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ABSTRACT: Recently recharged water (defined here as <60
years old) is generally the most vulnerable part of a
groundwater resource to nonpoint-source nitrate contami-
nation. Understanding at the appropriate scale the interactions
of natural and anthropogenic controlling factors that influence
nitrate occurrence in recently recharged groundwater is critical
to support best management and policy decisions that are
often made at the aquifer to subaquifer scale. New logistic
regression models were developed using data from the U.S.
Geological Survey’s National Water-Quality Assessment
(NAWQA) program and National Water Information System
for 17 principal aquifers of the U.S. to identify important
source, transport, and attenuation factors that control
nonpoint source nitrate concentrations greater than relative background levels in recently recharged groundwater and were
used to predict the probability of detecting elevated nitrate in areas beyond the sampling network. Results indicate that dissolved
oxygen, crops and irrigated cropland, fertilizer application, seasonally high water table, and soil properties that affect infiltration
and denitrification are among the most important factors in predicting elevated nitrate concentrations. Important differences in
controlling factors and spatial predictions were identified in the principal aquifer and national-scale models and support the
conclusion that similar spatial scales are needed between informed groundwater management and model development.

■ INTRODUCTION
Nitrate (NO3

−) is the most ubiquitous nonpoint-source (NPS)
contaminant of groundwater resources worldwide.1 The
reduction of NO3

− in groundwater can release the greenhouse
gas nitrous oxide 2 and pose well-known ecological and human-
health risks.3,4 The U.S. Environmental Protection Agency
(USEPA) maximum contaminant level (MCL) for NO3

− in
drinking water is 10 mg/L (as Nitrogen (N)).5 Health
concerns, including methemoglobinemia or “blue baby”
disorder, spontaneous abortion, and increased risk of non-
Hodgkins lymphoma, have been linked to drinking water with
NO3

− concentrations as low as 2.5 to 4 mg/L.6−9 The annual
cost for U.S. water treatment to meet federal NO3

− standards
has been estimated in the hundreds of millions to billions of
dollars.10,11

In the U.S., more than 40 million people, including most
rural populations, obtain drinking water from domestic self-
supply (private) wells that generally receives no treatment prior
to use, and about 40% of the Nation’s public water supply is
from groundwater in principle aquifers (PAs).12 PAs are
regionally extensive aquifers and aquifer systems of national
significance because of their high productivity or use and are
critically important sources of potable water.13 In 2000, total
groundwater withdrawals from PAs were estimated at more
than 289 million m3 per day.14 A recent (2010) national

assessment of PA groundwater quality reported 50% of the
5,101 wells sampled had NO3

− >1.0 mg/L,15 which has been
proposed as a nationwide relative background concentration or
threshold indicative of anthropogenic sources.16 Aquifer-scale
studies indicate that the distribution of NO3

− concentrations in
groundwater vary by PA, with many PAs having median NO3

−

>1.0 mg/L and higher percentiles that exceed the 10 mg/L
MCL.17,18

Understanding the governing natural and anthropogenic
factors of groundwater vulnerability to NPS NO3

− contami-
nation within and among PAs is fundamental to developing
effective policy and management practices to reduce N inputs
and protect groundwater as a safe drinking-water source.19

Groundwater management is often implemented at the local or
aquifer scale. However, prior vulnerability assessments have
been conducted at the aquifer or national scales and along
various points within the flow system that represent a range of
apparent groundwater ages and residence times, including
shallow (young) and deep (old) groundwater.15,16,20−27

Although NO3
− concentrations are highly variable at the
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national scale, shallow (young) and oxic groundwater beneath
areas with high N inputs is the most vulnerable component of
the flow system.15 Groundwater from wells that are screened
deep in the flow system is generally less vulnerable because
apparent groundwater ages often predate anthropogenic
activities.28,29 As well depth and water residence time increase,
oxygen (O2) is the first electron acceptor removed from
solution, resulting in anoxic conditions that promote
attenuation of NO3

− through denitrification.30 No studies
have systematically identified the governing factors of NPS
NO3

− contamination for the most vulnerable component of the
flow system, recently recharged groundwater (defined here as
<60 years old), within or among individual PAs.
In its second decade (2002−2012), a major focus of the U.S.

Geological Survey (USGS) National Water-Quality Assessment
(NAWQA) program is on regional- and national-scale
assessments of groundwater-quality status and trends in 19
(of 62) PAs,13 which account for about 75% of the total
estimated withdrawals of groundwater for drinking-water
supply.31 NAWQA evaluates water quality at a regional scale
within and among PAs and considers the intrinsic susceptibility
and vulnerability of groundwater resources to contamination.31

Intrinsic susceptibility conceptualizes the inherent hydro-
geologic properties of the groundwater-flow system and the
sources of water and stresses on the system, including
infiltration and recharge rates, hydraulic conductivity, thickness
and characteristics of the unsaturated zone, confined/
unconfined nature of the aquifer, and well discharge.32

Vulnerability includes the concepts of intrinsic susceptibility,
as well as the proximity and characteristics of sources of
naturally occurring and anthropogenic contamination, factors
that affect contaminant transport from land surface to a specific
location within the groundwater-flow system, and the in situ
geochemical conditions.
The focus of this paper is on quantifying vulnerability to NPS

NO3
− contamination. We present logistic-regression models

and corresponding maps that predict the vulnerability of
recently recharged groundwater in 17 PAs to NPS NO3

−

contamination. The 17 PAs cover parts of all 48 contiguous
States and include the Basin and Range, Biscayne, California
Coastal Basins, Cambrian-Ordivician, Central Valley, Coastal
Lowlands, Denver Basin, Edwards-Trinity, Floridan, Glacial,
High Plains, Mississippi Embayment, New England Crystalline,
North Atlantic Coastal Plain, Piedmont and Blue Ridge, Rio
Grande, and Valley and Ridge Carbonate aquifer systems. The
objectives are to identify the most important source, transport,
and attenuation (STA) factors controlling NPS NO3

− above
relative background concentrations in recently recharged
groundwater within each PA and describe how those factors
vary across the U.S. by climatic, environmental, and hydro-
geologic settings (Table SI-1). Explanatory variables and
predictions from the PA models are compared to those from
a new national model to evaluate the effects of spatial scale on
model development and prediction.

■ MATERIALS AND METHODS
Logistic regression is a statistical method that uses explanatory
variables to predict the probability of a binary or categorical
response33 and has been widely used in groundwater
vulnerability assessments to predict the probability of a water-
quality constituent to exceed a management threshold, such as
a background concentration or drinking-water standard.19

Univariate and multivariate logistic regression analyses were

used to identify important STA factors controlling NPS NO3
−

and predict the probability of detecting concentrations of NO3
−

in recently recharged groundwater greater than or equal to the
relative background concentrations established for each PA and
nationally (see the Supporting Information (SI) for details).
The water-quality data used in the logistic regression includes

2,150 wells sampled in 16 PAs during 1974−2010 (not
including the High Plains aquifer − see below); over 90%
(1,955 wells) were sampled after 1990 and 47% (1,016 wells)
after 2000 (see the SI). Approximately two-thirds (1,348 wells)
were randomly selected for model calibration and one-third
(802 wells) for model validation (Table SI-2). Each PA had a
minimum of 30 calibration and 17 validation wells (Table SI-2).
Groundwater-quality data were compiled from NAWQA and
non-NAWQA samples from the USGS NWIS (National Water
Information System; http://waterdata.usgs.gov/nwis) database
to extend the spatial coverage of NAWQA wells that intercept
recently recharged groundwater in each PA. Well selection
criteria included using tritium (3H) to determine recently
recharged groundwater and by using an aquifer-specific, age-
depth relation for wells without 3H data (see the SI for details).
NAWQA wells were sampled according to ref 34, and nitrite
(NO2

−)-plus-NO3
− was analyzed by the USGS National Water-

Quality Laboratory using standard procedures.35 NO2
−-plus-

NO3
− concentration is referred to as NO3

− because NO2
−

concentrations are generally negligible in groundwater. NO3
−

concentrations are reported as elemental N. NO3
− from the

2,150 wells sampled ranged from 0.01 to 370 mg/L, with a
median concentration of 0.5 mg/L (Table SI-2). Models for the
High Plains aquifer (17th aquifer of this study) were reported
previously by the authors using similar data and methods.23

The relative background concentration of NO3
− in shallow

groundwater averaged across the U.S. is about 1.0 mg/L15,16

but is aquifer specific and has been reported as low as 0.4 mg/L
in the North Atlantic Coastal Plain aquifer36 and as high as 4
mg/L in the High Plains aquifer23,28 (see the SI). The median
NO3

− concentrations from the calibration and validation wells
were used to guide the selection of relative background
concentrations for each PA, which ranged from 0.051 to 4.0
mg/L, with most (8 of 17 PAs) at 1.0 mg/L and consistent with
prior studies (Table SI-2). To be consistent with national
estimates, the relative background concentration of 1 mg/L was
used for the national model (Table SI-2).
We tested 87 STA explanatory variables in the univariate and

multivariate logistic regression analysis, including most that are
available as GIS-based spatial attributes from national sources
(Table SI-3). The source variables represent NO3

− loading and
include farm fertilizer, manure from confined animal feeding
operations, land use/land cover including cultivated crops and
irrigated cropland, atmospheric NO3

− and N, population
density, and aqueous geochemical indicators in groundwater
(not available as GIS-based spatial attributes). The transport
variables represent NO3

− mobilization in the soil, unsaturated
zone, and saturated zone to the well and include water inputs
from precipitation and runoff, hydrologic and geochemical
properties of soil and aquifer material, depth to the water table,
depth to the well screen below the water table, recharge rates,
and selected management practices. This is the first ground-
water vulnerability assessment to evaluate depth to water from
a national spatial data set.37 The attenuation variables represent
denitrification and/or dilution of NO3

−.
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■ RESULTS AND DISCUSSION
The log-likelihood ratio (LLR) p-values33 indicate that all the
PA and national models are statistically significant at the
significance level of 5% (α of 0.05) except for the Rio Grande
model (LLR p-value, 0.077), which is significant at the α of 0.1
(Table SI-4). The Hosmer-Lemeshow (HL) goodness-of-fit
test statistic p-values indicate that the national model and 76%
(13 of 17) of the PA models are well calibrated (HL p-values
>0.6) (Table SI-4). Moderately well calibrated models (HL p-
values 0.351 to 0.554) are found in the Cambrian-Ordivician,
Central Valley, and Coastal Lowlands. The Rio Grande model
is poorly calibrated (HP p-value, 0.081). A complementary
goodness-of-fit statistic is the area under the Receiver
Operating Characteristic (ROC) curve33 (see SI for details),
which ranges from 0.7 to 0.99 (Table SI-4) and indicates
acceptable to outstanding ability of the PA and national models
to discriminate between recently recharged groundwater with
NO3

− greater than the relative background concentration
versus recently recharged groundwater that does not.
Principal Aquifer (PA) Models. Of the 87 explanatory

variables tested, only 25 unique variables were identified as
statistically significant in the multivariate logistic regression
models (8-source, 9-transport, and 8-attenuation) (Table SI-5).
Of the 60 nonunique variables used in the PA models, the
attenuation factors were identified most frequently (46%; 28 of
60), followed by source (32%; 19 of 60) and transport (22%;
13 of 60) factors (Table SI-5). Dissolved oxygen (DO)
(attenuation) was the most frequently identified factor in 13 PA
models (Figure 1) and thus the most important control on

NO3
− exceeding the relative background concentration.

Although the explanatory variables are categorized as distinct
STA processes, many of the variables may each represent a
combination or interaction of multiple STA factors. The sign
and magnitude of the standardized coefficients (Table SI-5)
indicate the predominant STA processes.
For all source variables, the sign of standardized coefficient is

positive and indicates a positive relation between increases in N
sources and increases in the probability of NO3

− exceeding the
relative background concentration (Table SI-5). In most PA
models, source variables ranked second or third in terms of the

magnitude of the standardized coefficient, typically behind DO
(attenuation), except in the northern High Plains aquifer, New
England Crystalline, Piedmont and Blue Ridge, and Valley and
Ridge Carbonate where source variables, primarily from
agriculture, have the greatest influence.
The most important source variables (Figure 1) represent

agricultural land and/or fertilizer loading, which is well
supported by local-20,21,23 and national-scale studies.15,25−27

Much of the variation in NO3
− exceeding the relative

background is explained by the different N source proxies in
agricultural settings (Table SI-5). Irrigated croplands often
receive greater N application rates compared to nonirrigated
cropland.24 The resulting pore-water NO3

− reservoirs in many
vadose zones beneath irrigated cropland, especially in the arid
and semiarid western U.S., often exceed pore-water NO3

−

reservoirs beneath other land uses.38 However, in semiarid
and arid PAs such as the High Plains, some of the largest pore-
water NO3

− reservoirs are found beneath natural rangeland
settings because of evapoconcentration processes.38 These
naturally occurring reservoirs can be mobilized by irrigation
return flow after the natural rangeland has been converted to
irrigated cropland38 and from climate variability.39 Therefore,
irrigated cropland represents source and transport processes for
naturally occurring and anthropogenic NO3

−.40 Calcium
concentrations were a significant source indicator in the Rio
Grande model (Table SI-5) and previously have been positively
correlated with NO3

− in groundwater beneath U.S. agricultural
areas.41 The nitrification of reduced N from fertilizers and
manure generates acidity that results in elevated calcium
concentrations in recharging groundwater because of the
buffering by naturally occurring carbonate minerals and/or
dolomite [CaMg(CO3)2] that is commonly applied to
agricultural land to provide Ca and Mg for plant growth and
to neutralize the soil acidity.42 Agricultural source variables
were not identified in models for the Biscayne, Cambrian-
Ordivician, Edwards-Trinity, Mississippi Embayment, and New
England Crystalline, which may indicate a lesser relative
importance of agricultural N sources and/or the greater relative
effect of attenuation processes in some parts of the more humid
eastern U.S. In fact, no source variables were identified in the
Biscayne, Cambrian-Ordivician, or Mississippi Embayment
models, which all have low relative background concentrations
of NO3

− (1 mg/L or less). Population density was one of three
source variables identified in the Denver Basin and is likely a
surrogate for NO3

− sources in urban areas, including nonfarm
fertilizer and sewer exfiltration.27 Atmospheric NO3

− was
significant only in the New England Crystalline model (Table
SI-5), which is consistent with the forest-dominated landscape
and some of the highest rates of U.S. atmospheric N
deposition.43,44 This finding is consistent with the USGS
SPARROW model results in New England45 that indicate a
portion of the atmospheric N is mobilized through permeable
soil and shallow groundwater before delivery to streams (Doug
A. Burns, USGS, personal communication, 2011). No other
source variables were identified in the New England Crystalline
model. Although acid deposition has been shown to affect
groundwater quality,46 to the authors′ knowledge this is the first
study that has identified a correlation between atmospheric
NO3

− deposition and NO3
− in groundwater greater than the

relative background concentration. Atmospheric NO3
− was also

significant in the univariate analysis of 9 other PAs (Table SI-3)
but was not significant in the multivariate models indicating

Figure 1. Occurrence of most predominant source, transport, and
attenuation variables in principle aquifer (PA) logistic regression
models. These variables occur in more than one PA model. Dissolved
oxygen was found to be significant in 13 PA models and is the most
important controlling factor of groundwater vulnerability to nonpoint-
source nitrate.
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that atmospheric NO3
− has less effect on NO3

− than
agricultural sources in most PAs (Table SI-5).
Variables that impede transport have negative coefficients

(inverse relation to NO3
−) and are identified in more total

models and more frequently in PAs of the arid and semiarid
western U.S. (Figure 2, Table SI-5). These transport variables

represent smaller rates of infiltration (soil clay and soil group
D) and recharge (average clay in vadose zone) and longer
flowpaths (soil thickness, depth to water table, and top of
screen) (Table SI-5), which all increase transit times and
impede NO3

− transport. Clay in the soil is the most commonly
identified transport variable, followed by depth to water and top
of screen below the water table (Figure 1). The depth to water
table is identified as a significant factor in the Denver Basin and
High Plains aquifers where the water table can be tens of
meters below land surface. Depth to water has the greatest
influence on the central and southern High Plains model and is
second behind DO in the Denver Basin (Table SI-5). Surface-
derived NO3

− must travel farther to reach the groundwater in
areas with greater depth to water.17 Depth to water and top of
screen may also be a surrogate for attenuation processes. Depth
to water and DO are positively correlated in most PAs, with
generally greater depths to water in the arid, western U.S.
compared the humid, eastern U.S.30 and DO controls redox
conditions.
Variables that promote transport have positive coefficients

and are identified only in 3 PA models, all in the humid, eastern
U.S. (Biscayne, New England Crystalline, and Valley and Ridge
Carbonate PAs), and include soil group B (moderate
infiltration), recharge, and the presence of carbonate aquifer,
which is a surrogate of recharge because solution channels in
carbonate rocks commonly enhance water flow and transport of
dissolved constituents to wells27 (Table SI-5). Moderate
infiltration rates in soil above the Biscayne aquifer potentially

enhance NO3
− transport, but the low DO concentrations in

groundwater promote NO3
− reduction, resulting in some of the

lowest NO3
− concentrations of PAs studied (Table SI-2). Given

the importance of recharge in contaminant transport and other
groundwater vulnerability models,19 including the widely used
USEPA DRASTIC model,47 it is somewhat surprising that
recharge was a significant transport variable in only 1 PA model
(New England Crystalline). Recharge was compiled from the
only known national-scale estimate of natural recharge, which
was developed using the base-flow index method that uses a
ratio of base flow to total flow in a stream.48 Although the base-
flow recharge estimates are positively correlated with estimates
of recharge based on groundwater apparent-ages, the base-flow
estimates are substantially lower than age-based estimates in
irrigation-dominated aquifers of the U.S.49 Base-flow and age-
based estimates likely represent different spatiotemporal scales
of recharge,49 and base-flow estimates may likely represent
more of the shallow groundwater system that is the focus of the
current study. It is likely that the lack of significance of recharge
is some combination of the base-flow recharge estimate
underestimating actual recharge rates and the strong influence
of attenuation variables masking the influence of recharge.
The coefficient sign of the attenuation variables are positive

(negative) if NO3
− attenuation increases (decreases) in the soil,

vadose zone, and saturated zone (Table SI-5). In most PA
models, attenuation variables, particularly DO, had the greatest
magnitude standardized coefficients (Table SI-5), indicating
that redox and denitrification have a stronger influence than N
sources or transport processes and are the most important
control on groundwater vulnerability to NPS NO3

− (Figure 1).
It is well documented that reduced conditions promote
denitrification and are commonly found in groundwater with
large amounts of organic carbon and depleted oxygen along
flow paths in low permeability, waterlogged, poorly drained
soils, and histosols.15,23,24,27 DO is such an important
controlling factor that in some PAs, particularly the Mississippi
Embayment that has considerable agriculture, no source
variables were significant (Table SI-5). The Mississippi
Embayment has fine-grained sediments and clay-rich soils50

that slow NO3
− transport, enhance denitrification, and result in

low NO3
− concentrations (Table SI-2). Tile drains that are

used in agricultural fields of some PAs may further diminish the
signal of source and transport variables, but it is beyond the
scope to delineate tile drains at the field scale.
DO was significant in 13 PA models, while redox

classification30 was significant (and DO was not significant)
in only the New England Crystalline and North Atlantic
Coastal Plain models (Table SI-5). DO was not evaluated in
the previous development of the High Plains models.19 The
lack of significance for the redox classification may indicate that
the categories of oxic (DO ≥0.5 mg/L), anoxic (DO <0.5 mg/
L), and other redox classifications (Table SI-3), while
important controls on many water-quality issues may not be
as sensitive an indicator as the actual DO concentration in
terms of predicting NPS NO3

− at various relative background
concentrations. The findings here further support and qualify
the recommendation made in ref 30 that DO should be
included in water-quality monitoring programs whenever the
objective is to quantify groundwater vulnerability to NPS
NO3

−.
Attenuation factors are a more important control on NPS

NO3
− in the humid, eastern U.S. as compared to the more arid,

western U.S. (Figure 2, Table SI-5). Depth to seasonally high

Figure 2. Relative percent of source, transport, and attenuation
variables in principle aquifer logistic regression models, grouped by
climatic, environmental, and hydrogeologic setting.
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water table follows this general east−west spatial pattern (Table
SI-5). Depth to seasonally high water table is a characteristic of
the soil, not necessarily representative of the regional water
table, and indicates the potential for saturated conditions in
near-surface, poorly drained soils to promote denitrification in
the presence of organic carbon. A shallow seasonal water table,
typical of the eastern U.S., promotes reduced conditions and
denitrification, while deep seasonal water tables, typical of the
western U.S., do not.15 Depth to seasonally high water table
was found to have a statistically significant, positive relation on
NO3

− in the North Atlantic Coastal Plain and Valley and Ridge
Carbonate PAs (eastern U.S.), as well as in the basin-fill alluvial
California Coastal Basins and Central Valley aquifers (western

U.S.) (Table SI-5). The positive relation between seasonally
high water table and NO3

− is generally consistent with the
regional flow system of a basin-fill alluvial aquifer;51 alluvium
becomes increasingly fine-grained and organic-rich toward the
axial trough of the basin where the regional groundwater flow
converges and a shallow water table exists in some locations.52

The importance of attenuation over source and transport
factors is also illustrated by general lithology and aquifer type
(Figure 2, Table SI-1). The relative percent of source and
attenuation variables in PA models is approximately the same in
the unconsolidated sand and gravel aquifers and unconfined
aquifers, while the relative percent of attenuation variables is
much higher in the carbonate/crystalline, sandstone/semi-

Figure 3. Probability of detecting nitrate concentrations greater than or equal to the relative background concentrations (NO3
− thresholds in Table

SI-4) in recently recharged groundwater of selected principal aquifers (PA), as predicted by (a) the individual PA models and (b) the national model.
The models with redox variables are applied using dissolved oxygen = 2.0 mg/L, except for the Mississippi Embayment where DO = 0.5 mg/L, and
represents geochemical conditions if actual redox conditions in each PA limit denitrification and enhance vulnerability to NO3

−.
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consolidated lithology and semiconfined and confined aquifer
type (Figure 2). Compared to other lithology and aquifer types,
NO3

− sources may be greater for unconsolidated sand and
gravel and unconfined aquifers that include some of the most
productive and heavily used PAs that support agriculture,
including the Central Valley, Glacial, High Plains, and parts of
the California Coastal Basin aquifers.
Using the PA models and GIS map-algebra,23 we constructed

maps for each PA that predict the probability of recently
recharged groundwater having NO3

− greater than or equal to
the relative background concentrations (NO3

− thresholds,
Table SI-4) (Figure 3a). The maps (Figures 3ab, SI-2, SI-3)
incorporate explanatory variables that are available as spatially
continuous GIS data and some that are not such as DO, which
is incorporated in the maps based on PA-specific median
concentrations (Table SI-2) that are also consistent with
important thresholds of denitrification (see the SI). Figure 3a
uses DO = 2.0 mg/L and redox variable = oxic for all PAs
except the Mississippi Embayment where DO = 0.5 and
generally represents geochemical conditions if actual DO
concentrations limit denitrification and enhance vulnerability
to NO3

−. Alternatively, Figure SI-2 uses DO = 0.5 mg/L and
redox variable = reduced for all PAs except the Mississippi
Embayment where DO = 2.0, and generally represents
geochemical conditions if actual DO concentrations in each
PA enhance denitrification and limit vulnerability to NO3

−.
Unlike other PAs, actual DO concentrations are generally
anoxic in the Mississippi Embayment, which has a median DO
concentration of 0.10 mg/L (Table SI-2). Comparison of
Figure 3a and Figure SI-2 indicate areas of a PA that are more
or less at risk based on DO closer to the true concentration
(whether map Figure 3a or SI-2 applies depends on the
measured DO concentration (Table SI-2)). Due to the use of
spatially uniform DO values in Figure SI-2 that may not
represent actual geochemical conditions, the predicted
probabilities are spatially uniform across some PAs such as
the Mississippi Embayment and Glacial. We did not make maps
for the Biscayne, Cambrian-Ordivician, Edwards-Trinity, and
Rio Grande because of poor model calibration and validation
that is attributed to limitations of logistic regression to identify
and model some controlling factors, particularly in these
systems that have spatially homogeneous and low NO3

−

concentrations (Biscayne),53 and deeply, confined (Cambrian-
Ordivician)13 and karst (Edwards-Trinity)54 aquifers with
complex flow and NO3

− STA factors (Rio Grande).55

Of all the PA models, the Central Valley and High Plains
aquifers have the highest relative background concentrations of
NO3

− (4 mg/L); the San Joaquin Valley (southern Central
Valley) and Texas panhandle (southern High Plains) have the
greatest spatial extent of highest predicted probabilities (>80%)
(Figure 3a), which is a function of agriculture and elevated
NO3

− loading. The high predicted probabilities in the San
Joaquin Valley is consistent with ref 52 that identified a
relatively small proportion of wells with anoxic conditions and
concluded that the effects of denitrification on NO3

− are small
under current conditions. Of the PA models with a 1-mg/L
NO3

− threshold, the greatest spatial extent of highest predicted
probabilities (>80%) are in the northern areas of the Denver
Basin and Valley and Ridge Carbonate aquifers, while the
greatest spatial extent of lowest predicted probabilities (<20%)
are in the Basin and Range and Piedmont and Blue Ridge
aquifers. Notable intra-PA variability is present in the Glacial
(1-mg/L NO3

− threshold), with higher predicted probabilities

in the midwestern corn belt and lower predicted probabilities in
New England and the northeastern U.S. Moderately high
(>60%) and high (>80%) predicted probabilities are in the
Coastal Lowlands, Floridan, Mississippi Embayment, New
England Crystalline, and North Atlantic Coastal Plain aquifers.
However, these predicted areas have relatively low NO3

− (all
NO3

− thresholds ≤0.5 mg/L) compared to other PAs and the
national relative background concentrations of 1 mg/L.
We evaluated the predictive ability of the vulnerability map

(Figure 3a) using validation NO3
− data (Table SI-2) converted

to binary classification (< or > the thresholds, Table SI-5),
which allowed for the percentage of observed detections from
the validation wells to be compared to the predicted
probabilities from the PA models. The R2 (0.475) between
the observed and predicted for validation wells in all PAs
indicates a moderate predictive ability and some systematic bias
with respect to the 1:1 ratio line, with the PA models generally
overpredicting low probabilities and underpredicting high
probabilities (Figure SI-1a). The R2 is much higher for most
individual PA models, with good (R2 > 0.6) to excellent (R2 >
0.8) predictive ability (Table SI-4). The Central Valley and
Glacial models have moderate (R2 > 0.4) predictive ability, and
the California Coastal Basin and Coastal Lowlands models have
poor (R2 < 0.2) predictive ability. These poorly predictive
models are likely overtrained on the calibration data and may
not appropriately capture the controlling factors. To improve
the poor predictive ability, future modeling efforts must
evaluate sources of errors from the GIS-based explanatory
variables and the inability of the monitoring network to capture
the spatial variability of important explanatory variables and
NO3

− in groundwater.40

National Model. The national model is well calibrated (HL
p-values = 0.686) and has an excellent discrimination ability
(ROC = 0.83) (Table SI-4). The explanatory variables in the
national model are similar to many in the PA models, including
(source) crops, confined manure (kg/km2 applied to cropland),
and population density; (transport) depth to water; and
(attenuation) DO and seasonally high water table (Table SI-
5). Similar to many PA models with attenuation factors, DO
has the greatest influence on the national model followed by
the source variable crops and reinforces the finding that DO
and redox conditions are the most important mitigation of
groundwater vulnerability to agricultural sources.
The vulnerability map constructed using the national model

(NO3
− threshold 1 mg/L) (Figure 3b) has an excellent

predictive ability when comparing the predicted values versus
the observed national-scale validation set (R2 = 0.981, Figure
SI-1b). However, the national model slightly overpredicts at
probabilities of about 60% and greater (Figure SI-1b). The
overprediction may be caused by a combination of the relative
background concentration in some PAs being much lower than
the national 1-mg/L NO3

− threshold and that the national
model may be lacking attenuation factors in some regions of
high source factors. Figure 3b uses DO = 2.0 mg/L and
represents geochemical conditions if actual DO concentrations
at the national scale limit denitrification and enhance
vulnerability to NO3

−. Alternatively, Figure SI-3 uses DO =
0.5 mg/L and represents geochemical conditions if actual DO
concentrations at the national scale enhance denitrification and
limit vulnerability to NO3

−. To evaluate the appropriateness of
using the national model at finer spatial scales, the explanatory
variables from the national model were tested in PA-scale
logistic regression models. As to be expected from model
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results (Table SI-5), the use of all 6 nationally important
explanatory variables with PA specific NO3

− data in logistic
regression models resulted in poorly calibrated models for most
PAs and indicate that use of the national model at the PA scale
may not appropriately capture the important controlling factors
and have a poor predictive ability. The map from the national
model (Figure 3b) shows different patterns than the PA models
(Figure 3a) in terms of the magnitude and variability of the
predicted vulnerability within and among PAs. Comparing the
national and PA maps (Figure 3ab), focusing on PA models
with 1-mg/L NO3

− thresholds, indicates that the national
model overpredicts NO3

− vulnerability across much of the
Basin and Range, southeastern areas of the Denver Basin, and
Piedmont and Blue Ridge aquifers, and underpredicts NO3

−

vulnerability across much Glacial, northwestern areas of the
Denver Basin, and some northern areas of the Valley and Ridge
Carbonate. It is difficult to directly compare the predictive
ability of the national model to PAs with NO3

− thresholds
other than 1 mg/L.
Uses and Limitations. The PAs and national maps can be

used to identify and prioritize areas for additional monitoring,
remediation, and implementation of best-management practices
and to help make policy decisions. The maps do not indicate
actual groundwater contamination but rather areas that have
the potential of recently recharged groundwater with NO3

− that
exceed the relative background concentrations. The probability
maps may represent an important loading or source explanatory
variables for older (>60 years) and deeper components of the
flow system and may be used to predict elevated NO3

− in parts
of the used resource where water supply and irrigation wells are
typically screened.
The probability maps are most appropriate for use at the

regional and subregional scale and may have limitations at the
site- or field-scale. The maps do not account for local NO3

−

point sources or attenuation processes or features that promote
preferential flow and transport.56 Although, the maps may not
appropriately support some local-scale decisions, the important
controlling factors and approach described here could be
instructive in supporting some site- or field-scale decisions. As
discussed, the vulnerability models and maps are highly
sensitive to the scale of the explanatory variables and the
model domain. Therefore, vulnerability modeling in support of
management and policy needs to be developed at approx-
imately the same scale as the decision making.
Findings from this study have important implications for

management decisions and policy that are based on other, more
subjective modeling approaches that use predetermined
controlling factors for all aquifers, such as the widely used
DRASTIC model47 (Depth to water, net Recharge, Aquifer
media, Soil media, Topography, Impact of vadose zone, and
hydraulic Conductivity). We show that many DRASTIC factors
are not important at the PA or national scale. Furthermore,
DRASTIC does not include DO, which is the most important
controlling factor, and would likely result in poorly predictive
NO3

− vulnerability models in most PAs. We recommend that
DO be incorporated in groundwater modeling approaches to
improve predictive ability.
The models and maps were created using data that were

collected from 1974 to 2010 to illustrate spatial predictions of
NO3

− vulnerability. Because many agricultural practices that
cause N loading and mobilization have remained relatively
constant during this time period,17 these maps represent the
probability of detecting NO3

− under current conditions.

Temporal validation of these maps using data collected from
previous time periods has not been evaluated. Because these
maps were based on observations at point locations from a
discrete time period, forecasting of future groundwater
vulnerability conditions using the models or maps presented
here may not be appropriate and would require additional
validation beyond the scope of this study. New groundwater
vulnerability modeling approaches are needed that can account
for spatial and temporal variability of controlling STA factors,
especially in light of changing patterns of land use,
biogeochemical soil processes, intensification of the hydrologic
cycle because of climate variability and change, and other global
change processes that may affect groundwater quality.57,58

The identified factors and predicted spatial patterns of NO3
−

have important implications for the current availability and
future sustainability of groundwater resources in PAs as NO3

−

STA factors may change in the future. Models and maps
presented here may be helpful to resource managers, policy
makers, regulators, and other stakeholders across various spatial
scales in their efforts to better monitor, manage, protect, and
remediate vulnerable groundwater resources. An important
finding is that vulnerability models are highly sensitive to the
scale of the explanatory variables and model domain and
support the conclusion that best management and policy
objectives need vulnerability models that are developed at the
same spatial scale as the decision making.
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