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Abstract: Nitrogen (N) and phosphorus (P) losses from agricultural areas have degraded the 
water quality of downstream rivers, lakes, and oceans. As a result, investment in the adoption 
of agricultural best management practices (BMPs) has grown, but assessments of their effec-
tiveness at large spatial scales have lagged. This study applies regional Spatially Referenced 
Regression On Watershed-attributes (SPARROW) models developed for the Midwest, 
Northeast, and Southeast United States to quantify potential regional effects of BMPs on 
nutrient losses from agricultural lands. These models were used because they account for 
specific BMPs in the prediction of instream nutrient loads. The BMPs included in the models 
were cover crops, no-till, and conservation tillage. Sensitivity testing for the BMPs on agri-
cultural nutrient loads was done using simulations that varied the intensity of BMPs specified 
in each region. When the BMP intensity was increased 50% relative to the 2012 intensity, the 
predicted agricultural load of total P decreased across all regions (4% to 14%). The predicted 
reduction in average P yields in the Midwest, Northeast, and Southeast was 706, 544, and 26 
kg km–2, respectively. Increasing BMPs by 50% decreased predicted agricultural total N loads 
by 3.5% in the Southeast but increased predicted N loads in the Midwest and Northeast by 
4.7% and 1.8%, respectively. Model-predicted average N yields increased by 402 kg km–2 
and 302 kg km–2 in the Midwest and Northeast, respectively, and decreased in the Southeast 
by 329 kg km–2. In model simulations, cover crops were more effective at reducing N and 
P loads than the tillage BMPs despite lower intensity of implementation in 2012. However, 
at the regional scale of this investigation, implementation of BMPs result in only moderate 
predicted effects on agricultural nutrient loads

Key words: best management practice (BMP) implementation—nitrogen—phosphorus—
testing and assessment—water quality

One trade-off with increasing fertilizer 
use to enhance agricultural productivity 
can be an increase in nutrient (nitrogen 
[N] and phosphorus [P]) loss that often 
degrades the water quality of streams, 
rivers, lakes, and estuaries (Carpenter 
et al. 1998; Vitousek et al. 1997). In the 
United States, 67% of coastal systems, 33% 
of streams, and 40% of lakes are impaired by 
excessive nutrient concentrations (Davidson 
et al. 2011). Nitrogen losses from agricultural 
fields are particularly problematic because 
fertilizer application rates have increased 
by 50% since the 1960s (Cao et al. 2018). 

The resulting degradation in water quality, 
ranging from toxic algal blooms affecting 
drinking water (Michalak et al. 2013) to 
“dead zones” affecting major fisheries (Diaz 
and Rosenberg 2008; Bricker et al. 2007; 
Kemp et al. 2005), has compromised human 
health and economic interest.

Conservation programs with the goal of 
improving downstream water quality have 
been implemented across most of the United 
States. Starting with increased funding for 
conservation in the 2002 Farm Security and 
Rural Investment Act (Congress.gov 2002), 
conservation planning has changed from 

food security goals to maximizing environ-
mental benefit (Becker 2002; Cox 2007). 
Within a mostly voluntary incentives-based 
framework, specific practices have been 
adopted into broad agronomic production, 
including nutrient management, planting 
winter cover crops, and conservation till-
age. For example, in the Western Lake Erie 
Basin, recent farmer surveys show that 
cover crops are typically used at least once 
in a three-year crop (corn [Zea mays L.] or 
soybean [Glycine max L.]) rotation on 2% to 
6% of areas in production (USDA NRCS 
2017). Conservation activities have also been 
enhanced by regional and state programs, 
such as for the Chesapeake Bay watershed 
by the Chesapeake and Atlantic Coastal Bays 
Trust Fund, Chesapeake Bay Trust, and the 
National Fish and Wildlife Foundation's 
Chesapeake Bay Stewardship Fund. As of 
2014, a wide range of agricultural best man-
agement practices (BMPs) covered more 
than 4.45 million ha in the Chesapeake 
Bay watershed—of this total area, conserva-
tion tillage was implemented on more than 
809,000 ha, nutrient management on more 
than 607,000 ha, and cover crops on more 
than 161,000 ha (Sekellick et al. 2019). 

Conservation practices provide envi-
ronmental benefits through the reduction 
of nutrient and sediment losses by either 
optimizing nutrient inputs or by affecting 
transport pathways such as increasing infil-
tration or assimilation of nutrients (Schnepf 
and Cox 2006). Agricultural BMPs are 
incentivized through state and federal run 
conservation programs to reduce the loss of 
nutrients and sediment and in some cases 
reduce runoff. Many BMPs are designed 
to reduce sediment losses from nonpoint 
sources, which is a major factor in the deg-
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radation of water quality in streams. In areas 
with high rates of soil erosion, elevated rates 
of P transport can be expected because sed-
iment and P transport are closely related 
(Jamieson et al. 2003). Particulate P can 
account for a large fraction of the total P in 
runoff from agricultural fields, and measures 
that reduce soil losses from agricultural fields, 
such as a reduced tillage regime, can prove 
to be an effective strategy to limit P losses in 
runoff (Sharpley et al. 1987). In addition to 
reducing soil losses from agricultural fields, 
strategies that address the application of P 
fertilizers to upland surface soils pose obvi-
ous benefits for reducing P loads in streams 
(Staver and Brinsfield 2001; Richards and 
Baker 1997; Forster et al. 1985). 

Systematically quantifying the water 
quality benefits of BMPs presents several 
challenges that have been noted elsewhere 
(Tomer and Locke 2011). The experimen-
tal design that supports the development 
of BMPs typically implements edge-of-
field assessments to quantify nutrient loss. 
Watershed scales are inherently heterogenous, 
which presents challenges to experimental 
control. Another aspect is that the design of 
BMPs has often been specific to an agricul-
tural activity and a specific nutrient, but a 
broader assessment can uncover unintended 
impacts. For example, sediment control BMPs 
such as conservation tillage and no-till were 
designed to reduce the loss of sediment and 
sediment-bound nutrients from fields; how-
ever, these practices have been documented 
to increase the loss of dissolved forms of N 
(Daryanto et al. 2017; Golmohammadi et al. 
2016) and P (Jarvie et al. 2017; Staver and 
Brinsfield 2001). Similarly, cover crops can 
have varying effects on nutrient losses based 
on the management strategy where they are 
implemented (Staver and Brinsfield 2001). 

The US Geological Survey (USGS) 
National Water Quality Program (NWQP) 
has an objective to quantify trends in water 
quality in streams and rivers over large areas 
of the United States (Sprague et al. 2019), 
and identify drivers of water quality change 
in rivers and streams over large areas of 
the United States. One of the approaches 
the NWQP has used to identify drivers is 
the Spatially Referenced Regression On 
Watershed-attributes (SPARROW) model. 
The majority of past SPARROW models 
do not explicitly account for the effects of 
BMPs on water quality and loads in streams 
and rivers due to a lack of consistent data 

across entire model domains. One excep-
tion is the evaluation by García et al. (2016) 
of BMPs in a regional SPARROW model 
developed for the Midwest, which provided 
some empirical evidence of BMPs reducing 
N and P loads in streams in the Midwest.

To evaluate the effect of BMPs on water 
quality, the USGS conducted a study that 
sought to quantify the influence of specific 
conservation practices on instream N and 
P loads. The study was conducted using a 
novel application of preexisting regional 
SPARROW models from the Midwest, 
Northeast, and Southeast that included in 
their specifications terms that explicitly char-
acterized the implementation of cover crop, 
conservation tillage, and no-till BMPs. The 
models were used to compute the percent-
age of change of predicted instream nutrient 
loads and concentrations, and average yields 
at the 2-digit hydrologic unit code (HUC2) 
regional scale resulting from scenario sim-
ulations that increased and decreased the 
intensity of BMP implementation in catch-
ments within the modeling domains of each 
region. The results were then aggregated to 
major drainages in each of the model regions 
to assess the potential impacts of the sim-
ulated changes on water quality. The data, 
model input, and model output files that 
support the findings in this paper are avail-
able from Roland et al. (2021) and Saad et 
al. (2021). 

Materials and Methods
Spatial Characterization of Best Management 
Practices. For this study, we evaluated a short 
list of BMPs for which county-level data are 
available from the USDA Natural Resources 
Conservation Service (NRCS) Cropland 
Data Layer (USDA NRCS 2015). These 
data were processed at the NHDPlus catch-
ment scale as the percentage of land in each 
catchment to which BMPs were applied 
using methods described in Wieczorek et 
al. (2019). The conservation practice data set 
included attributes describing conservation 
tillage, no-till, and cover crops.

The SPARROW Model Framework. The 
SPARROW model is a hybrid statistical and 
mechanistic model typically used to estimate 
the movement of mass (e.g., nutrients and 
sediment) through the landscape under long-
term, steady-state conditions (Schwarz et al. 
2006). The model uses data describing catch-
ment attributes such as constituent sources, 
characteristics of the catchment landscape, 

and stream or flow properties. Coefficients 
estimated during SPARROW model cal-
ibration provide insight into significant 
properties and processes that control the 
transport of a constituent through a water-
shed. Model-estimated source coefficients 
represent the delivery fraction of each source 
(if the source is in kilograms) or yield (if the 
source is in square kilometers) estimated for 
a catchment with average environmental 
characteristics in the basin. The magnitude of 
the coefficient for each land-to-water deliv-
ery variable indicates the sensitivity of the 
modeled constituent’s delivery to the nearest 
stream to changes in that delivery variable. 
For example, a positive coefficient for a 
land-to-water delivery variable indicates this 
variable enhances the delivery of the con-
stituent to streams. For delivery variables 
that are logarithmically transformed (such 
as those used for the BMP variables in this 
study), the interpretation of sensitivity can 
be quantified as follows: a coefficient value 
of X means that a 1% difference between 
catchments in the value of the delivery vari-
able (BMP) causes a X% difference between 
catchments in the delivery of the constituent. 
The BMPs used in this study were treated 
as land-to-water delivery variables because 
they either promote or retard the transport 
of nutrients from upland agricultural fields to 
adjacent streams. Therefore, if 1% of a catch-
ment had BMPs applied, the coefficient of 
the BMP directly describes how much the 
load was decreased (negative coefficient) or 
increased (positive coefficient) by the BMP.

Statistical Evaluation of Best Management 
Practice Variables from the 2012 Models. 
Coefficients in multivariable equations, 
such as those used in SPARROW models, 
can mislead interpretations of direct cause-
and-effect relations because individual or 
combinations of individual source vari-
ables may act as surrogates for other sources 
(Rawlings et al. 2001). The mechanistic 
mass-balance framework of SPARROW 
enables a relatively complete accounting 
of the nutrient sources and their delivery 
downstream, implying the overall inputs 
and delivery of these sources to monitoring 
locations in streams is reasonably estimated 
with the individual source and combination 
of delivery variable coefficients. However, 
the individual land-to-water delivery factors, 
such as BMP variables, included in a final cal-
ibrated SPARROW model and controlling 
model-computed delivery of each source to 
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the stream may not represent all the factors 
operating in an actual ecosystem, compli-
cating the determination of their individual 
causative effects (Robertson and Saad 2013). 
Evaluation of BMP land-to-water delivery 
variables was conducted in three steps. First, 
the Pearson correlation coefficient was com-
puted for each of the BMP variables used in 
this study: cover crops, no-till, and conser-
vation tillage. Next, an omitted variable test 
(OVT) (Davidson and MacKinnon 1993) 
was implemented to determine if coefficient 
estimates were unbiased. Lastly, a nonnested 
p-test (NNPT) (Davidson and MacKinnon 
1993) was implemented to determine if the 
model specification was interpretable. 

The OVT (Davidson and MacKinnon 
1993) was used to determine if the model 
improved with the addition of omitted 
BMP variables. The test was conducted by 
regressing the SPARROW model residuals 
(in logarithm space) on the gradients of the 
fitted published models and additional gra-
dients corresponding to the coefficients of 
omitted BMP variables. The additional gradi-
ents were derived from a specification of the 
models that included the omitted variables 
as additional land-to-water delivery vari-
ables, and the identical specification of the 
included BMP variable, but with the coeffi-
cients of the omitted variables set to zero. An 
F-test was used to determine the collective 
significance of the gradients of the omitted 
variables in the regression. If the null hypoth-
esis of the test was rejected (the coefficients 
of the omitted variables were insignificant in 
the regression) then the included BMP coef-
ficients and its associated variable represented 
an unbiased effect on water quality. 

Finally, alternate N and P models were 
specified for each region that differed from 
the published models in that the retained-
for-final BMP variables were replaced with 
the excluded BMP variables. The two model 
specifications were compared to determine 
if nutrient load predictions were affected 
by a particular BMP or a combination of 
BMPs not included in the original model 
specification using a NNPT (Davidson 
and MacKinnon 1993) (figure 1). The test 
was conducted by creating a linear regres-
sion equation for each model that regresses 
model residuals (in logarithm space) on the 
gradient of coefficients for that model and a 
variable that represented the difference in the 
two models’ predictions at monitoring sites. 
The test was evaluated by determining the 

significance of the difference variable in the 
regression equations for both models using a 
t-test. If the results of the NNPT show the 
original model to be the preferred specifica-
tion, then this is evidence that supports the 
interpretation of the estimated BMP coef-
ficient of the original model as indicative 
of the specific causal effect of the BMP on 
water quality. A more detailed discussion of 
the specification testing and results is pro-
vided in the Supplemental Material. 

The 2012 SPARROW Nitrogen and 
Phosphorus Models. In this study, published 
SPARROW models were used to estimate 
the effect of BMPs on the flux of nutrients 
in the Midwest, Northeast, and Southeast 
United States under conditions (i.e., nutrient 
inputs) representing 2012, the base year of 
the models (figure 2). Details of the regional 
models are published in Robertson and Saad 
(2019) (Midwest), Ator (2019) (Northeast), 
and Hoos and Roland (2019) (Southeast). 
These regional models were selected because 
agricultural BMPs were identified to have 
statistically significant effects on nutrient 
transport. A summary of BMP coefficient 
values estimated by the regional SPARROW 
nutrient models used in this study are pre-
sented in table 1. 

The Southeast N model was specified 
with cover crops as the only statistically sig-

nificant BMP land to water delivery variable 
(table 1). The model-estimated coefficient 
for the BMP variable was negative, indicat-
ing it reduces the delivery of N to streams 
by 0.166% for each percentage of the catch-
ment area having cover crops. The negative 
value for cover crops was expected because 
cover crops have been shown to reduce N 
on croplands through vegetative N uptake 
(Hively et al. 2009). The P model also only 
had one statistically significant BMP vari-
able—conservation tillage + no-till BMP. 
The creation and selection of this variable is 
described in Hoos and Roland (2019) for the 
Southeast. The conservation tillage + no-till 
BMP variable also had a negative coefficient 
value, indicating it reduces the delivery of P 
to streams by 0.135% for each percentage of 
the catchment area having cover crops. This 
was an expected result because reduced till-
age—as a soil loss mitigation strategy—has 
been shown to reduce P loss (Smith et al. 
2015; Richardson and King 1995). 

The Northeast N model was specified 
with two BMP variables: cover crops and 
conservation tillage + no-till BMPs (table 1). 
The coefficients corresponding to these were 
negative for cover crops and positive for till-
age practices (Ator 2019), indicating cover 
crops reduce the delivery of N to streams 
by 0.167% for each percentage of the catch-

Figure 1
Schematic of the nonnested p-test (Davidson and MacKinnon 1993), which was used to evaluate 
the specification of best management practices (BMPs) in the Spatially Referenced Regression 
On Watershed-attributes (SPARROW) models.

Original SPARROW 
model specification

Alternate SPARROW 
model specification

Linear regression 
equation, prediction-
difference variable

Linear regression 
equation, prediction-
difference variable

T-test

Original model 
preferred

Alternate model 
preferred

Both models 
preferred

Both models 
are invalid
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ment area having cover crops and increase 
the delivery of N by 0.210% for each per-
centage of the catchment area having 
conservation tillage + no-till. Reduced till-
age has been shown to increase N loss (Uribe 
et al. 2018); however, reduced tillage has also 
been shown to cause N loss to decrease 
(Tiessen et al. 2010). A positive effect (mean-
ing reduced tillage increases the N loads) 
may occur because infiltration of dissolved 
N may happen more readily in undisturbed 
soils or have a negative impact (reduction in 
load from reduced tillage practices) because 
infiltration of dissolved N may be impeded 
by reduced hydraulic conductivity of tilled 
soils. The P model only had one significant 
BMP variable—conservation tillage + no-till 
BMP. The BMP in this model had a negative 
coefficient value, indicating it reduces the 
delivery of P to streams by 0.386% for each 
percentage of the catchment area where the 
BMP is implemented.

The statistically significant BMP variables 
in the Midwest SPARROW model used 
in this study were no-till for the N model 
and cover crops for the P model (table 1). 
The Midwest N model was used unchanged 
from the original version and had no-till 
with a positive coefficient, indicating no-till 
increases the delivery of N to streams by 
0.124% for each percentage of the catch-
ment area having no-till. The Midwest P 
model, however, was modified slightly to be 
more consistent with the other regional P 
models described in this paper. The original 

Midwest P model included a BMP variable 
that represented reductions in P loss due 
to all BMPs implemented during the 2003 
through 2006 time period compared to “no 
implementation” (USDA NRCS 2015). This 
BMP variable was intended to provide an 
indication of the expected aggregate benefits 
of the implementation of a suite of man-
agement practices. This paper attempts to 
evaluate the effects of individual BMPs, so it 
was decided that this variable be exchanged 
with other individual BMP variables, such as 
those included in the other regions. Based 
on this reevaluation, the original BMP vari-
able was replaced with cover crops, which 
had a negative coefficient, indicating the 
BMP decreases the delivery of P to streams 
by 0.334% for each percentage of the catch-
ment area with the BMP. Midwest P model 
results (estimation error and predictions) 

are very similar between the original model 
(Robertson and Saad 2019) and the modi-
fied model used in this study.

Quantifying Change in Instream Load 
with Change in Application Rates of Best 
Management Practice. Because of the nonlin-
earity of the log-transformed BMP variables 
in the SPARROW models, predictions from 
the model become unreliable when looking 
at extreme scenarios, e.g., reducing appli-
cation rates of BMPs to zero or increasing 
application rates by 100%. The BMP coeffi-
cients presented in table 1 therefore should 
not be used for a direct analytical assessment 
of nutrient load changes due to extreme 
changes in (doubling or eliminating) the 
application rates of BMPs. For this study, 
each of the BMP land-to-water delivery 
variables (conservation tillage, no-till, and 
cover crops) were quantified as the fraction 

Figure 2
Spatially Referenced Regression On Watershed-attributes (SPARROW) model regions and HUC2 basins (Seaber et al. 1987) used in this study. The 
shaded regions of the map represent cultivated cropland area adapted from the National Land Cover Database (NLCD; Homer et al. 2015).

Legend

HUC2 region 

New England region
Mid-Atlantic region
South Atlantic-Gulf region
Great Lakes region
Ohio region
Tennessee region
Upper Mississippi region
Lower Mississippi region
Souris-Red-Rainy region
Missouri region
Arkansas-White-Red region

SPARROW modeling regions

N

Table 1
Regional nitrogen (N) and phosphorus (P) SPARROW model estimated best management prac-
tice (BMP) coefficient values for conditions in 2012.

Region	 Model	 BMP	 Coefficient	 P-value

Southeast N Cover crops –0.166 <0.0001
Southeast P Conservation tillage + no-till –0.135 <0.0001
Northeast N Cover crops –0.167 0.091
  Conservation tillage + no-till 0.210 0.099
Northeast P Conservation tillage + no-till –0.386 <0.001
Midwest N No-till 0.124 0.013
Midwest P Cover crops –0.334 0.033
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of the catchment agricultural area covered 
by the BMP. A summary of the basin area 
with BMPs used in the 2012 SPARROW 
models for each 2-digit hydrologic unit 
code (HUC2) is presented in table 2. The 
basin areas with each BMP were increased 
and decreased by a factor of 1.5 and 0.5. If 
increasing the BMP fraction by a factor of 
1.5 exceeded the fraction of agricultural land 
in the catchment, the cover crop fraction 
was limited to the fraction of agricultural 
land (avoiding the issue of having more 
no-till area or cover crop area than agri-
cultural land area in a catchment). Changes 
to instream loads due to changes in BMPs 
were then simulated using the calibrated 
SPARROW model coefficients reported in 
table 1 with the increased or decreased BMP 
values. The percentage change relative to 
the load predicted by the original calibrated 
model was calculated using equation 1: 

Relative percentage change =  

BMP modified load – Original model load

Original model load
× 100.                                                           

 (1)

Percentage increases and decreases in the 
sum of incremental loads were reported at 
the HUC2 scale (Seaber et al. 1987) and 
for the Lake Erie, Chesapeake Bay, and 
Gulf of Mexico basins. Efficiencies were 
also reported as kilograms of instream load 

nutrient reduction per square kilometer of 
additional BMP implemented or removed 
(kg km–2) and were compared to other 
published values. The flow-weighted mean 
concentration (FWMC) was computed from 
load for each of the regional models using 
equation 2: 

                                                         .  (2)

The FWMC can be interpreted as the 
nutrient concentrations of all streams that 
contribute to the river network.

The simulated loads delivered to Western 
Lake Erie, the Chesapeake Bay, and to the 
Gulf of Mexico under these BMP scenarios 
were calculated by aggregating the simulated 
delivered loads from each stream reach in 
the respective watersheds, and results were 
then compared with the results of regional 
Conservation Effects Assessment Project 
(CEAP) studies for the Great Lakes (USDA 
NRCS 2011), Chesapeake Bay (USDA 
NRCS 2013), and the Gulf of Mexico 
(USDA NRCS 2014). The comparisons are 
qualitative rather than quantitative, however, 
as the approach used in the CEAP studies 
is not directly comparable to the approach 
in this study: the CEAP studies evaluated 
the overall effectiveness of a wider range 
of BMPs on the landscape, and identified 
areas where additional BMPs could result in 

additional load reductions. Nevertheless, the 
qualitative comparisons provide additional 
context to the findings of this study about 
the general trajectory of water quality in 
response to the growing adoption of BMPs. 

Results and Discussion
While data sets representative of multiple 
specific BMPs were tested during model 
specification as described, each regional 
model was limited in its final form. For the 
Midwest N model and the Southeast P mod-
els, testing demonstrated that the BMP data 
sets were representative of other collinear 
soil conservation BMPs. For the Southeast N 
model and both Northeast models, the vari-
able testing confirmed that distinct processes 
were represented with each of the BMPs. For 
purposes of this study in this discussion, we 
use the term BMP for broad practices that 
are surrogate for multiple activities and we 
reserve the name of the specific BMP (such 
as cover crops or no-till) to models that are 
representative of the specific activity. 

Nitrogen. Increasing the intensity of BMPs 
in the Midwest by 50% from 2012 levels 
increased agricultural N loads by a range of 
3.24% to 4.73% among HUC2s, and over-
all N loads by a range of 1.52% to 3.14% 
(figure 3). The Ohio River basin (HUC 05) 
had the largest percentage change in agri-
cultural N loads and the Upper Mississippi 
River basin (HUC 07) had the largest over-
all change in overall N loads. The increase in 

Table 2
2012 Spatially Referenced Regression On Watershed-attributes (SPARROW) model summary of the basin area with best management practices 
(BMPs) for each 2-digit HUC used in increasing and decreasing BMP intensity simulation scenarios.

   Basin area (km2)

        Conser- 
Regional	 	 	 	 	 	 Conser-	 	 vation
SPARROW	 	 	 	 	 Cover	 vation	 	 tillage
model	 Basin	name	 HUC2	 Total	 Agriculture	 crops	 tillage	 No-till	 +	no-till

Northeast New England region 01 95,763 7,115 317 162 130 292
Northeast Mid-Atlantic region 02 232,809 57,911 4,368 3,877 12,049 15,926
Southeast South Atlantic-Gulf region 03 628,360 106,768 5,021 10,205 16,067 26,272
Midwest Great Lakes region 04 323,974 93,808 3,910 — 16,664 —
Midwest Ohio region 05 420,482 152,655 4,739 — 42,513 —
Midwest Tennessee region 06 105,952 23,583 740 — 4,480 —
Midwest Upper Mississippi region 07 490,971 287,262 5,393 — 47,563 —
Midwest Lower Mississippi region 08 285,337 96,018 1,647 — 16,401 —
Midwest Souris-Red-Rainy region 09 204,534 79,316 842 — 8,676 —
Midwest Missouri region 10 1,314,197 414,283 5,045 — 180,348 —
Midwest Arkansas-White-Red region 11 636,003 178,638 2.759 — 36,733 —

FWMC =  
Incremental nutrient load

Incremental flow
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BMPs resulted in an average increase in agri-
cultural N yield of 402 kg km–2. When BMP 
intensity was decreased by 50%, agricultural 
N loads decreased by a range of 4.74% to 
7.31% among HUC2s, and overall N loads 
decreased by a range of 2.28% to 4.77%. 
The largest change in agricultural N loads 
and overall N loads occurred in the Missouri 
River basin (HUC 10). Base FWMC of N 
in Midwest HUC2s ranged from 1.243 to 
4.466 mg L–1 (table 3). A 50% increase in 
BMPS increased N concentrations by 0.019 
to 0.140 mg L–1, and a 50% decrease in BMPs 
decreased N concentrations by 0.028 to 
0.213 mg L–1. 

Alternate model specifications could not 
be tested in the N model because it included 
all of the BMPs tested in this study. Because 
the Northeast N model has two BMPs with 
different coefficient signs, results from BMP 
changes reflect the net effect from changes 
in both BMP variables (figure 3). The two 
HUC2s in the Northeast region (New 

England–HUC 01 and Mid-Atlantic–HUC 
02) had similar patterns of N-load change 
with BMP-intensity change, with slightly 
larger magnitude for New England. On 
average for the Northeast, increasing BMPs 
by 50% increased agricultural N loads from 
1.78% to 1.89% and overall N loads from 
0.11% to 0.67%, and increased agricultural 
N yield by 302 kg km–2. When calculated for 
cover crops and conservation tillage + no-till 
individually, increasing cover crops by 50% 
decreased agricultural N yield by 790 kg 
km–2, and increasing conservation tillage + 
no-till by 50% increased agricultural N yield 
by 532 kg km–2. Decreasing BMPs by 50% 
decreased agricultural N load from 2.97% 
to 3.12%, and overall N load from 0.19% 
to 1.12%. Base FWMC of N in Northeast 
HUC2s were 0.663 mg L–1 and 1.654 mg 
L–1 (table 3). A 50% increase in both BMPs 
increased N concentrations by 0.001 to 
0.011 mg L–1, and a 50% decrease in BMPs 

decreased N concentrations by 0.001 to 
0.019 mg L–1. 

Increasing cover crop intensity by 50% 
in the Southeast N model (the South 
Atlantic-Gulf Region-HUC 03) decreased 
agricultural N load by 3.5% and decreased 
overall N load by 0.89% (figure 3). A 50% 
increase in cover crops decreased agricul-
tural N yields by 329 kg km–2. Decreasing 
the amount of cover crops in the region 
resulted in a 6.51% increase in agricultural N 
loads and a 1.66% increase in overall N loads. 
The base FWMC of N in the Southeast 
was 0.319 mg L–1 (table 3). A 50% increase 
in cover crops decreased the N concentra-
tion by 0.011 mg L–1, and a 50% decrease 
in cover crops increased the N concentration 
by 0.021 mg L–1. 

The simulations predict decreased agricul-
tural N yields with cover crops with some 
regional variation: the effect predicted for 
agricultural fields in the Northeast is twice 
that predicted for the Southeast. There are 

Figure 3
Regional Spatially Referenced Regression On Watershed-attributes (SPARROW) model results for nitrogen (N) loads from applied increases and 
decreases of best management practice (BMP) implementation. (a) N load percentage of change from agricultural sources with a 50% increase in 
BMP intensity; (b) N load percentage of change from all nutrient sources with a 50% increase in BMP intensity; (c) N load percentage of change from 
agricultural sources with a 50% decrease in BMP intensity; (d) N load percentage of change from all nutrient sources with a 50% decrease in BMP 
intensity. Shaded regions of the maps represent HUC2 basins (Seaber et al. 1987) used in this study.
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several possible explanations for the regional 
variation that include seasonal influences. 
First, in colder climates representative of 
the Northeast we expect a longer season 
for cover crop implementation. This would 
require additional fertilization to produce 
these crops, and depending on nutrient man-
agement a surplus of inputs could dominate 
the impact of the BMP. In addition, as aver-
age temperatures increase in the north-south 
direction, we could also see an increase in 
N uptake and denitrification, which favors 
lower N yields in the Southeast. 

Phosphorus. In the Midwest P model, 
increasing BMPs by 50% from 2012 condi-
tions resulted in a 3.97% to 8.77% decrease 
in agricultural P loads and a 2.63% to 4.38% 
decrease in overall P loads (figure 4). The 
agricultural load decreased most in the Great 
Lakes Region (HUC 04), and the overall P 
load decreased most in the Upper Mississippi 
Region (HUC 07). A 50% increase in BMP 
intensity resulted in a 706 kg km–2 decrease 
in agricultural P yields. When BMP inten-
sity was decreased by 50%, there was a 7.59% 
to 14.2% increase in agricultural P loads 
and a 3.4% to 6.44% increase in overall P 
loads. The base FWMC in Midwest HUC2s 
ranged from 0.135 to 0.525 mg L–1 (table 3). 
A 50% increase in BMPs decreased P con-
centrations by 0.005 to 0.020 mg L–1, and a 
50% decrease in BMPs increased P concen-
trations by 0.009 to 0.028 mg L–1.

In the Northeast P model, increasing con-
servation tillage + no-till intensity by 50% 
resulted in a decrease in the agricultural 
P load of about 14% for both Northeast 
HUC2s and by a range of 2.23% to 3.57% 
for the overall P load (figure 4). Increasing 
conservation tillage + no-till intensity from 
base 2012 levels resulted in a 544 kg km–2 

reduction in agricultural P yields. When 
conservation tillage + no-till intensity was 
decreased by 50% the agricultural P load 
increased by approximately 30% in both 
HUC2s, and the overall P load increased by 
a range of from 4.7% to 7.6% in the region 
(figure 4). Base FWMC in the Northeast 
HUC2s were 0.050 mg L–1 and 0.141 mg 
L–1 (table 3). A 50% increase in conservation 
tillage + no-till decreased P concentrations 
by 0.001 mg L–1 and 0.005 mg L–1, and a 50% 
decrease increased P concentrations by 0.002 
mg L–1 and 0.011 mg L–1.

In the Southeast P model, increasing BMP 
intensity by 50% resulted in a decrease in 
the agricultural P load of 4.8% and 1.5% 
for the overall P load (figure 4). Increasing 
BMP intensity from base 2012 levels resulted 
in a 26 kg km–2 decrease in agricultural P 
yields. When BMP intensity was decreased 
by 50%, the agricultural P load increased by 
8.9% and the overall P load increased 2.8%. 
Base FWMC for P in the Southeast HUC2 
was 0.048 mg L–1 (table 3). A 50% increase 
in BMPs decreased P concentrations by 

0.002 mg L–1, and a 50% decrease in BMPs 
increased P concentrations by 0.004 mg L–1.

The coefficients of the BMP variables 
in each model demonstrate the effects of 
enhancing (positive coefficient) or dimin-
ishing (negative coefficient) delivery of 
nutrients caused by practices applied in the 
watershed. Cover crops in the Southeast and 
Northeast N models had similar negative 
coefficient values, which indicated N loads 
decreased where cover crops were imple-
mented. Based on these results, the changes 
in N loads were similar as the application rate 
of cover crops increased in the two regions. 
The diminishing effect of cover crops on 
N loads agreed with the findings of many 
investigators (Hanrahan et al. 2018; Lee et 
al. 2016; Yeo et al. 2014). The Northeast N 
model also included reduced tillage prac-
tices (conservation tillage + no-till) with a 
positive coefficient; the enhancing effects of 
reduced tillage practices on N loads agreed 
with findings of Baker (1993) and Alberts 
and Spomer (1985). The combined effect of 
increasing intensity of both cover crops and 
reduced tillage practices in the Northeast was 
to increase N loss to streams. The effects of 
reduced tillage on N loads were nearly twice 
as large in the Northeast as compared to 
no-till practices in the Midwest. 

The coefficients of reduced tillage and 
cover crops were negative in P models for 
all areas, suggesting these BMPs effectively 
reduced P losses. Reduced tillage was a sig-

Table 3
Flow-weighted mean concentrations of nitrogen and total phosphorus by HUC2. Bolded entries indicate increasing concentrations with increasing 
best management practice (BMP) intensity. All concentrations are in milligrams per liter (mg L–1).

	 	 Nitrogen	concentration	 	 Phosphorus	concentration

 Regional 50%  50% 50%  50% 
	 SPARROW	 decrease	 Base	 increase	 decrease	 Base	 increase	
HUC2	 model	 in	BMP	 conditions	 in	BMP	 in	BMP	 conditions	 in	BMP

01 Northeast 0.662 0.663 0.664 0.052 0.050 0.049
02 Northeast 1.636 1.654 1.666 0.151 0.141 0.136
03 Southeast 0.340 0.319 0.308 0.052 0.048 0.045
04 Midwest 1.990 2.065 2.114 0.142 0.135 0.130
05 Midwest 2.269 2.366 2.429 0.303 0.288 0.278
06 Midwest 1.215 1.243 1.262 0.226 0.218 0.212
07 Midwest 4.253 4.466 4.606 0.453 0.426 0.407
08 Midwest 1.311 1.356 1.385 0.253 0.242 0.235
09 Midwest 1.841 1.891 1.928 0.209 0.200 0.193
10 Midwest 3.046 3.198 3.289 0.553 0.525 0.506
11 Midwest 1.558 1.595 1.620 0.266 0.257 0.250
Notes: SPARROW = Spatially Referenced Regression On Watershed-attributes.
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nificant variable in the Southeast model; 
however, cover crops also contribute to 
reducing P loads. The coefficient for cover 
crops in the Midwest P model indicated that 
cover crops and reduced tillage practices 
result in decreased P loss to streams. This 
agrees with findings by Wang et al. (2015) 
and Sharpley et al. (2000). 

Results from SPARROW simulations 
with varying BMP intensity indicate that 
both cover crops and reduced tillage practices 
reduced P losses from agricultural areas, and 
reduced tillage practices increased N losses. 
In all three regional P models, BMPs (both 
cover crops and reduced tillage) reduced P 
export from the watersheds. Both of these 
BMPs are designed to reduce soil erosion 
and therefore suggest that erosion control has 
a significant effect on the fraction of instream 
P loads associated with soil loss. Although 

particulate P comprises a major part of the P 
loads, reducing the dissolved fraction is also 
integral to reducing P losses. Nevertheless, 
the advantages of using soil conservation 
measures to reduce P losses as predicted in 
this study are consistent with findings from 
other studies (Stevens et al. 2009; Richardson 
and King 1995; Andraski et al. 1985). In 
the Northeast, the change in agricultural P 
load caused by the increase in BMPs was 
nearly twice what was predicted in the other 
regions. The larger effect of the BMPs may 
have been caused by a larger area of appli-
cation rather than it being more effective in 
the Northeast, since the magnitude of the 
coefficient of the BMP was similar to that in 
the Midwest. 

In mitigating the P loss from agricultural 
fields, careful design and implementation of 
conservation strategies must also account 

for dissolved forms of P. Studies conducted 
by many investigators have concluded that 
runoff and subsurface flow are major trans-
port vectors of dissolved P (Heathwaite and 
Dils 2000; Andraski et al. 1985; Sharpley 
et al. 1987). Tools for assessing the potential 
for P loss from agricultural areas are critical 
to the development of effective BMPs (e.g., 
P-index [Sharpley et al. 2001]) because they 
help to identify the processes that pose the 
greatest risk to water quality. In runoff from 
agricultural fields where P fertilizers have 
been applied, many studies have demon-
strated the increased risk of P loss (Duncan 
et al 2017; Vadas et al. 2008; Nash et al. 2004). 
Accumulation of P from historic fertilizer 
and manure use form pools of legacy P that 
further the risk to water quality. In a recent 
review of P dynamics in the Northeast, 
Kleinman et al. (2019) describe legacy P as 

Figure 4
Regional Spatially Referenced Regression On Watershed-attributes (SPARROW) model results for phosphorus (P) loads from applied increases and 
decreases of best management practice (BMP) implementation. (a) P load percentages of change from agricultural sources with a 50% increase in 
BMP intensity; (b) P load percentages of change from all nutrient sources with a 50% increase in BMP intensity; (c) P load percentages of change 
from agricultural sources with a 50% decrease in BMP intensity; (d) P load percentages of change from all nutrient sources with a 50% decrease in 
BMP intensity. Shaded regions of the maps represent HUC2 basins (Seaber et al. 1987) used in this study.
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generally being more labile than P associated 
with the soil because it can be easily dissolved. 
Cover crops and reduced tillage that control 
erosion to mitigate P losses may be rendered 
less effective if a substantial part of P losses 
from an area are from legacy P. Furthermore, 
we note that changes in hydrology play a crit-
ical role in P transport (Kleinman et al. 2011) 
and water management such as tile-drainage 
can change the impact of BMPs by alter-
ing preferential flow pathways. The Midwest 
model accounted for some degree of water 
management impact with the inclusion of a 
tile-drainage variable. Future studies could 
consider other similar water management 
activities such as irrigation and open channel 
drainage in the Southeast.

Over the past decade, cover crops have 
gained support as an effective manage-
ment strategy to reduce nutrient and soil 
losses from agricultural fields (Arbuckle and 
Roesch-McNally 2015; Hively et al. 2009; 
Sainju and Singh 1997). Historically, the 
use of cover crops lagged behind the use of 
other conservation practices, e.g., reduced 
tillage, due to economic drivers and other 
considerations such as managing seeding and 
cover crop termination (Roesch-McNally et 
al. 2018; O’Connell et al. 2015). The results 
of this study provide evidence that the gains 
achieved with cover crop adoption can play 
an important role in mediating P and N loss 
to streams, which is in agreement with the 
findings of other investigators (Shelton et 
al. 2018; Kladivko et al. 2014; Sharpley et al. 
1991). A survey of farmers across the United 
States (2012 Agricultural Census) showed 
conservation tillage and no-till were adopted 
on 90% more land than cover crops as of 
2012 (USDA NASS 2014). However, based 
on the 2017 Agricultural Census (USDA 
NASS 2019), the use of cover crops has 
outpaced conservation tillage and no-till by 
41%. Although the 2007 Agricultural Census 
reported cover crop area as a lumped value, 
which included idle cropland and soil-im-
provement land, that area also increased 
over the survey period (USDA NASS 
2009). Growing adoption of cover crops can 
largely be attributed to scientific and tech-
nological advances as well as advances that 
have come from efforts to improve farmers’ 
understanding of the advantages and dis-
advantages associated with adopting cover 
crops: improved understanding, for example, 
that cover crops are more efficient at reduc-
ing N losses than conservation tillage in some 

areas, or that interactions between different 
conservation practices must be accounted for 
in nutrient management plans (Dunn et al. 
2016; Arbuckle and Roesch-McNally 2015). 

Quantifying Regional Effects of Best 
Management Practices on Nutrient Loading 
to Lake Erie. In 2011, the International 
Joint Commission (IJC) identified nutri-
ent contamination as a leading factor in 
the development of nearshore eutrophica-
tion and the reemergence of harmful algal 
blooms (HABs) in Western Lake Erie (in the 
Midwest SPARROW model) (Reutter et al. 
2011). Many studies have identified P as the 
limiting nutrient in Lake Erie (Wilhelm et 
al. 2003; DeBruyn et al. 2004; Guildford et 
al. 2005) and a key driver of lake eutrophi-
cation (Vollenweider 1968). Eutrophication 
in Lake Erie in the past two to three decades 
has raised concerns about the occurrence of 
HABs and how best to forecast their occur-
rence and size using estimates of P loading 
(Obenour et al. 2014). The 1972 Great Lakes 
Water Quality Agreement was implemented 
with the target of reducing point source P 
loading by 50% by 1982 (IJC 1986). In 2012, 
the IJC updated the P target to a 40% reduc-
tion (186 t) from 2008 levels (IJC 2012). 

In the BMP simulation results presented in 
this paper for the Midwest, increasing BMP 
intensity increased N loads and decreased 
P loads delivered to Western Lake Erie. 
Specifically, if the amount of no-till in the 
Midwest N model were to increase by 50%, 
an additional 2.62 × 106 kg of N could be 
delivered to Western Lake Erie, which rep-
resents a 3.61% increase (table 4). Adding 50% 
more cover crops in the Midwest P model 
reduces the amount of P delivered to the lake 
by 1.90 × 105 kg, which represents a 6.00% 
reduction (table 4). These results corrobo-
rate the conclusions from other modeling 
approaches (Scavia et al. 2016) that although 
some reduction in agricultural P and N loads 
are achievable with conservation BMPs, like 
the ones tested in this model, these measures 
alone will not be successful in reaching the 
nutrient targets to restore the impacted eco-
systems. In 2006, 94% of the agricultural land 
in the Great Lakes had some form of con-
servation or nutrient-management practice 
in place to reduce nutrient losses (USDA 
NRCS 2011). In an assessment of nutrient 
control scenarios using multiple models (Soil 
and Water Assessment Tool [SWAT] [Arnold 
et al. 2012] and SPARROW), the most effec-
tive management scenarios for the reduction 

of nutrient loads included similar BMPs to 
those tested in this study (the ones tested 
in this study are vegetative BMPs), land 
use conversion, and nutrient management 
(Scavia et al. 2016). 

The USDA-CEAP (USDA NRCS 2011) 
conducted a model-based regional assessment 
of BMPs for the baseline period from 2003 
to 2006 in the Lake Erie Basin. The authors 
of the study concluded that conservation 
practices accounted for N and P load reduc-
tions of 17% and 18%, respectively, relative 
to not having implemented any conserva-
tion practices. When the authors simulated 
N and P delivery to rivers and streams as a 
result of increasing conservation treatment 
to critically undertreated areas (1.15 × 104 
km2) and to all under-treated areas (3.20 × 
104 km2), N loads were reduced by an addi-
tional 4% to 14%, respectively, and P loads by 
an additional 3% to 20%, respectively (table 
4). Because of differences in the methodolo-
gies used in the CEAP study and the study 
that is being presented here, comparisons 
of the two studies are only qualitative. For 
P, this study and the CEAP study agree that 
increasing the implementation of BMPs has 
a positive effect on water quality, albeit fall-
ing short of the proposed target reduction, 
but the studies do not agree on effects for 
N. We speculate that BMPs do not have a 
similar effect on N loads in the Midwest 
in large part due to the characterization of 
the BMPs on the landscape. The Midwest 
model domain was the largest of the three 
models used in this study and with respect 
to BMPs may have the most spatial variabil-
ity in BMP implementation. A regionalized 
approach to the characterization of BMPs in 
the Midwest may present opportunities for 
improvements in the specification of BMPs 
in the model. The characterization of BMPs 
in the SPARROW models are the best rep-
resentation relative to the available data used 
to construct the models, but they (along with 
other similar regional water quality models) 
are not able to predict the influence of all 
BMPs on the landscape.

Quantifying Regional Effects of Best 
Management Practices on Nutrient Loading 
to the Chesapeake Bay. In the Chesapeake 
Bay watershed (in the Northeast SPARROW 
model), the Total Maximum Daily Load 
(TMDL) established in 2010 targeted 25% 
and 24% reductions in annual N and P loads, 
respectively (USEPA 2010). This equated to 
annual load limits of 84.3 million kg y–1 for 
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N and 5.69 million kg y–1 for P (Linker et 
al. 2013). Based on the results of this study, 
increased intensity of BMPs in the Northeast 
increases N loads and decreases P loads. If the 
amount of BMPs in the Northeast N model 
were to increase by 50%, the Chesapeake Bay 
could receive an additional 1.13 × 106 kg of 
N, which represents an increase of approxi-
mately 0.91% (table 4). The Atlantic Ocean 
could receive an additional 1.63 × 106 kg of 
N from the Northeast United States, which 
represents an increase of 0.56% (table 4). For 
the Northeast P model, the P load delivered 
to the Chesapeake Bay could decrease by 
5.06 × 105 kg, a 6.29% reduction, as a result 
of a 50% increase in BMPs (table 4). The P 
load delivered to the Atlantic Ocean could 
decrease by 8.10 × 105 kg, which represents 
a 3.42% reduction (table 4). 

We compare the results presented in this 
study with those from a CEAP regional 
watershed study of the Chesapeake Bay 
(USDA NRCS 2013). From 2003 to 2011, 
the percentage of agricultural area in the 
Chesapeake Bay watershed with conserva-
tion tillage increased 23%, no-till by 16%, 
and cover crops by 40% (USDA NRCS 
2013). In the same study, SWAT model 
simulations were used to assess the impact 
of conservation practices on N and P loads 

delivered to the Chesapeake Bay. The study 
concluded that conservation practices in 
2011 reduced N and P loading by 17% and 
21% respectively, when compared to condi-
tions where no conservation practices were 
implemented. The authors also compared N 
and P loads delivered to the bay for the level 
of conservation implementation during the 
baseline years 2003 to 2006 with conditions 
in 2011. Relative to the baseline conditions, 
N and P loads decreased by 6% and 5%, 
respectively (table 4). The SPARROW mod-
els in this study cannot be used to produce 
simulations of the no conservation practice 
scenario, for comparison with the SWAT 
model simulations, due to lack of robustness 
and reliability (described in the Materials and 
Methods section) of SPARROW predictions 
when simulations of the BMP variables 
approach zero. Qualitative comparison of the 
results from this study to the conditions in 
2011 presented in the CEAP study is pos-
sible, however, and shows there are some 
points of general agreement. The studies 
agree that increasing the implementation 
of cover crops is an effective conservation 
practice for controlling N delivery to the 
Chesapeake Bay; however, the studies dis-
agree on the effects of tillage on N delivery. 
The studies agree that increasing tillage con-

servation practices reduces P delivery to the 
Chesapeake Bay. Differences in the meth-
odologies between the two studies explain 
discrepancies in the magnitude and nature of 
the potential changes in the delivered loads 
that could come from more aggressive adop-
tion of BMPs. 

 Results from the Northeast SPARROW 
models present a complicated set of circum-
stances to be navigated by managers because 
of the contrasting effects of cover crops and 
reduced tillage BMPs on N loads, and the 
contrasting effects of reduced tillage BMPs 
on N versus P loads. These contrasting 
effects would be consistent, however, with 
the adoption of more cover crops to mitigate 
N, and additional reduced tillage to mitigate 
P loads. The results of both studies demon-
strate that the potential changes in N and P 
delivery to the Chesapeake Bay fall short of 
the reduction targets outlined by the USEPA 
(2010) based on the amount of cropland area 
where these conservation practices could 
be implemented. The challenges associated 
with controlling nutrient pollution in the 
Chesapeake Bay is further exacerbated by 
fluxes of nonagricultural nutrient sources. 
The results of this study suggest that limit-
ing only agricultural nutrient sources have 
little influence on the overall nutrient loads 

Table 4
Comparison of nutrient load reductions for major drainages from the Spatially Referenced Regression On Watershed-attributes (SPARROW) model 
simulations where the fraction of best management practices (BMPs) on agricultural land is increased by 50% relative to conditions in 2012 and 
reductions from the Conservation Effects Assessment Program (CEAP) watershed studies. CEAP studies examine BMP effects on nutrient loads 
between 2003 to 2006 and 2011, and BMP effects from increasing BMP intensity for undertreated agricultural lands.

	 	 	 This	study	 Other	studies	

	 	 Percentage	of	ag	 	 	 	
Receiving	waterbody	 Model	 land	with	BMPs	(%)*	 Load	change	(%)	 Load	change	(%)

Chesapeake Bay N 60 0.91 –6†
Chesapeak Bay P 48 –6.29 –5†
Atlantic Ocean (Northeast) N 60 0.56 —
Atlantic Ocean (Northeast) P 48 –3.42 —
Western Lake Erie N 54 3.61 –4 to –14‡
Western Lake Erie P 4.7 –6.00 –3 to –20‡ 
Gulf of Mexico (Missississippi-Atchafalaya River Basin) N 42 2.73 –11§
Gulf of Mexico (Missississippi-Atchafalaya River Basin) P 2.8 –3.58 –16§ 
Gulf of Mexico (Southeast Gulf Coast) N 9.4 –0.27 –11§
Gulf of Mexico (Southeast Gulf Coast) P 45 –3.22 –16§
*Percentage of agricultural land with BMPs as characterized in regional SPARROW models (Robertson and Saad 2019; Ator 2019; Hoos and Roland 
2019).
†CEAP; USDA Natural Resources Conservation Service (2013).
‡USDA National Resources Conservation Service (2011). 
§USDA Natural Resources Conservation Service (2014). 
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delivered to the Chesapeake Bay. In the 
Chesapeake Bay, fluxes from wastewater 
treatment, urban runoff, and septic systems 
contribute the largest fraction of N and P 
to the bay (Ator 2019). Therefore, achiev-
ing nutrient targets will require aggressive 
actions, which target both agricultural and 
nonagricultural sources of nutrients. 

Quantifying Regional Effects of Best 
Management Practices on Nutrient Loading 
to the Gulf of Mexico. The Gulf Hypoxia 
Taskforce was created to address water quality 
issues in the Gulf of Mexico and throughout 
its watershed. The taskforce identified agri-
cultural nutrient sources as a significant driver 
in the size of the hypoxic zone in the Gulf 
of Mexico. The use of agricultural BMPs was 
identified as an integral part of the strategy 
to reduce nutrient inputs to the Gulf by 30% 
of historic levels (Mississippi River/Gulf 
of Mexico Watershed Nutrient Task Force 
2001). In their 2017 report (USEPA 2018), 
the taskforce set a goal of a 20% reduction of 
nutrients in the Gulf by 2025 and full real-
ization of the nutrient reduction target by 
2035. In this study N and P loads delivered 
to the Gulf of Mexico were simulated by the 
Midwest and Southeast models. The Midwest 
model accounted for N and P inputs from 
the Mississippi-Atchafalaya River Basin and 
the Southeast model accounted for inputs 
along the Gulf Coast. As stated in the previ-
ous section, increasing BMPs by 50% in the 
Midwest N model increased loads, and in the 
P model loads decreased. Using the Midwest 
models for the Mississippi-Atchafalaya River 
watershed, increasing BMPs 50% could result 
in the delivery of an additional 42.0 × 106 kg 
of N to the Gulf, which is a 2.73% increase 
(table 4), and a decrease of 6.8 × 106 kg of 
P, which is a 3.58% decrease (table 4). Using 
the Southeast models for the direct drainages 
along the Gulf Coast, increasing BMPs 50% 
could result in a 4.73 × 104 kg decrease of 
N delivered to the Gulf, which represents a 
0.27% decrease (table 4). The amount of P 
delivered to the Gulf from the direct drain-
ages could decrease by 7.62 × 104 kg, which 
represents a 3.22% decrease (table 4). If the 
model results for the two regions (Midwest 
and Southeast) are combined, the amount of 
N delivered to the Gulf could increase by 
2.46% and the amount of P delivered to the 
Gulf could decrease by 6.8%. 

In an earlier study of BMPs in the 
Upper Mississippi River basin, N reduc-
tions attributed to BMPs ranged from 5% 

to 34%, and P reductions ranged from 1% 
to 10% (Garcia et al. 2016). According to 
a CEAP study that used SWAT models to 
estimate load changes from increased BMP 
intensity between 2003 to 2006 and 2011, 
the N load delivered to the Gulf of Mexico 
should have decreased by 11% and the P 
load should have decreased by 16% (table 
4) (USDA NRCS 2014). As noted in dis-
cussions of the other CEAP studies earlier 
in this section, differences in estimates of the 
potential load reductions between the CEAP 
studies and this study are expected due to 
different frameworks and time periods, and 
more detailed information describing BMP 
adoption rates and a wider variety of BMPs 
included in the CEAP studies. Nevertheless, 
these comparisons are meaningful because 
they provide additional insights with respect 
to the trajectory of conservation activities 
toward reaching nutrient reduction targets. 
The results of this study and the other stud-
ies described in this section demonstrate the 
complexity in assessing the active roles of 
BMPs in the transport of N and P at large 
spatial scales, interactions between multi-
ple BMPs, and the net effects of upstream 
practices on N and P delivery to major 
drainages. The consensus of all the studies is 
that additional actions are needed, beyond 
the conservation practices considered here, 
to reach nutrient targets in all regions. These 
actions could include nutrient management 
plans, structural BMPs, more aggressive (than 
50%) increases in cover crops and tillage 
practices, or reducing fertilizer use. In addi-
tion to expanding and improving current 
conservation practices and technologies, it 
will also be important to understand the eco-
nomic implications of this growth. Because 
of the changing global economy, increasing 
urbanization, and growing industrialization 
in emerging economies, aligning the goals 
of nutrient management within the context 
of these societal and economic factors will 
only become more important. The impacts 
of climate change on nutrient management 
will also be an important consideration in 
the management of water resources and the 
development of nutrient targets. Studies have 
demonstrated the potential for increasing 
nutrient availability (Feuchtmayr et al. 2009; 
Frey et al. 2007; Jones 2005) resulting from 
increasing global temperatures. Extreme 
storm events driven by climate variability 
are projected to increase runoff (Wang et 
al. 2018; Rotz et al. 2016) containing larger 

nutrient concentrations. The variable nature 
of climate change will not influence water 
quality uniformly across a range of spatial and 
temporal scales. Nevertheless, the findings of 
these studies emphasize the importance of 
more aggressive implementation of effective 
strategies to mitigate negative environmental 
and economic outcomes in the future. 

Limitations in Best Management Practice 
Analysis. In practice, implementation of 
conservation practices typically involves 
adopting multiple BMPs simultaneously to 
increase the potential to reduce nutrient 
losses (Wade et al. 2015). This study focuses 
on a subset of vegetative practices, which is 
a simplification of what was actually imple-
mented in the catchment areas. Improving 
our understanding of BMPs and our assess-
ments of their effectiveness should consider 
all conservation practices used in developing 
regional-scale nutrient reduction targets to 
reduce nutrient pollution. Accounting for 
input reduction practices that are part of 
nutrient management programs is difficult 
because these types of conservation actions 
do not typically change land cover as is 
the case with vegetative BMPs, rather they 
attempt to reduce nutrient losses by reducing 
the mass of nutrients applied to the surface of 
soils. Meeting the goals of nutrient manage-
ment plans is most often the responsibility of 
farmers who must determine the most fea-
sible practices to implement on their farms. 
Accounting for each individual farm-scale 
management practice is a challenge for large-
scale regional models because the availability 
of these data is based on individual report-
ing requirements, which may vary. Since 
they do not trigger large-scale changes, the 
effects of local-scale management actions are 
not captured unless it is assumed that their 
influence is inherent to the observations used 
in model calibration. Therefore, many large-
scale models, including SPARROW, assume 
that source data inputs include the effects of 
large-scale nutrient management practices, 
which include fertilizer application reduc-
tion plans. 

The present analysis is also limited in the 
representation of more dynamic practices and 
the contributions of legacy nutrient masses 
or contributions from sediment bound N 
and P that is trapped in soils, stored in stream 
channels, or dissolved in groundwater. The 
nutrient source data used in the SPARROW 
models represent a specific base year. Because 
of the static nature of the SPARROW mod-
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els used in the study, simulating transient 
effects of BMPs was outside of the scope 
of this study. As a result, it should not be 
assumed that the models represent equilib-
rium conditions in which the full effects of 
source control BMPs or structural BMPs are 
realized. Assessing the lag between the imple-
mentation of BMPs and temporal changes in 
nutrient loads is best done using dynamic 
constructs of the SPARROW model or by 
using multiple static SPARROW models 
representing different points in time (Ator et 
al. 2019). 

This analysis of the regional effects 
of BMPs is a novel application of the 
SPARROW model. Assessments of this type 
may be valuable to state and federal agencies 
in the development of effective nutri-
ent management strategies. In subsequent 
BMP assessments using the SPARROW 
model, increasing the quantity and quality 
of BMP data would help to improve future 
models and their usefulness as decision sup-
port tools. Having an accurate accounting 
of catchment areas where specific vege-
tative or structural BMPs are adopted is 
an important example for several reasons, 
such as assessing the return on investment 
in programs that incentivize BMP adop-
tion. Facilitated by advancements in remote 
sensing, the ability to accurately quantify 
BMPs has greatly improved, but opportu-
nities remain to further advance the quality 
and quantity of BMP data. Improving the 
resolution of BMP data beyond the county 
level data used in this study represents a 
significant advancement. County level 
BMP data are very coarse and can intro-
duce additional model uncertainty when 
these data are extrapolated to the catch-
ment level. Apportionment of the amount 
of BMP area within a catchment relative to 
county totals is complicated because catch-
ments generally do not adhere to political 
boundaries and distributing BMP area to 
catchments by some weighting methodol-
ogy based on county area may oversimplify 
and homogenize the distribution of BMPs 
on the landscape, which potentially dilutes 
the effects of BMPs with smaller footprints. 
This represents an important limitation of 
the models used in this study, but currently 
this approach represents the best viable 
option to conduct these types of assess-
ments with SPARROW. 

Summary and Conclusions 
The effects of BMPs on nutrient loads 
were simulated using published regional 
SPARROW models. Altering the intensity of 
BMPs by 50% had modest effects (generally 
between 4% and 15%) on the agricultural 
component of N and P loads for Midwest, 
Northeast, and Southeast regions of the 
United States, but had small effect (gener-
ally less than 4%) on overall N and P loads 
and instream concentrations. In most cases 
increasing the intensity of BMPs reduces N 
and P losses to streams; the exception is for 
N in the Northeast and Midwest regions, 
for which the net effect of increasing the 
area using reduced tillage practices increased 
instream N loads. The implementation of 
cover crops and tillage practices reduced P 
loads. Specification testing of the regional 
models resulted in a range of interpretations 
for BMP variables, but most importantly 
verified that the BMPs were adequately rep-
resented in the models. In some cases (the 
Midwest N model and Southeast P model), 
however, the effects of a specific BMP were 
indistinguishable from the overall effect of 
other BMPs in the model area. Because of 
the low spatial resolution of the conservation 
data used, these BMP effects are more accu-
rately interpreted as being representative of 
the overall effects of all of the BMPs used in 
the area. The models indicated that the most 
successful load reductions through use of 
BMPs resulted from using multiple practices. 
Higher resolution data could improve the 
model’s ability to parse the effects of particu-
lar BMPs and account for additional nutrient 
transport processes that were not explored in 
this study.
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