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Nutrient loading to aquatic systems has been linked to many issues including eutrophication, harmful algal
blooms, and decreases in species diversity. In the Great Lakes, algal blooms continue to plague Lake Erie and
Saginaw Bay despite reductions in point source loading. Here, methods for predicting nutrient sources using
GIS are described to examine the link between watershed nutrient sources, landscape processes, and in-stream
loads in the Lower Peninsula of Michigan. These models predict all significant nutrient sources to the landscape
at 30 m resolution over a 144,000 km2 region, avoiding the tradeoff between scale and source detail common to
many existing watershed nutrient models. The model results presented here indicate that there is a high degree
of variability in nutrient landscape loading rates, even within the same land use class. Within all land use types,
except unmanaged lands, loading rates for most major sources varied by at least an order of magnitude. This
work provides valuable information that can be used by environmental managers regarding how and where to
target efforts to reduce nutrient loads in surface water particularly in the Great Lakes region where management
efforts have been ongoing since the 1960s.

© 2015 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.
Introduction

Elevated concentrations of nitrogen and phosphorus in lakes, rivers,
and groundwater are a major concern for environmental managers.
Excessive nutrients have been identified as one of the leading causes
of river and lake impairment across the United States, including Lake
Erie (USEPA, 2002a, 2009). Issues associated with nutrient loading to
the Great Lakes include eutrophication, harmful algal blooms, hypoxia,
and decreases in biologic diversity making water unsuitable for recrea-
tional, industrial, and municipal uses. Blooms of the cyanobacteria
Microcystis can produce the toxin microcytin, which is hazardous to
human and aquatic animal health (Davidson et al., 2012; Correll,
1998; Brittain et al., 2000; Paerl, 2008). Growth of Cladophora, an alga
that grows on solid substrates, is not only odorous and unsightly but
can clog water intake pipes. Excessive growth of algae and
cyanobacteria leads to oxygen depletion that impacts benthic organ-
isms and can cause fish kills (Auer et al., 2010; Anderson et al., 2002).
Seasonal algal blooms are common in the western basin of Lake Erie
and Saginaw Bay (Hinderer and Murray, 2011; Dolan and Chapra,
2012). Since the late 1960s, cooperative efforts by the United States
and Canada have resulted in extensive monitoring, reporting, and
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legislation across the Great Lakes Basin to improve the water quality
of the lakes. Legislation was passed to limit phosphorus point source ef-
fluents and establish limits on phosphorus loads to the lakes (Nicholls
et al., 2001; Dolan et al., 1981; Dolan, 1993). Initial improvements
were realized through point source load reduction, but since 1991
total phosphorus loading to Lake Erie has been more variable. There
are signs that loading of phosphorus to Lake Erie may be increasing, a
trend that has been attributed to increases in non-point sources of
phosphorus (Dolan and McGunagle, 2005; Moon and Carrick, 2007).
Increases in nitrate delivery to the Great Lakes, particularly from
agricultural watersheds, have also been observed (Smith et al., 1987).

Addressing the impact of non-point sources on in-stream nutrient
loads requires an understanding of the location and rates of nutrient ap-
plication and production within watersheds. However, non-point
sources of nitrogen and phosphorus are difficult to quantify, because
they cannot be directlymeasured, and their application rates and timing
affect the delivery of nutrients to surface water (Carpenter et al., 1998;
Nikolaidis et al., 1998). Requirements for reporting related to sources
of nutrients vary from state to state; often data is only available on a
county or state level.

One approach to predict nutrient sources across large spatial scales is
to use variables such as land use and population to estimate non-point
loading. Another approach uses large scale estimates of nutrient inputs
(such as county or state) and disaggregates these estimates to smaller
areas based on relative land use. These types of approaches (which are
generally used to estimate nutrient inputs in the USGS SPARROW
model (Robertson and Saad, 2011)) assume that changes in land use
.V. All rights reserved.
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Fig. 1. Land use in the model domain based on the 2006 National Land Cover Database
(NLCD; Fry et al., 2011). “Unmanaged” includes NLCD barren, forest, and shrubland. The
HUC-8 watersheds located fully within the model domain are shown with black outlines.
The numbers correspond to the “ID” field in Table 2.
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or land management will lead to proportional responses in nutrient
sources (Beaulac and Reckhow, 1982). This may lead to problems
when there is a large degree of variability in sources within a particular
land use. For instance, scaling county level fertilizer estimates based on
awatershed's agricultural land use area assumes that chemical fertilizer
is applied at the same rate across the county.

Another approach to estimate non-point nutrient sources to water-
sheds is based on the development of net anthropogenic nitrogen/
phosphorus inputs (NANI or NAPI) (Han and Allan, 2008; Han et al.,
2010). Results using the NANI/NAPI approach are more comparable to
riverine export of nutrients since they attempt to quantify the net nutri-
ent inputs, accounting for the loss of nutrients due to volatilization and
crop fixation (Howarth et al., 1996; Han and Allan, 2008; Hong et al.,
2013). These estimates are highly detailed with respect to atmospheric
deposition, fertilizer application, and animal manure and have a partial
accounting of nutrient losses, but they are generally aggregated at the
watershed scale. Estimates that rely on watershed scale aggregation of
nutrients assume that the delivery of nutrients within the watershed
is uniform across space and among sources. Depending on landscape
and stream factors, the proportion of nutrients delivered to a stream
from a particular source will vary (Boyer et al., 2002; Robertson and
Saad, 2011). Accurate estimates of riverine nutrient export can be pro-
duced using these methods, but they cannot be used to understand
the role of pathway and processes in the delivery of nutrients to surface
water within individual watersheds.

Reliable estimates of non-point sources are necessary to develop
strategies to manage these sources and predict how they will change
with future climate and land use. Here we present GIS methods that
have been developed to generate a high-resolution and spatially explicit
accounting of nutrient sources across the entire Lower Peninsula of
Michigan. The resulting descriptions provide a basis to quantify non-
point sources and establish a comprehensive method to estimate
sources of nutrients at large spatial scales, which can be used as inputs
to watershed nutrient loading models.

Methods

Nutrient accounting methods using GIS were developed to estimate
nitrogen and phosphorus inputs from five non-point sources: atmo-
spheric deposition, chemical agricultural and non-agricultural fertilizer
application, manure production/application, and septic tanks. It is im-
portant to note that themethods described here are intended to account
for the gross total nitrogen and phosphorus that enter the watershed.
These estimates do not account for the loss of nutrients to sinks within
the landscape, the potential source of nutrients from landscape legacy,
or the storage and potential export of nutrients in biomass (Van
Breemen et al., 2002). They also do not account for factors that impact
the delivery of nutrients to surface water. These estimates are intended
to be used in conjunction with a nutrient delivery model such as
SPARROW to predict nutrient loads observed in surface water.

Nutrient loading rates for each non-point source were estimated for
30meter cells across the Lower Peninsula (LP) ofMichigan. Point source
nutrient loads were derived from the EPA's Discharge Monitoring Re-
port (DMR) Pollutant Loading Tool.

Study domain

Sourcemodelswere constructed forMichigan's LP,which haswater-
sheds that drain to 3 of the 5 Laurentian Great Lakes: Lakes Michigan,
Huron, and Erie. The most common land use in the Lower Peninsula is
row crop agriculture, which comprises 26% of the land area. Urban
and range land make up 13 and 14% of the land area, respectively. The
remaining 47% of the land area is unmanaged land cover including
forest, shrublands, barren, water, and wetlands (Fry et al., 2011). Fig. 1
shows the model domain, indicating the general land use classes.
Since nutrient loading is generally studied at the watershed scale,
theHUC-8watersheds located entirely in the study domainwere select-
ed for further analysis. These watersheds are shown in Fig. 1 overlying
the map of land cover. Watersheds in the southern portion of the
study area are dominated by row crop agriculture and urban areas in-
cluding Grand Rapids, Lansing, and Detroit. The primary land cover in
the northern portion of the study area is forest and other unmanaged
land covers with small pockets of agriculture.

Non-point source models

Atmospheric loading
Atmospheric loading of N and P occurs via both wet deposition

(delivered by precipitation) and dry deposition (attached to dust parti-
cles that settle to the surface). Wet deposition is typically estimated by
collecting precipitation in a sampler and analyzing for nitrogen and
phosphorus compounds. The concentrations of nitrogen and phospho-
rus compounds along with the amount of precipitation collected are
used to estimate rates of deposition. Dry deposition rates are estimated
by multiplying modeled particle deposition velocities by measured
atmospheric concentrations of compounds (USEPA, 2010).

Atmospheric data were available from three networks that monitor
atmospheric deposition: 1) the National Atmospheric Deposition Pro-
gram (NADP) (NADP, 2007), a wet deposition monitoring program in
the United States, 2) the Great Lakes Precipitation Network (GLPN)
(Lisa Bradley, personal communication, 2011), which is a joint project
between the United States and Canada established to monitor wet de-
position to each of the Great Lakes, and 3) the U.S. Environmental Pro-
tection Agency's dry deposition monitoring network called the Clean
Air Status and Trends Network (CASTNET) (USEPA, 2010). Weekly
data was downloaded from CASTNET, which reports fluxes of nitrate
(NO3

−), ammonium (NH4
+), and nitric acid (HNO3) via dry deposition.

Wet deposition from the Great Lakes Precipitation Networkwas obtain-
ed from the Canada Centre for Inland Waters, which collects samples
monthly and measures Total Kjeldahl Nitrogen (TKN) along with the
sum of nitrate and nitrite (NO2) denoted as NOx. TKN includes both or-
ganic and ammonia (NH3) nitrogen, so TKN and NOx were summed to
obtain an estimate of total nitrogen. The GLPN alsomeasures concentra-
tions of phosphate in precipitation, and this was used to estimate atmo-
spheric deposition of phosphorus. National Atmospheric Deposition
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Fig. 2. Comparison between the population served by treatment plants reported in the
EPA's CWNS survey and the population servedby treatment plants based on the estimated
treatment plant service areas and the 2010 Census.
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Program data was downloaded as monthly averages of weekly samples
(to be consistent with GLPN data). NADP reports only nitrate and
ammonia.

Once concentration data were collected, measured precipitation
volume and sampler area for each station were used to calculate total
nitrogen deposition (kg/m2/year).Wet deposition loadingwas calculat-
ed by multiplying the concentrations by total precipitation for each
month of available data. Averages were then interpolated to the
model grids using simple kriging.

The same approachwas used to estimate dry deposition rates,which
are reported weekly. Nutrient loads for each summary period were av-
eraged for data after 2005. Because a limited number of data points
were available for dry deposition of nitrogen and wet deposition of
phosphorus, inverse distance weighting was used to develop spatially-
distributed loading estimates for their atmospheric deposition.

Several studies have shown that organic nitrogen can contribute
about a third (median of 30%) of total nitrogen to atmospheric deposi-
tion (Neff et al., 2002). NADP sites onlymeasure inorganic nitrogen spe-
cies while the GLPN data includes both organic and inorganic nitrogen.
Data from the Sibley GLPN site was compared to values from the nearby
Isle Royale NADP site to assess the contribution of organic nitrogen to
total atmospheric nitrogen deposition in the study region. The Sibley
site is in the Sleeping Giant Provincial Park, Ontario (N 48.4986, W
88.6889), while the Isle Royale site is on the western side of Isle Royale
National Park (N 48.0575, W 88.6342). The sites are within 50 km of
each other, and both are located near the Lake Superior shoreline in un-
developed areas. Concentration data from overlapping months were
compared. The concentrations at the Sibley site were an average of
24% greater than at the Isle Royale site, with annual percent differences
ranging from 14.5% to 44.5%. This is consistent with other work that has
measured proportion of organic nitrogen in total atmospheric nitrogen.
Neff et al. (2002) compared data from several atmospheric deposition
studies and found that 60% of reported measurements had 10% to 40%
dissolved organic nitrogen with an average of 33%. Nicholls et al.
(2001) measured atmospheric nitrogen deposition in Harp Lake, in
southern Ontario, and estimated a dissolved organic contribution of ap-
proximately 27% of the total annual nitrogen loading. To account for the
organic nitrogen contributionnotmeasured by theNADP sites, the aver-
age annual percent difference between the concentration at the Sibley
GLPN and Isle Royale NADP sites was assumed to represent the regional
proportion of total nitrogen deposition contributed by organic nitrogen.
Concentrations of all NADP siteswere adjusted to account for this calcu-
lated percent difference.

Septic tank loading
Septic tanks, which can be significant sources of nutrients to ground-

water and surface water in rural and suburban watersheds (Kaushal
et al., 2011; Withers et al., 2011), are generally permitted by county
health departments in Michigan, and little information on exact loca-
tions of these systems was available. We estimated the locations and
nutrient loads from septic systems across Michigan using census and
land use data, along with information on waste water treatment plants
and residential drinking water wells. Our method has three steps: first
the service area of each waste water treatment or collection facility
was described; then the locations of septic systems were estimated;
finally estimated nutrient loads from each system were calculated.

No statewide database of waste water treatment plant service areas
currently exists for Michigan, so we developed a method to estimate
these areas using point source discharge permit and census data along
with a statewide map of residential drinking water wells. An inventory
of operating waste water treatment plants and collection systems was
obtained from current National Pollutant Discharge Elimination System
(NPDES) permits, the CleanWatershedNeeds Survey (CWNS—a nation-
al survey of watershed needs conducted by the EPA), and the Southeast
Michigan Council of Governments (SEMCOG). For plants and collection
systems without plant service area data, an area around each plant/
collection system was estimated in which residents likely receive sew-
age collection, based on the location of the treatment plant and the in-
corporated area of the municipality served by the treatment plant
(from Census 2010). The density of residential drinking water wells
from the Michigan Wells Summary Database (MDEQ, 2005) in the
area was also considered; an area with a high density of residential
wells was assumed to be outside of a treatment plant service area
even if it was inside an incorporated area.

The population served by each facility was then estimated by
intersecting the estimated service areas and the 2010 Census blocks.
This was compared to the CWNS estimates of the population receiving
waste water collection from each facility. A comparison of population
served reported in the CWNS and the estimated population served
based on the method described above is shown in Fig. 2.

All households outside the designatedwaste treatment service areas
were assumed to have a septic system or a similar form of on-site waste
water disposal. The number of septic tanks in a given area was calculat-
ed from the number of households reported in the 2010 Census blocks.
Initially, septic tanks were placed in census blocks where residential
wells existed according to the Michigan Wells Summary Database
(MDEQ, 2005). However, the number of residential wells in this data-
base is only a fraction of the total number of wells that exist in the
state because prior to 1996 all well drilling records were kept in paper
form; digitization of those paper records has not occurred in all
counties. The 2006 National Land Cover Database (NLCD, Fry et al.,
2011) was used in conjunction with a road layer from the 2010 Census
to identify potential areas where the remaining septic tanks for the cen-
sus blockweremost likely to be located. The remaining septic tanks (the
difference between the number assumed from census households and
the number distributed to well locations) were randomly distributed
to NLCD urban cells within each census block according to the following
set-back rules: septic systems could be no closer than 10 m and no fur-
ther than 60 m from the center-line of roads, and they must be at least
15 m from permanent surface water features. The set-back rules were
selected because residences are generally located adjacent to roads,
and most Michigan county health departments require a buffer be-
tween surfacewater and septic tanks. Points were randomly distributed
to cells meeting the criteria, using routines in the Geospatial Modeling
Environment (GME) (Beyer, 2012). If therewere no urban cells in a cen-
sus block, as occurs in some rural areas, septic tanks were placed ran-
domly in other land cover types excluding water and wetlands.

Once septic systems were located, they were assigned an estimated
nutrient load based on the census block's average household size and a
yearly estimate of per person nutrient loading rates to septic systems.
These per-capita rates of 4.1 kg/year and 1 kg/year for nitrogen and
phosphorus, respectively,were taken from the EPA'sOnsiteWastewater
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Treatment SystemsManual (USEPA, 2002b). Amultiplicative factor was
applied to vacant and seasonal households as tabulated by the census
(0 for vacant and 0.25 for seasonal) to account for the fact that these sys-
tems are not used throughout the year.

Non-agricultural chemical fertilizer
Two forms of non-agricultural fertilizer use were considered in the

model: the amount applied to golf courses and that applied to residen-
tial or commercial lawns. Golf course areas were manually digitized
using aerial imagery for all courses in the Golf Association of Michigan
directory (Golf Association of Michigan, 2010) along with any courses
identified through systematic scanning of aerial imagery. The golf
course polygons include areas that are presumptively not fertilized in-
cluding cart paths, sand traps, unmowed roughs, and forested land-
scapes. From the most compact courses (those with the largest ratio of
fairways and greens to golf course area, ~10% of the courses) an average
fertilizable area per hole was calculated to be about 85% of the total
course area. The proportion of fertilizable area for all golf course poly-
gonswas then estimated based on number of holes for each coursemul-
tiplied by the average fertilizable area per hole. The average course
fertilization rate was estimated using local (Midwest) rates of course
application from a survey conducted by the Environmental Institute
for Golf (GCSAA, 2009). Fertilizer was randomly distributed to the
area within the digitized golf course boundary at the surveyed rate
until the total fertilized area matched the area estimated for the course
based on the number of holes.

While county level inventories of agricultural fertilizer purchases
are readily available for states through the agricultural census, data for
non-agricultural fertilizer use is limited. This issue was confronted by
Ruddy et al. (2006) in their county level inventory of nutrients in
which they estimated both the portion of fertilizer sales resulting
from non-agricultural fertilizer use and the portion of the state's non-
agricultural fertilizer used in each county. State and county non-
agricultural fertilizer use in pounds of nitrogen and phosphorus were
estimated from 1987 to 2001.

Ruddy et al. (2006) also developed amodel to distribute statewide
fertilizer sales data to counties based on population density. By plot-
ting the available county level data and population density, they con-
cluded that non-agricultural fertilizer use increased with population
density until a threshold of about 700 people/km2. Estimates from
the study also suggest that the total amount of non-agricultural
fertilizer for Michigan did not change significantly between the
mid-1990s and 2001 (the last year included in the study). This is
consistent with Michigan's relatively stagnant population growth
over the last 20 years. It was therefore assumed that the 2001 esti-
mate of total non-agricultural phosphorus and nitrogen for Michigan
from Ruddy et al. (2006) would be a reasonable estimate for 2010.
The total statewide amount was distributed to counties based on
the relationship described above and the 2010 Census population
data to obtain a county level estimate of non-agricultural fertilizer
use for the study period.

From the county level estimate, the calculated fertilizer contribution
for golf courses was removed. The remaining non-agricultural fertilizer
nitrogen and phosphorus was then distributed to census tracts follow-
ing the population density model outlined by Ruddy et al. (2006).
After per-tract fertilizer use was estimated, potential fertilizable area
within each census tract was established using the 2006 NLCD Land
Cover and Impervious Area data layers, Michigan roads, and the manu-
ally generated layer of golf course areas. It was assumed that commer-
cial and residential fertilizer is predominantly applied in urban,
pervious areas that are close to roads. It was also assumed that most
home and business owners only apply fertilizer to parts of their proper-
ty that are near roads. Areas available to receive residential or commer-
cial fertilizer were thus established by selecting all NLCD 2006 medium
to high density urban cells and creating an inclusion buffer of 100 m
from road polylines but excluding the portion of the buffer occupied
by the right of way and the road itself (10 m from any polyline). Addi-
tionally golf course areaswere removed from the selected cells since ap-
plication to golf courses was already considered (as described above).
The cell areas weremultiplied by the NLCD pervious area product to es-
tablish the proportion of each cell with fertilizable land in the inclusion
buffer.

Literature values (Zhou et al., 2008; Law et al., 2004) were used to
establish commercial and residential application rates of nitrogen and
phosphorus. Recommended application rates over the lifetime of a
lawn and for various residual phosphorus levels were averaged. While
all the selected cells could potentially be fertilized, not all lawns are
actually fertilized. Applying fertilizer to all of the selected cells at the
recommended rate would grossly overestimate fertilizer applications.
However, distributing county level estimated fertilizer totals (from
Ruddy et al., 2006) to all fertilizable cells results in unreasonably low
local application rates. To maintain locally reasonable application rates
while honoring the observed county totals, fertilizer was randomly ap-
plied to selected cells, at the recommended rate, until the total applica-
tion matched observed county totals.
Animal manure
Recent decades have brought significant changes in agricultural

management practices. Animal production has shifted from small
farms where animals are primarily raised on pasture land to concen-
trated animal feeding operations (CAFOs) where large numbers of
animals are raised in relative confinement (Cheng, 2003; Kellogg
et al., 2000). Waste produced while animals are in confinement is
collected and distributed to surrounding cropland. As CAFO size in-
creases, so must the area of cropland needed to assimilate waste;
this requires facilities to transport waste to neighboring farms
(Kellogg et al., 2000). Two approaches were used to distribute ani-
mal manure to model cells, accounting for waste management of
large operations and small farms.

Two data sources were available to quantify the sizes and types of
livestock operations in Michigan: a Michigan Department of Environ-
mental Quality (MDEQ) inventory for the 231 legally-classified CAFO
operations (as of 2012), and the Agricultural Census county level animal
inventories. Each source specifies the sizes and types of livestock raised
at each operation, while only the MDEQ inventory lists the locations of
these farms. The two sources were combined by assuming that the
large operations in the MDEQ inventory were also present in the 2007
Agricultural Census. The farms remaining in each size category of the
Agricultural Census not present in the MDEQ inventory were then
averaged within each herd/flock size category for each animal type to
produce county-level category average sizes.

Once the average county inventory was established, farms in each
county were classified as confined or pasture operations based on a
threshold inventory level. If the inventory was above a certain level, it
was assumed that the farms likely confine their animals for themajority
of the time. The thresholds, taken from Kellogg et al. (2000), varied by
animal group. For instance, dairy farms have no threshold since dairy
farming requires partial to complete confinement of animals.

Nutrient loadswere calculated for each farm based on estimated nu-
trient excretion rates for each animal type (NRCS, 2008). From available
excretion data and average animal weight (excluding lactating cows), a
linearmodelwas developed to estimate excretion rates based on animal
size (Fig. 3). This was used for animal groups in the agricultural census
that did not have a nutrient excretion rate provided by the NRCSWaste
Management Handbook. Total farm loads were calculated using excre-
tion rates and farm inventories.

Inevitably, a portion of the load is lost during collection, transport
and storage before it reaches the fields. An estimate of this efficiency
(which varied by animal type, Kellogg et al. (2000)) was used to calcu-
late the spreadable manure load. Spreadable acreage for each farm was
calculated from the proportion of the total county animal waste
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produced by the farm and the total amount of acreage receivingmanure
in the county (from the 2007 Agricultural Census).

Location data was not available for all livestock operations in the
MDEQ inventory. For livestock operations where the exact location
was unknown, potential model cell locations were determined
based on the acreage required to accommodate the farm's nutrient
load (spreadable acreage) and the amount of agricultural land sur-
rounding a particular cell. To determine the most probable location
for livestock operations, the area of agricultural land within a 5 km
radius was calculated for eachmodel cell. If the amount of agricultur-
al land surrounding the cell was greater than the spreadable acreage
estimated for the farm, the cell was selected as a possible location for
a livestock operation. Operations were then randomly distributed to
possible cells using GME.

Buffers were then created around selected locations for each live-
stock operation to designate the land receiving manure. Initially, each
buffer radius was calculated from the farm's estimated spreadable acre-
age. However, some of the land in each buffer was occupied by roads or
non-agricultural land, reducing the land available for manure applica-
tion. Therefore, the radius of the buffer was iteratively increased until
it incorporated enough fertilizable land to meet the actual spreadable
acreage estimated for each farm. This ensured that the total observed
acreage fertilized by manure in a county was honored, without roads
or non-agricultural cells receiving fertilizer. Buffers were adjusted
until at least 98% of the farms in each county met their estimated
spreadable acreage. As buffers increased, neighboring farm manure
acreage overlapped, and thus it was necessary to merge overlapping
buffers, to avoid cells receiving manure fertilizer contributions from
more than one operation.

A five year (2007–2011) crop rotation from the Cropland Data Layer
(CDL), a remotely sensed product from the National Agricultural Statis-
tics Service (USDA, 2011),was created to estimate the rate atwhichma-
nure was applied in each cell within a farm's buffer. Recommended
fertilizer rates from extension literature (Warncke et al., 2004) were
calculated for each crop type in the CDL; the recommended rate was
averaged over the five year rotation period to calculate the average
rate of application. Within each farm's buffer, a proportion of the total
manure generated by the farmwas applied to each cell based on the rel-
ative fertilization rates estimated from the 5 year rotation for all crops
within each buffer. This allowed manure to be over-applied relative to
the recommended rate based on the farm's available manure. Other
studies (Kellogg et al., 2000) have calculated that manure generation
in several counties exceeds the nutrient demands of available cropland;
therefore, it is likely that many farms apply manure above the average
recommended rate. The non-spreadable portion of the manure load
(the portion lost during transport and storage) was applied within the
cell containing the probable livestock operation, assuming that this
portion becomes part of the runoff from the farm, generating locally
concentrated sources of nutrients (see Fig. 4).

For farms designated as unconfined animal operations (based on
their inventoried size), waste was only applied to NLCD pasture land.
Pasture land application rates were determined within each county
based on the total waste produced by unconfined operations and the
total pasture area within a county.
Chemical agricultural fertilizer
We assumed that chemical fertilizer was only applied to cultivated

land that did not receive animal manure. A linear regression was fit to
2001 estimates of total nutrients from chemical fertilizer for Michigan
counties (Ruddy et al., 2006) and 2001 NLCD cultivated area. This rela-
tionship was used to estimate county nutrients from agricultural chem-
ical fertilizer for 2005–2012using the2006NLCD land cover. The county
level estimates of chemical fertilizer were then distributed to cropland
area where manure was not applied in the manure analysis described
above.
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Similar to manure, application rates of chemical fertilizer were esti-
mated from the total observed chemical fertilizer in the county and the
relative recommended application rate based on the five year crop rota-
tion for each cell. Due to variable environmental factors (e.g. climate,
soil types) and local social practices, it is likely that fertilization rates
for a single crop type are variable across the state. While this county-
level disaggregation method can create an artificial gradient at county
borders, the estimate honors observed fertilizer consumption at the
state and county levels.

Point-source loads

Loading estimates from the Discharge Monitoring Report (DMR)
Pollutant Loading Tool, developed by the EPA, were used in the model.
Point source loading is estimated by the tool from data available
through the Permit Compliance System and Integrated Compliance In-
formation System (PCS-ICIS). Loading estimates of total phosphorus
and total nitrogen were downloaded from the DMR website. Facility
discharge locations were mapped to the nearest model river cell based
on coordinates provided with the data. Facility receiving waters were
verified through permit data available from the EPA'swebpage Enforce-
ment and Compliance History Online (ECHO).

Results

The results from each of the six source models are shown in Figs. 5
and 6 and reported for the HUC-8 watersheds in Table 2. Atmospheric
N deposition increases along a relatively uniform, north to south gradi-
ent following the gradient in land use from primarily unmanaged to
urban and agricultural land uses (Preston et al., 2011; Han and Allan,
19
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30
15
6
2

(a) (b)

(d) (e)

Fig. 5. Total nitrogen from (a) atmospheric deposition (kg/ha/year); (b) manure application (k
(e) non-agricultural fertilizer (kg/ha/year); and (f) point sources (kg/year). Black indicates a lo
2008; Boyer et al., 2002). P shows the influence of more intense local-
ized deposition. Livestock feeding operations that produce intensive
manure loading are present in most agricultural areas throughout the
LP, with relatively high loading rates in the eastern “thumb” region,
along with the counties along the central western lake shore. Chemical
agricultural fertilizer loading patterns for P and N are similar, and are
most intense in the central to southern counties. Loading from septic
systems is concentrated around the periphery of major urban centers,
but is present throughout nearly the entire LP along the county road sys-
tem, except in the northern forested section. Loadings from non-
agricultural chemical fertilizers are concentrated within urban areas,
but also extend to surrounding suburban areas. Nutrient loadings to
golf courses across the state are significant sources of chemical fertilizer
in regions otherwise largely devoid of such applications. Point source
loads of N and P aremost significant nearmajor urban centers, however
a number of smaller systems serve lakefront home communities. The
average loading rates across Michigan's LP are 48 kg/ha/year of N and
6 kg/ha/year of P. Nitrogen loading rates in the north are generally
below 25 kg/ha/year, primarily due to atmospheric deposition; rates
in the south can exceed 100 kg/ha/year of nitrogen, mainly due to fertil-
izer andmanure applications. Phosphorus loading rates in the north are
less than 1 kg/ha/year, but can exceed 50 kg/ha/year in the south
(Fig. 7).

Four distinct fingerprints of land use are noticeable in the loading
ratio of P:N (Fig. 7c, refer to Fig. 1 for land use classes). In the north,
where atmospheric deposition is the main source of nitrogen, the ratio
of phosphorus to nitrogen is very low; typically phosphorus is less
than 1% of nitrogen primarily reflecting the ratio of phosphorus to nitro-
gen in atmospheric deposition. Urban areas have enhanced P:N ratios,
typically between 0.01 and 0.10. However, in agricultural areas, the
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ading of 0 kg/ha/year for that source.
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Fig. 6. Total phosphorous from (a) atmospheric deposition (kg/ha/year); (b) manure application (kg/ha/year); (c) agricultural chemical fertilizer (kg/ha/year); (d) septic tanks (kg/ha/year);
(e) non-agricultural fertilizer (kg/ha/year); and (f) point sources (kg/year). Black indicates a loading of 0 kg/ha/year for that source.

624 E.C. Luscz et al. / Journal of Great Lakes Research 41 (2015) 618–629
estimated ratio of total phosphorus to nitrogen is much higher (be-
tween 0.10 and 0.20), particularly in areas near confined animal feeding
operations where this ratio is greater than 0.20.

Based on our estimates, chemical agricultural (commercial) fertilizer
contributes approximately 43% of total nitrogen to the LP landscape,
ranging from nearly 68% of the total nitrogen source in cropland to 0%
in unmanaged lands (Fig. 8). The largest total source of phosphorus is
also chemical agricultural fertilizer which contributes 59% of the total
phosphorus to the LP and as much as 77% in cropland. Manure is the
(a) (b)
100
75
50
25

Fig. 7. (a) Total nitrogen loading to the LP from all sources (kg/ha/year). (b) Total phosphorus lo
nitrogen loading for the LP.
third largest source of nitrogen and second largest source of phospho-
rus. Total phosphorus loading by atmospheric deposition is low relative
to nitrogen, for which it is the second largest loading source. Point
sources, septic systems, and non-agricultural fertilizers each contribute
smaller portions of total loading of both N and P to Michigan's LP, but
these loads are important in localized regions.

Landscape loading rates in Michigan's LP for non-point sources var-
ied significantly among land uses (Table 1). The highest loading rates
were estimated for cropland, which had an average nitrogen loading
(c)
50
10
5
1
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ading to the LP from all sources (kg/ha/year). (c) Ratio of total phosphorus loading to total
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rate of over 118 kg/ha/year, more than three times the rate for pasture
land and urban land. The average phosphorus loading rate estimated
for cropland is four times the rate for pasture land and more than 8
times greater than urban land. The standard deviation indicates that
there is a high amount of variability in unmanaged and urban loading
rates.

There is a high degree of variability in loading rates within land use
classes among watersheds, as illustrated by loading summaries for the
28 HUC-8 watersheds in the model domain (Table 2 and Figs. 9 and
10). For instance, loading of chemical fertilizer within agricultural land
ranges from less than 75 to 92 kg/ha/year for nitrogen, with a median
of 79 kg/ha/year. Manure exhibits the largest variability in pasture and
agricultural land, each of which had rates that varied by nearly an
order of magnitude across the 28 watersheds. Rates of nitrogen from
manure varied from 6.6 to 40.6 kg/ha/year for agricultural land and
from 4.4 to 37.8 kg/ha/year for pasture land. For phosphorus the rates
varied from 1.2 to 10.1 kg/ha/year in agricultural land and from 1.1 to
9.9 kg/ha/year in pasture land (Fig. 10). In unmanaged and urban
land, the largest variability in non-point source phosphorus loading re-
sults from septics and non-agricultural fertilizer, respectively. While
Table 1
Nutrient loading rates by land use.

Land use TNa mean TN std. dev. TPa mean TP std. dev.

Agriculture 118 206 17 45
Pasture 36 150 4 37
Urban 31 61 2 14
Unmanaged 17 17 0.2 4

a kg/ha/year.
overall, the median atmospheric deposition of phosphorus is higher in
unmanaged land, 8 of the 28 watersheds studied had average septic
loading rates that exceeded themedian atmospheric deposition loading
in unmanaged land.

Rates estimated for total fertilizer and manure nitrogen and phos-
phorus are similar to those estimated by Han and Allan (2008) and
Han et al. (2010) who developed N and P budgets for LP watersheds
draining to Lake Michigan. Rates for N from Han and Allan (2008)
were between 27.5 kg/ha/year (Grand River) and 2.91 kg/ha/year
(Manistee) for fertilizer and 12.8 kg/ha/year to 1.96 kg/ha/year for
animal manure (using a dynamic animal population assumption).
Based on the estimates developed here for the same watersheds, fertil-
izer N ranged between 24.9/26.2 kg/ha/year (Lower Grand/Upper
Grand) and 5.6 kg/ha/year (Manistee) and manure N ranged from
15.8/9.2 kg/ha/year (Lower Grand/Upper Grand) to 1.8 kg/ha/year
(Manistee). The difference between the manure rates in the Upper
and Lower Grand is because there are 5 times more registered confined
animal feeding operations in the Lower Grand than in the Upper Grand.

Since data related to sources of nutrient loads are limited at the spa-
tial scale used in this research, it is difficult to calculate uncertainties as-
sociatedwith some of these estimates. The largest uncertainty is related
to cases where random distribution was used to allocate large scale es-
timates as was done to define the locations of septic tanks and farms
producing manure. In order to better understand the sensitivity of our
estimates to the use of random distributions, 5 realizations of both the
septic locations and farm locations were made and the resulting P and
N estimates were summarized for the HUC-8 watersheds. The standard
deviation of the total N and P for each watershed (reported as a percent
of the total N and P from all sources estimated for the watershed) is re-
ported in Table S1 (Supplementary Material). The results show that the



Table 2
Total nitrogen loading rate/total phosphorus loading rate for Lower Peninsula HUC-8 watersheds in kg/ha/year for each nutrient source. Watershed locations are shown in Fig. 1.

ID HUC-8 name Area (ha) Atm Chem-Ag Manure Non-Ag Point Septic

1 Black-Macatawa 191,620 15.4/0.1 24.2/3.84 15.1/4.99 0.9/0.11 0.2/0.04 1.4/0.34
2 Kalamazoo 526,158 19/0.13 25.9/4.06 16.2/3.5 1.1/0.12 0.2/0.08 1.1/0.28
3 Upper Grand 455,861 18.5/0.13 26.2/4.13 9.2/1.79 1.6/0.18 0.3/0.19 1.3/0.31
4 Maple 244,957 17.5/0.12 42.4/6.6 15.2/3.08 0.2/0.02 0.1/0.03 0.5/0.12
5 Lower Grand 528,483 17.5/0.12 24.9/3.77 15.8/3.24 2.1/0.24 0.9/0.12 1.7/0.42
6 Thornapple 219,895 18.4/0.13 30.4/4.98 12.6/2.36 0.6/0.07 0.1/0.01 1/0.25
7 Pere Marquette-White 885,034 10/0.06 6.7/1.04 3.3/0.74 0.2/0.02 0/0 0.4/0.1
8 Muskegon 706,192 16.2/0.11 9.4/1.51 7.9/1.57 0.4/0.04 0/0 0.8/0.19
9 Pine 265,626 16.7/0.11 27.8/4.13 10.6/1.91 0.4/0.04 0/0.02 0.7/0.17
10 Shiawassee 327,807 17.4/0.13 36.8/5.98 5.6/1.47 0.9/0.1 0.4/0.09 1.2/0.29
11 Huron 237,830 18.9/0.15 10.8/1.67 2.6/0.71 4.1/0.48 0.1/0.15 3.8/0.91
12 Manistee 507,649 15/0.1 5.6/0.91 1.8/0.34 0.1/0.01 0/0.03 0.4/0.1
13 Betsie-Platte 323,356 9.3/0.06 5.3/0.87 1/0.21 0.3/0.03 0/0 0.6/0.14
14 Boardman-Charlevoix 488,062 12.4/0.08 9.2/1.46 2/0.42 0.8/0.07 0/0.01 0.7/0.16
15 Lone Lake-Ocqueoc 267,843 11.4/0.07 2.8/0.45 2.1/0.27 0.1/0.01 0/0 0.3/0.08
16 Cheboygan 231,552 13.5/0.09 5.3/0.84 1.9/0.35 0.6/0.06 0/0.01 0.5/0.12
17 Au Sable 530,795 14.8/0.1 1.3/0.2 1.1/0.24 0.1/0.01 0/0 0.5/0.12
18 Tittabawassee 374,877 15.9/0.11 10.9/1.88 5.5/1.1 0.5/0.05 0.2/0.06 0.7/0.17
19 Black 155,396 14.2/0.09 2.3/0.37 0.9/0.22 0.2/0.01 0/0 0.2/0.05
20 Thunder Bay 323,804 14.7/0.09 3.7/0.61 3.4/0.72 0.1/0.01 0/0.01 0.3/0.07
21 Au Gres-Rifle 338,975 11.7/0.08 5.6/0.86 5.7/1.01 0.2/0.01 0/0 0.5/0.12
22 Kawkawlin-Pine 127,259 15.4/0.11 32.9/5.36 4.1/0.81 0.6/0.06 0/0 0.6/0.15
23 Pigeon-Wiscoggin 272,242 13.2/0.09 47/7.09 15.2/2.99 0.2/0.02 0.2/0.49 0.3/0.08
24 Birch-Willow 121,686 17.7/0.11 54.9/8.39 18.9/3.53 0.2/0.02 0/0.03 0.7/0.16
25 Flint 344,585 17.2/0.13 21.7/3.62 5.2/1.07 2.1/0.25 0/0.14 2.1/0.51
26 Cass 235,131 16/0.11 33.2/5.1 10.7/1.73 0.3/0.03 0.1/0.04 0.6/0.14
27 Saginaw 65,071 16.4/0.12 41/6.7 4.4/0.93 2.5/0.28 2.4/0.38 0.6/0.14
28 Clinton 206,443 18.2/0.15 9.8/1.52 1.3/0.37 10.3/1.3 0/0.14 3.5/0.83
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difference between the septic realizations (when considered as a per-
cent of the total nutrients in the watershed) is effectively 0 (the stan-
dard deviation for all watersheds is less than 0.001% of the total
nutrients in the watershed). The differences between the manure
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Fig. 9. Box plots of total nitrogen loading rates for the 28 HUC-8 watersheds for (a) cropland;
deposition, chemical agricultural fertilizer (Commercial Fertilizer), manure application (Manur
realizations are slightly higher, but when considered as a percent of
the total nutrients in the watershed, are still relatively small (less than
1% of the total nutrients for all watersheds with the exception of P in
the Black and Pine River watersheds).
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(b) urban land; (c) unmanaged land; and (d) pasture land. Sources include atmospheric
e), non-agricultural fertilizer, point sources, and septic tanks.
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Fig. 10. Box plots of total phosphorus loading rates (kg/ha/year) for the 28 HUC-8 watersheds for (a) cropland; (b) urban land; (c) unmanaged land; and (d) pasture land.
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Discussion

An understanding of relationships between nutrient source loadings
and in-stream water quality is necessary to effectively manage surface
water quality. Such information is also fundamental to predicting how
water qualitywill changewith alterations of land use andmanagement.
Spatially detailed and accurate maps of nutrient inputs, such as those
developed here, are key to estimating nutrient loads from highly vari-
able watersheds. Average estimated nutrient loading rates to 28 HUC-
8 watersheds in Michigan's LP vary from 17 to 92 kg/ha/year for nitro-
gen and 1 to 12 kg/ha/year for phosphorus. As a reference, the agricul-
tural census estimated an average rate of 130 kg/ha/year of nitrogen
application for corn. This illustrates the potential bias introduced to
source estimates derived from land use alone, particularly across areas
with diverse crop types.

The highest estimated rates of phosphorus and nitrogen loading ap-
pear to be related to confined animal feeding operations, due to insuffi-
cient land for animalwaste distribution and the un-recovered portion of
waste generated at these sites that is transported with farm runoff.
Beaulac and Reckhow (1982) estimate that nutrient export from con-
fined animal feed lotsmay be 2–3 times greater than fromother agricul-
tural land and may even be the same order of magnitude as municipal
treatment plant loads. In agricultural watersheds, there appears to be
large variability in manure application rates. Uniformly distributing
total manure in a county based on proportion of agricultural land
dampens the ability to interpret the potential impact of large facilities
with highly concentrated nutrient sources.

As animal production shifts to more consolidated operations, nutri-
ents from manure are becoming increasingly concentrated in agricul-
tural watersheds (Chang et al., 2003; Kellogg et al., 2000). Within all
land use types, except unmanaged lands where the major source is at-
mospheric deposition, loading rates for most major sources exhibited
at least an order ofmagnitude of variability. This illustrates the difficulty
in assigning loading rates of nutrients based on land use alone across di-
verse watersheds.

Within each land use class, multiple sources contribute to the
overall loading. For instance, in urban and unmanaged land, septics
and non-agricultural fertilizer both have significant contributions
to the overall loads among the watersheds studied. Unlike atmo-
spheric deposition, which has a relatively constant rate, septic tank
load and non-agricultural fertilizer application vary significantly
among the studied watersheds. While in some watersheds, these
sources may not be significant, ignoring these sources or using
uniform application rates based on land use alone may result in
large errors in load estimates for suburban watersheds where these
sources may be a larger proportion of the nutrient load. In addition,
atmospheric deposition of phosphorus, which is often ignored in nu-
trient loading models (as in Robertson and Saad, 2011), is relatively
significant in unmanaged land.

This methodology provides a means to investigate locally important
concentrated sources of nutrients such as golf courses, septics, and con-
fined animal feeding operations that cannot be described in a uniform
manner. The method is comprehensive and includes all significant
sources of nutrients, including several that are often ignored yet impor-
tant as input to large scalemodels (atmospheric deposition of phospho-
rus, non-agricultural fertilizer, septic loading). It also strives to describe
the variability in nutrient loading, which is potentially important in wa-
tersheds with several source contributions. In addition to providing the
potential to investigate relationships between nutrient inputs and
resulting concentrations, source estimates can also be used in conjunc-
tion with a nutrient delivery model to examine relationships between
water quality and the sources of other pollutants, particularly those as-
sociated with human or animal waste. For instance, Verhougstraete
(2012) compared estimates of septic loads to the occurrence of B.
thetaiotaomicron (B. theta) a human marker for fecal contamination,
in surface water samples from the LP.
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The accuracy of the estimates is in large part based on the accuracy of
the remotely sensed products used to distributemany of the sources in-
cluding the 2006 NLCD and the 2007–2011 Cropland Data Layers. The
sensitivity analysis indicated that the use of random point distributions
to define septic tank and manure producing farm locations did not sig-
nificantly impact the estimate of total nutrients at theHUC-8watershed
level. However, since confined animal feeding operations represent a
concentrated source of nutrients with potentially high export rates,
the delivery of nutrients from feed lots to surface water is potentially
much higher than other sources and uncertainty related to the location
of CAFO's within individual watersheds may impact estimates of
riverine nutrient export when these estimates are used as inputs to a
nutrient delivery model. Manure is the second largest source of phos-
phorus and the third largest source of nitrogen in Michigan's LP, and
the uncertainties related to manure should be refined with further
study. Additional validation of the septic and CAFO locations will im-
prove the confidence of these source estimates when used in conjunc-
tion with nutrient delivery models.

Another potential source of uncertainty is the use of monitoring net-
work data for estimates of atmospheric deposition. Though this is a
common approach to estimate deposition at the watershed scale (as
in Preston et al., 2011; Dolan and McGunagle, 2005; Robertson and
Saad, 2011), monitoring networks may not be adequate to estimate at-
mospheric deposition atfiner scales due to the sparseness ofmonitoring
data and the local variability in deposition rates (Schwede et al., 2009).
Other studies have used deposition models to account for the local
impact of landscape and other factors to atmospheric deposition (i.e.
Boyer et al., 2002; Han and Allan, 2008; Hong et al., 2013) and there
may be an opportunity to refine estimates for atmospheric deposition,
particularly in watersheds dominated by forest where atmospheric de-
position is the primary source of nutrients.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jglr.2015.02.004.
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