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Abstract: Relatively high concentrations of anthropogenic (atrazine and nitrate) and geogenic (ura-
nium and arsenic) water contaminants have been found in drinking water in rural Nebraska. This
research assessed a potential association between birth defects occurrence and the contaminants
mentioned above within selected Nebraska watershed boundaries. The prevalence of birth defects
and the mean concentrations of the selected water contaminants were calculated. More than 80% of
Nebraska watersheds had birth defect prevalences above the national average (5 cases per 100 live
births). In the negative binomial regression analysis, a positive association was observed between
higher levels of nitrate in drinking water and the prevalence of birth defects. Similarly, compared to
watersheds with lower atrazine levels, watersheds with atrazine levels above 0.00 µg/L had a higher
prevalence of birth defects. This study suggested that chronic exposure to the selected waterborne
contaminants even below the legislated maximum contaminant levels may result in birth defects.
It also highlighted the relationship between anthropogenic activities (agriculture practices), water
contamination, and adverse health effects on children. An additional cohort study is recommended to
support these findings so that regulations can be implemented in the form of continuous monitoring
of water in private wells and improvements to agricultural practices.

Keywords: birth defect prevalence; atrazine concentration; nitrate concentration; agrichemicals in
drinking water; uranium concentration; arsenic concentration

1. Introduction

Birth defects, also known as congenital malformations, are functional or structural
anomalies that can affect any body part(s). They happen during pregnancy and are de-
tectable in utero, at birth, or later during infancy [1,2]. Birth defects annually affect approxi-
mately 3% of all babies (1 in 33 babies) born in the United States (US) [1]. Between 2011
and 2015, about 6% (2 in every 33 births) of all babies born in Nebraska had at least one
birth defect [3].

Birth defects account for 20% of all infant deaths and represent the leading cause
of infant deaths in the US [4]. Moreover, birth defects are costly. In 2004 there were
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almost 140,000 hospitalizations for the care of infants with birth defects, which represented
2.6 billion dollars in hospital costs [5].

Causes for birth defects remain poorly understood. A US population-based study
found that a cause was established in only 1 out of 5 birth defect cases [6]. Unknown
etiologies were the leading cause of birth defects (79.8%), followed by genetic causes
and environmental teratogens. Many researchers think that most birth defects occur due
to multiple factors, including genetic, behavioral, and environmental components [6].
Some factors are described as being associated with the occurrence of birth defects; they
include prenatal smoking and substance use (alcohol, drugs), obesity, uncontrolled diabetes,
infections, and advanced maternal age [7,8].

Similarly, exposure to some anthropogenic environmental toxicants has been linked
to birth defect occurrences. Among these anthropogenic contaminants are atrazine and
nitrate, which are widely used in agriculture for pest control and fertilization, respectively.
Maternal atrazine exposure was associated with male genital malformations (hypospadias,
cryptorchidism, and small penis), choanal atresia and stenosis in offspring [9], and gas-
troschisis [10]. Maternal consumption of drinking water bearing relatively high nitrate
concentrations was associated with general birth defects [11], and specific defects such as
neural tube defects [12,13] and limb deficiencies [14].

The teratogenic potential of nitrate is supported by the formation of N-nitrosamines in
acidic conditions when nitrite reacts with amines. It is suggested that N-nitrosamines can
cause malformations of the embryo or fetus [15].

Agricultural activities are extensively practiced in rural Nebraska [16] with the in-
tensive use of agrichemicals [17–19]. These agrichemicals (nitrate and atrazine) can con-
taminate local waterways and groundwater, both of which serve as drinking water [20];
furthermore, it was elaborated that maternal exposure to nitrate and atrazine were as-
sociated with birth defects. In rural Nebraska, drinking water is mainly sourced from
groundwater, which is supplied by private wells that are not regulated or monitored for
contaminant concentrations [21]. Nonetheless, the maximum contaminant limit (MCL)
established by the United States Environmental Protection Agency (EPA) under the Safe
Drinking Water Act (SDWA), was set at 10 mg/L for nitrate and 3 µg/L for atrazine [22].
Additionally, agricultural activities can lead to the mobilization of geogenic (naturally
occurring) elements from rocks, sediments, and minerals, resulting in the contamination
of drinking water sources [23]. For example, elevated concentrations of nitrate, near the
MCL, have been correlated with the mobilization of naturally occurring uranium in the
High Plains aquifer [24,25]. Moreover, moderate to high arsenic concentrations have been
found in Nebraska [26]. Studies have shown that uranium [27–29] and arsenic [12,30–32]
are potential risk factors for birth defects.

Thus, the present research was conducted to investigate the relationship between
birth defects and atrazine, uranium, arsenic, and nitrate concentrations in water, in order
to determine whether the reported excess risk of birth defects in Nebraska compared
to the nation is related to the overuse of the agrichemicals mentioned above. The four
contaminants were chosen because, as described earlier, water contamination at higher
concentrations with nitrate, atrazine, uranium, and arsenic is frequent in Nebraska, and
these contaminants are mostly related to the agricultural practices in the state.

The unique approach of this research is to focus the environmental contamination and
birth defect prevalence on watershed delineations rather than on traditional geographic
census entities such as census tracts, zip codes, and counties. This approach considers the
transport pathways of waterborne agrichemicals, which do not follow census boundaries
but instead travel to local waterways that flow downstream within specific watersheds
after precipitation or irrigation events, and can subsequently leach to groundwater [33].
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2. Materials and Methods
2.1. Case Definition, Study Population and Site, and Data Sources
2.1.1. Study Sites

Nebraska counts 23 natural resource districts (NRD) that are set up along hydrological
boundaries, allowing them to undertake natural resource management on a watershed
basis [34]. This study was conducted within two NRDs, the Lower Elkhorn NRD and the
Upper Big Blue NRD. These two NRDs were selected based on prior research that indicated
poor health outcomes for children, which include a high incidence of pediatric cancer [33].

Groundwater samples were collected from domestic (privately owned) wells among
the rural population within the Logan, Lower Elkhorn, North Fork Elkhorn, Upper Elkhorn,
Upper Big Blue, and West Fork Big Blue watersheds, in coordination with the Natural
Resource Districts (NRD) in the Lower Elkhorn and Upper Big Blue located in Eastern
Nebraska, and with the consent of study participants (Figure 1). Groundwater within these
regions was withdrawn from aquifers that can be directly connected to the watersheds by
gaining and losing streams.

Figure 1. Sample collection sites located in Nebraska. Blue points denote sample collection locations.

2.1.2. Birth Defect Data

Secondary birth defect data were requested through submission of data use agree-
ment forms and obtained from the Nebraska Department of Health and Human Services
(DHHS). They corresponded to all birth defects recorded in the Nebraska Birth Defect
Registry from 1 January 1995 to 31 December 2014. The data from the birth defect reg-
istry included the mother’s address of residence that was used to geocode geographical
coordinates—longitude and latitude—for mapping purposes using the ArcGIS World
Geocoding Service [Environmental Systems Research Institute (ESRI) [35]. Information on
the mother’s smoking and diabetes status was also included in the registry.

Cases were defined from the registry as an occurrence of one or multiple birth defects
in a child. Thus, when a child was identified with multiple birth defects, each defect was
counted as a separate case. This approach was used to calculate the prevalence of defects at
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birth. However, for the geospatial analysis, each infant with a birth defect was represented
once on the map.

The at-risk population comprised all live births in Nebraska during the study period—
1 January 1995 to 31 December 2014. Thus, corresponding live-birth data were obtained
from the Nebraska DHHS. The live birth data set included variables such as the mother’s
state, city, and zip code of residence. This information was used to obtain the geographical
coordinates related to the mother’s location for mapping purposes.

2.1.3. Water Quality Data

Groundwater samples were collected from domestic wells between June 2021 and
February 2022 by the NRDs. Samples were collected for the analysis of anthropogenic
and geogenic water quality contaminants atrazine, nitrate, uranium, and arsenic. Prior to
sample collection, if possible, the screen was removed, and the water was allowed to run
for 2–3 min. Each collected sample was assigned a unique identification number. Samples
for atrazine analysis were collected in amber glass bottles without a preservative and
immediately stored at 4 ◦C prior to analysis. Samples for nitrate analysis were immediately
collected and preserved with sulfuric acid as described by EPA method 300.0. Samples for
uranium and arsenic analysis were collected and preserved with nitric acid as described by
EPA method 200.8.

Atrazine was determined using an enzyme immunoassay method [36] following EPA
SW-846 method #4670. Atrazine groundwater concentrations were determined relative to a
standard curve on a photometer with a method detection limit of 0.04 ppb. Nitrate was
determined in accordance with EPA method 300.0 for drinking water on a DIONEX-ICS-
3000 ion chromatograph using conductivity detection following elution across a AS9-HC-
column. The method detection limit was 0.48 mg/L. Uranium and arsenic were determined
in accordance with EPA method 200.8 for the determination of trace elements in drinking
water using inductively coupled plasma-mass spectrometry (ICPMS) on a Thermo Dionex
IC 5000+ iCAP RQ ICP-MS. Indium was used as an internal standard to validate recovery.
The detection limits were 0.036 µg/L for arsenic and 0.030 µg/L for uranium.

2.1.4. Geographic Information System (GIS) Data

The Nebraska state boundary and hydrologic unit code (HUC) 8 level watersheds
boundary shapefiles were retrieved from the Nebraskamap.gov website [37]. The birth
defect and water quality data were geocoded in ArcGIS Pro Ver. 2.4 to include geographic
coordinates. The join function in ArcGIS was used to represent both the birth defect data
and water quality data at the HUC-8 watershed level. The geographic coordinate system
that was used corresponded to the North American Datum (NAD) 1983.

2.2. Data Analysis
2.2.1. Birth Defect Prevalence

In the current study the prevalence of birth defects was calculated. In ideal conditions,
birth defect occurrence is measured by incidence rates instead of prevalence. Incidence
rates quantify the occurrence of new cases in a population during a specific period. The
formula to calculate the incidence of birth defects is as follows Equation (1) [38]:

Number of new cases of birth defects in an area and period
number of conceptions at risk of developing birth defects in that area and period

× multiplier (1)

However, in this formula, the number of conceptions is not known since the number
of spontaneous abortions is unknown. Thus, we are not able to appropriately determine
the incidence of birth defects. As a result, most professionals addressing birth defects use
the concept of “prevalence” for birth defect occurrence.

Birth defect occurrence is measured using the formula for birth at prevalence [38]. The
current study used the following formula:



Water 2022, 14, 2289 5 of 16

Number of new cases of birth defects in each Nebraska watershed from 1995–2014
the number of live births in Nebraska watershed from 1995–2014

× 100

Watersheds with a total live births less than 100 infants during the study period (1995–
2014) were not included in the analysis. Out of the 72 Nebraska watersheds at the HUC-8
level, birth defect prevalence was calculated for fifty-two (52) watersheds. The cutoff of
100 was based on preliminary data analysis that showed an extremely high prevalence for
watersheds with live birth counts between 0 and 100 infants.

2.2.2. Analysis of the Association between Birth Defects and Water Quality Data

All analyses were conducted in SPSS (Statistical Package for the Social Sciences)
version 28.0 [39]. The outcome variable was the count of infants with at least one birth
defect per watershed, with the watershed total live births during the study period as
the scale weight variable. The main independent variables were composed of the mean
nitrate and atrazine concentrations per selected watershed. Mean arsenic and uranium
concentrations as well as diabetes count per selected watershed were used as covariates.

With an outcome variable that is a count variable, the negative binomial regression
analysis was appropriately used, and the full model was set as follows Equation (2):

ln(birth defect counts) = b0 + b1 × mean nitrate + b2 × mean atrazine + b3 × mean uranium + b4 × mean
arsenic + b5 × diabetes + offset [ln(population)]

(2)

Mean nitrate and atrazine concentrations were categorized into two groups for each
contaminant. Group 1 represented the watersheds with the lowest mean nitrate and
atrazine concentrations, 6.94 mg/L and 0.00 µg/L, respectively. Group 2 represented all
other watersheds included in the study.

Univariable analyses were conducted first between each independent variable and the
outcome variable. The multivariable analysis model was built with the dependent variable
and the predictors that showed a positive association in the univariable analysis.

3. Results
3.1. Descriptive Statistics
3.1.1. Birth Defects

From 1995 to 2014, 24,965 children born in Nebraska were diagnosed with at least
one type of birth defect reported in the Nebraska Birth Defect Registry. A total count of
45,134 birth defect cases were reported. Birth defect prevalence per watershed ranged from
2.76 to 23.79 per 100 live births (Table 1).

3.1.2. Groundwater Quality Data

Groundwater samples were collected from wells within the Lower Elkhorn, Upper
Elkhorn, North Fork Elkhorn, Logan, Upper Big Blue, and West Fork Big Blue watersheds.

Anthropogenic agrichemical contaminants nitrate and atrazine were detected across
the watersheds in varying concentrations. Groundwater nitrate concentrations ranged from
0.56 mg/L to 97.21 mg/L among the samples collected, with those highest in the Logan
watershed region in Northeast Nebraska (Table 2). Groundwater atrazine concentrations
ranged from 0.00 to 11.23 µg/L. Geogenic groundwater contaminants uranium and arsenic
were detected in all of the watersheds. Groundwater uranium concentration ranged from
0.00 to 143.7 µg/L. Groundwater arsenic concentrations ranged from 0.38 to 19.84 µg/L
(Table 2).
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Table 1. Birth defect prevalence per watershed in Nebraska during 1995–2014.

Watershed Name Prevalence
(per 100 Live Births)

Beaver 9.96
Big Nemaha 10.16

Big Papillion-Mosquito 10.91
Blackbird-Soldier 18.67

Cedar 6.18
Frenchman 6.84

Harlan County Reservoir 5.59
Horse 4.86

Keg-Weeping Water 9.39
Keya Paha 3.45

Lewis and Clark Lake 20.47
Little Nemaha 8.62

Logan 7.71
Loup 5.24

Lower Elkhorn 10.19
Lower Little Blue 5.44
Lower Lodgepole 2.76

Lower Middle Loup 7.76
Lower Niobrara 13.61

Lower North Loup 9.52
Lower North Platte 7.68

Lower Platte 18.57
Lower Platte-Shell 15.32
Lower South Platte 9.31

Medicine 9.07
Middle Big Blue 8.07
Middle Niobrara 5.51

Middle North Platte-Scotts Bluff 4.57
Middle Platte-Buffalo 6.55
Middle Platte-Prairie 7.88
Middle Republican 6.68

Mud 5.31
Niobrara Headwaters 3.45
North Fork Elkhorn 6.87

Ponca 23.79
Red Willow 16.02

Salt 8.74
South Fork Big Nemaha 9.74

South Loup 10.11
Stinking Water 8.56

Tarkio-Wolf 13.53
Turkey 10.13

Upper Big Blue 7.32
Upper Elkhorn 12.37

Upper Little Blue 4.62
Upper Middle Loup 3.33

Upper Niobrara 4.61
Upper North Loup 19.50
Upper Republican 5.46

Upper White 3.97
West Fork Big Blue 13.15

Wood 7.34
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Table 2. Descriptive statistics for the groundwater quality data.

Nitrate (mg/L)
MCL = 10

Atrazine (µg/L)
MCL = 3

Uranium (µg/L)
MCL = 30

Arsenic (µg/L)
MCL = 10

Watershed Samples (n) Mean Min Max Mean Min Max Mean Min Max Mean Min Max

Logan 20 21.37 1.18 97.21 0.00 0.00 0.00 8.02 0.11 28.03 2.61 0.40 8.04
Lower

Elkhorn 37 9.09 1.14 24.58 0.01 0.00 0.29 9.81 0.06 83.08 3.17 0.40 10.51

North
Fork

Elkhorn
21 8.38 0.56 39.67 0.04 0.00 0.76 3.92 0.00 8.32 4.73 0.47 14.08

Upper
Elkhorn 17 6.94 1.36 16.47 0.09 0.00 0.63 5.99 0.04 34.24 4.84 0.11 19.84

Upper
Big Blue 17 18.24 0.73 58.35 0.18 0.00 1.39 13.18 0.55 143.7 3.61 1.22 6.13

West Fork
Big Blue 20 16.12 0.87 55.97 1.11 0.00 11.23 6.33 0.24 15.03 3.14 0.33 5.04

Table 3 shows the percentages of samples above the MCLs for the water contaminants
analyzed.

Table 3. Percentages of samples with analyte concentrations above their specific MCLs.

Percent above MCL (%)

Watershed Samples (n) Nitrate Atrazine Uranium Arsenic

Logan 20 50 (10/20) 0.0 5 (1/20 0.0
Lower Elkhorn 37 41 (15/37) 0.0 5 (2/37) 3 (1/37)

North Fork
Elkhorn 21 19 (4/21) 0.0 0.00 5 (1/21)

Upper Elkhorn 17 24 (4/17) 0.0 6 (1/17) 12 (2/17)
Upper Big Blue 17 65 (11/17) 0.0 6 (1/17) 0.0

West Fork Big Blue 20 65 (14/20) 10 (2/20) 0.0 0.0
All 132 43.9 (58/132) 1.5 (2/132) 3.8 (5/132) 3.0 (4/132)

Among the watersheds included in the study, 19% (North Fork Elkhorn) to 65% (West
Fork Big Blue) of the domestic wells tested are in excess of the MCL of 10 mg/L for nitrate.
While nitrate exceeds the MCL in approximately half of the domestic wells, groundwater
atrazine concentration was only found above the MCL (3 mg/L) in 2 of 132 wells tested.
Among domestic wells sampled in this study about 4% of the wells exceeded the drinking
water MCL for uranium (30 µg/L), and 3% of the wells exceed the MCL of 10 µg/L
for arsenic.

3.1.3. Correlations between Variables

All data points corresponding to nitrate, atrazine, uranium, and arsenic concentrations
measured were used to conduct the analysis. Birth defect counts, tobacco use, and diabetes
status were also included in the analysis (Table 4)



Water 2022, 14, 2289 8 of 16

Table 4. Pearson correlation coefficients.

Nitrate Atrazine Uranium Arsenic Diabetes Tobacco Birth Defect Cases

Nitrate 1 0.02 0.03 −0.18 −0.23 −0.26 −0.24
Atrazine 0.02 1 −0.01 −0.04 −0.09 −0.03 0.10
Uranium 0.03 −0.01 1 −0.08 0.03 0.01 −0.02
Arsenic −0.18 −0.04 −0.08 1 −0.06 −0.01 −0.01
Diabetes −0.23 −0.09 0.03 −0.06 1 0.96 0.76
Tobacco −0.03 −0.03 0.01 −0.01 0.96 1 0.88

Birth defect
cases −0.24 0.10 −0.02 −0.01 0.76 0.88 1

Note: The correlation analysis revealed high correlations between the covariates, diabetes, and tobacco (r > 0.80);
thus, only one of these variables will be included in the statistical full model.

3.2. Geospatial Analysis

Figure 2 represents a map of Nebraska birth defect prevalence distribution per wa-
tershed in quartiles, with the first quartile prevalence (yellow color) below the national
average. Watersheds not included in the study are left blank (white color on the map).

Figure 2. Birth defects prevalence in all Nebraska watersheds during 1995–2014.

More than 80% of Nebraska watersheds have birth defect prevalences that are above
the national average (3 per 100 live births).

Figure 3 represents sampling locations with nitrate concentrations above 10 mg/L and
birth defect (infant count) distributions per watershed region.
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Figure 3. Geospatial representation of birth defect counts vs. nitrate concentration above 10 mg/L in
the selected watersheds.

We observed that several clusters of birth defect locations also have high nitrate
concentrations (above the MCL), as shown inside the circles on the map.

In the following map, birth defect counts were plotted against all sites with atrazine
levels above 0.00 µg/L, including atrazine concentrations above the MCL (Figure 4).

Figure 4. Geospatial representation of birth defect counts vs. atrazine concentration detected and
above the MCL (3 µg/L) in the selected watersheds.
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We observed that atrazine concentration was above 0.00 µg/L in many locations, with
clusters of cases of birth defects, as indicated inside the circles on the map.

Figure 5 represents wells with arsenic concentrations above the MCL (10 µg/L) plotted
against birth defect counts in the watersheds included in the study.

Figure 5. Geospatial representation of birth defect counts vs. arsenic concentration above 10 µg/L in
the selected watersheds.

We observed clusters of birth defect locations with arsenic concentrations above the
MCL, as shown inside the circles on the map.

3.3. Inferential Statistics

We conducted a negative binomial regression analysis in order to assess the association
between birth defects and nitrate, atrazine, uranium, and arsenic concentrations.

Table 5 shows the results of the univariable and multivariable negative binomial
regression analyses.

3.3.1. Birth Defects and Nitrate

While the univariable analysis showed a positive association between nitrate concen-
trations above 6.94 mg/L and birth defects (IRR = 1.44; CI: 1.40–1.50), the multivariable
analysis showed a negative association between the two (IRR = 0.86; CI: 0.83–0.89).

3.3.2. Birth Defects and Atrazine

In both the crude and adjusted models, watersheds with atrazine concentrations in
group 2 have a higher prevalence of birth defects compared to the watersheds in group 1
(concentration above 0.00 µg/L).
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Table 5. Analysis of the associations between birth defects and nitrate and atrazine concentrations in
drinking water.

Variables Birth Defects

Univariable Analysis
IRRc (95% CI) a

Multivariable Analysis
IRRa (95% CI) a

Nitrate
Group 1 Reference Reference
Group 2 1.44 (1.40–1.50) 0.86 (0.83–0.89)
Atrazine
Group 1 Reference Reference
Group 2 2.84 (2.75–2.93) 1.62 (1.56–1.70)
Diabetes 1.03 (1.03–1.04) 1.03 (1.02–1.04)
Tobacco b 1.01 (1.01–1.02) N/A
Uranium 1.03 (1.02–1.03) 0.96 (0.95–0.97)
Arsenic 0.85 (0.84–0.86) 0.92 (0.89–0.94)

Note: a Negative binomial regression analysis performed. The estimate of the model is IRRc/IRRa = incidence
rate ratio (crude/adjusted). In this study it is referred to as birth defects prevalence. b The variable tobacco was
not included in the multivariable analysis, because it is collinear with the variable diabetes; only one of them
should be included in the model.

3.3.3. Birth Defects and Uranium

The univariable analysis found a weak positive association between birth defects and
uranium (IRR = 1.03; CI: 1.02–1.03), while the multivariable regression analysis showed a
negative association (IRR = 0.96; CI: 0.95–0.97).

3.3.4. Birth Defects and Arsenic

In both the univariable (IRR = 0.85; CI: 0.84–0.86) and multivariable (IRR = 0.92; CI:
0.89–0.94) regression analyses, we observed a negative association between arsenic and
birth defects.

4. Discussion

In this study, we determined the prevalence at birth of all birth defects in Nebraska
watersheds. More than four-fifths of Nebraska watersheds reported a higher birth defect
prevalence (Table 1) than the national average of 5 cases per 100 live births [40]. Moreover,
the watersheds included in the study had birth defect prevalence in the second and third
quartiles (Figure 1), all above the national average.

These results aligned with the Nebraska Department of Health and Human Services
report of a birth defect rate of 6 cases per 100 live births between 2011 and 2015 in Ne-
braska [3]. Additionally, Corley et al. [33] in their study revealed that Nebraska shared a
disproportionate burden of birth defect-related deaths compared to the nation. Indeed in
2011, the mortality rate from birth defects was 1.94 per 100,000 in Nebraska compared to
1.27 per 100,000 for the United States.

We found relatively high nitrate mean concentrations in the watersheds that were
included in the study. The mean nitrate concentrations ranged between 6.94 and 21.37 mg/L
(Table 2). Three watersheds had groundwater nitrate concentrations above the MCL,
and one is less than one unit lower than the MCL. Those concentrations correspond, as
mentioned above, to watersheds with birth defect prevalences that are above the national
average.

We also observed in the geospatial analysis that areas with clusters of birth defects
were more likely to have high contaminant levels of nitrate (Figure 3), atrazine (Figure 4),
and arsenic (Figure 5), suggesting a spatial relationship between these contaminants and
the birth defect prevalence.

In our univariable analysis, we found that watersheds with nitrate concentration above
6.94 mg/L had higher prevalence of birth defects compared to the reference group (Table 5.
In the multivariable analysis, after controlling for the covariates of arsenic and uranium
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concentrations and a maternal risk factor (diabetes), we found a negative association
between nitrate concentration and birth defect incidence rate. This observation can be
explained by the fact that when additional birth defect risk factors are combined, higher
nitrate concentration resulted in miscarriages, giving the impression that the number
of birth defects has decreased; instead, the higher nitrate concentration was lethal in
utero. This finding corroborates a series of four case studies that suggested an association
between maternal exposure to high nitrate levels in drinking water and the occurrence of
spontaneous abortions [41].

The findings of the current research corroborate many other studies that reported a
positive association between relatively higher nitrate concentration in drinking water and
the occurrence of birth defects. Among them, Brender and Weyer [12] described a study that
observed that women with a drinking water nitrate concentration above 10 mg/L had four
times the odds (95% CI: 1.0–15.4) of a birth defect (anencephaly) than their counterparts
whose water supplies had a nitrate concentration at or below 10 mg/L.

Additionally, another study found a significant increase (OR = 2.44; CI:1.05–5.66) in the
incidence of birth defects for drinking water with nitrate levels of 1–5.56 mg/L compared
to <1 mg/L, after controlling for variables such as the infant’s gender, season of birth, the
mother’s age and parity, and some maternal risk factors (smoking, diabetes, and thyroid
disease) [11].

Moreover, maternal ingestion of drinking water with a nitrate concentration at or
above 5 mg/L in the periconceptual period was associated with greater odds of birth
defects (spina bifida) compared to mothers whose drinking water had a nitrate level below
0.91 mg/L, after adjusting for confounders such as the mother’s age, ethnicity, education
level, and folic acid intake (OR = 2.0; 95% CI: 1.3–3.2) [13].

We also found that in both the univariable and adjusted models that atrazine levels
> 0.00 µg/L were associated with higher incidence rates of birth defects. Atrazine is
potentially teratogenic because of its abilities to cause oxidative stress and congenital
anomalies that were observed in animal models [42,43]. The correlation between atrazine
in drinking water and birth defects occurrence has been reported in many other studies.
Indeed, Mattix et al. [44] in their study that used water quality data from USGS and
birth defect data from the CDC and the Indiana Department of Health observed that
increased monthly atrazine concentrations in surface water are correlated with higher
rates of abdominal wall defects [44]. Similarly, a positive association was found between
gastroschisis and maternal proximity to water quality monitoring sites reporting atrazine
concentrations >3 µg/L [10].

Moreover, Agopian et al. [9] observed that maternal exposure to medium-low to
medium levels of atrazine during the prenatal period was associated with birth defects—
male genital malformations—in Texas during 1999–2008.

The univariable analysis revealed a weak positive association between birth defects
and uranium concentrations in drinking water (Table 5). This result aligns with many other
studies that suggested a positive relationship between uranium in drinking water and
the occurrence of birth defects [27–29]. In animal models, a study reported that very high
concentrations of uranium in the drinking water resulted in birth defects and a rise in fetal
deaths [45].

We observed a negative association between uranium and birth defects in the multi-
variable analysis, as well as between arsenic and birth defects both in the univariable and
multivariable analyses (Table 5). While several studies have shown a positive association
between birth defects and arsenic [12,30–32], a negative association has been reported as a
spontaneous pregnancy loss resulting from exposure to arsenic in drinking water by many
studies [46].

The explanation for these findings may be that when multiple risk factors of birth
defects are combined, they result in pregnancy loss, which may appear in the analysis as if
the contaminants were protective of birth defects.
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It is necessary to recognize that some studies that investigated the relationship between
birth defects and nitrate or atrazine did not find any associations. Such studies include a
case-control study conducted in Washington state that observed no association between
gastroschisis and mothers living close to a water quality monitoring site that reported
nitrate concentrations above the MCL (10 mg/L) [10]. Additionally, Mattix et al. [44], who
studied the relationship between nitrate and birth defects in Indiana, found no correlation
between monthly abdominal wall defect rates and higher nitrate concentrations in drinking
water. Moreover, researchers in Texas conducted a case-control study that observed no
positive association between maternal exposure to high atrazine levels in drinking water
and an increased risk of congenital heart defects [47].

Compared to our study, the above-mentioned studies—that did not find any associa-
tions between birth defects and nitrate or atrazine concentrations—were regarding specific
birth defect types (abdominal wall defect or congenital heart defects). It is possible that
if other birth defect types were investigated, a correlation could have been found. Our
research looked at the relationship between all birth defects and nitrate or atrazine levels in
drinking water.

Study Strengths and Limitations

This study had the advantage of using a large data set of birth defects that occurred in
Nebraska during 1995–2014. Many risk factors for birth defects were controlled for in this
study: arsenic, uranium, and maternal diabetes status. However, as an ecological study,
individual-level exposure was not measured. Additionally, it was assumed that current
contaminant levels were similar to levels during the exposure period. This assumption is
supported by the agricultural activities and practices that have been steady or increasing for
many decades in Nebraska. Moreover, previous findings showed that nitrate and atrazine
concentrations measured in monitoring wells have not dramatically changed in 1987–2016
(the mean estimate changed by less than 5%) [48].

5. Conclusions

In this study, we determined the relationship between birth defects and nitrate,
atrazine, uranium, and arsenic concentrations in drinking water in selected Nebraska
watersheds.

The prevalence at birth of birth defects was calculated for each Nebraska watershed
during 1995–2014. The mean nitrate, atrazine, uranium, and arsenic concentrations were
computed for the watersheds included in the study. The findings showed that birth defects
prevalence was above the national average for the watersheds included in the study. Mean
nitrate concentrations were relatively high (6.94–21.37 mg/L), and atrazine was detected at
concentrations above 0.00 µg/L in all but one of the watersheds included in the study. In
the regression analysis, a positive association was found between higher levels of nitrate in
drinking water and the prevalence of birth defects. Similarly, compared to watersheds with
atrazine levels at 0.00 µg/L, watersheds with higher levels of atrazine showed elevated
prevalences of birth defects. Uranium and arsenic were negatively associated with birth
defects. This study suggests that chronic exposure to nitrate and atrazine concentrations
below the maximum contaminant limits may result in birth defects, whereas exposure to
uranium and arsenic increase the risk of pregnancy loss. It also highlights the relationship
between anthropogenic activities, agriculture practices, as well as geogenic release of
elements as well as water contamination, with adverse health effects in children.

Recommendations to address the health effects of water contamination include the
following: (1) continuous monitoring of private well water by state jurisdictions to ensure
contaminants are present at safe levels; (2) provision of adequate water filtration systems or
alternate sources of water for households with high contaminant levels in drinking water;
and (3) implementation of efficient agricultural practices to improve soil uptake and reduce
agrichemical runoff into water supplies.
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