1.875° × 1.25°
HadGEM2-ES MOHC 192 × 145 1.875° × 1.25°
INMCM4 INM 180 × 120 2° × 1.5°
IPSL-CM5-LR IPSL 96 × 96 3.75° × 1.875°
IPSL-CM5-MR IPSL 144 × 143 2.5° × 1.25°
MIROC-ESM MIROC 256 × 128 1.4° × 1.4°
MIROC-ESM-Chem MIROC 128 × 64 2.8° × 2.8°
MIROC5 MIROC 256 × 128 1.4° × 1.4°
MRI-CGCM3 MRI 320 × 160 1.25° × 1.125°
NorESM NCC 144 × 96 2.5° × 1.875°

CCSM, Community Climate System Model; ESM, Earth System Model;
HadGEM, Hadley Centre Global Environment Model; INM, Institute for Nu-
merical Mathematics; INMCM, INM Climate Model; IPSL, Institut Pierre-
Simon Laplace; MIROC, Model for Interdisciplinary Research on Climate
Japan Agency for Marine-Earth Science and Technology; MOHC, Met Of-
fice Hadley Centre; MRI, Meteorological Research Institute; MRI-CGCM,
MRI Coupled ocean-atmosphere General Circulation Model; NCC, Norwe-
gian Climate Center; NOAA GFDL, National Oceanic and Atmospheric Ad-
ministration Geophysical Fluid Dynamics Laboratory; NorESM, Norwegian
Earth System Model; RSMAS, Rosenstiel School of Marine and Atmospheric
Science, University of Miami.
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