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Abstract: Private wells are susceptible to contamination from flooding and are exempt from the
federal requirements of the Safe Drinking Water Act. Consequently, well users must manage (e.g.,
disinfect) and maintain (e.g., regularly test) their own wells to ensure safe drinking water. However,
well user practices and perceptions of well water quality in the years following a natural disaster are
poorly characterized. An online follow-up survey was administered in October 2020 to private well
users who had previously experienced Hurricane Harvey in 2017. The survey was successfully sent
to 436 participants, and 69 surveys were returned (15.8% return rate). The survey results indicate
that well users who had previously experienced wellhead submersion or a positive bacteria test
were more likely to implement well stewardship practices (testing and disinfection) and to report the
feeling that their well water was safe. While the majority of well users believed that their water was
safe (77.6%), there was a significant decrease in well water being used for drinking, cooking, and for
their pets after Hurricane Harvey. Generally, these well users tend to maintain their wells at higher
rates than those reported in other communities, but there continues to be a critical need to provide
outreach regarding well maintenance practices, especially before natural disaster events occur.
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1. Introduction

The increasing frequency and intensity of extreme weather events affecting coastal
communities poses a significant public health threat for individuals relying on private wells
for their drinking and domestic household needs [1,2]. Floodwaters have been shown to
increase the incidence and transmission of waterborne diseases for individuals relying on
well water as a drinking water source [3-6]. Public water systems are federally required, as
per the Safe Drinking Water Act (SDWA), to ensure the safety and quality of their drinking
water supplies [7-9]. In contrast, private wells are exempt from the SDWA, and all well
maintenance and stewardship (e.g., well and pump inspection, disinfection, and well water
quality monitoring), especially after a natural disaster, are the sole responsibility of the well
user [10]. During natural disaster events, public water systems are required to provide
appropriate staffing at water utility facilities, to issue boil water notices and/or emergency
disinfection guidelines, and to carefully monitor drinking water quality and operations [11].
However, such information and resources are limited for private well users.
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Preventive well maintenance and well stewardship, especially after natural disasters,
are critical for mitigating the adverse health outcomes associated with contaminated well
water (e.g., gastrointestinal illnesses and exposure to heavy metals) [10,12-15]. However,
proper well stewardship by private well users is a significant challenge for public health,
especially given that there are no federal laws or requirements for managing private wells
and state-level guidance remains limited [16-18]. Barriers exist which inhibit private well
users from seeking and/or implementing proper well stewardship, and can include factors
such as a lack of the resources needed to test or treat well water, a lack of knowledge
regarding what well water testing and treatment entails, complacency, cost, the incon-
venience of testing, and privacy concerns [16,19,20]. For example, well water testing by
private well users remains extremely limited [17,21], with a previous study identifying
only a 10% annual testing rate among well users in Wisconsin [17,21] or the fact that testing
only occurs when concerns for water quality arise [22,23]. The critical need for proper
well stewardship increases after a natural disaster/emergency event, especially given that
waterborne illnesses from contaminated well water continue to be observed due to unsafe
drinking water [3,24-26].

Communities across the Texas Gulf Coast experienced extensive flooding after Hur-
ricane Harvey. The storm made landfall on 25 August 2017 and caused infrastructural
damage and the contamination of numerous public and private water systems [27]. Our
previous work estimated that 131,506 to 263,012 private wells in the region were impacted
by the floodwaters from Hurricane Harvey [5]. Compared to non-flood conditions, after
Hurricane Harvey we identified a 1.5 increase in well water samples testing positive for
total coliforms and a 2.8 x increase in samples testing positive for Escherichia coli (E. coli) [5].
Well water contamination is suspected to have occurred through wellhead inundation by
floodwater and physical damage to the well system or through the floodwater contami-
nation of shallow groundwater. Furthermore, we identified elevated human health risks
that were associated with drinking, showering/bathing, and washing food/dishes with
contaminated well water after Hurricane Harvey [28]. However, the risk perceptions and
well stewardship practices of well users who had previously experienced a natural disaster
remain weakly understood.

In this study we characterize well user behaviors and perceptions regarding well
water quality and stewardship after experiencing Hurricane Harvey. Specifically, we assess
well user stewardship (e.g., testing, disinfection, and adding a well treatment device) and
well water uses (drinking, cooking, and bathing) and perceptions. Building on our prior
work [5], we resurveyed our participants three years after Hurricane Harvey to assess
well user perceptions and behaviors after experiencing the impacts of a natural disaster.
Understanding the behaviors and practices of well users in the years following a natural
disaster event can inform opportunities for educational outreach and future research needs.

2. Materials and Methods
2.1. Survey Development and Distribution

In collaboration with the Texas Well Owner Network (TWON), a program led by
Texas A&M Agrilife Extension, a follow-up survey was administered in October 2020;
the survey included questions regarding well water testing and disinfection, the current
uses of well water, and the perceptions of well water three years after Hurricane Harvey
(Supplementary Materials). This survey was adapted from our initial questionnaire, which
was first distributed in the fall of 2017 to well users immediately following Hurricane
Harvey; the questionnaire was part of a citizen science well water sampling campaign
which provided well water testing, as described in our previous work [5]. The specific
questions evaluated in this study are listed in Table 1. The well water quality test results for
fecal indicator bacteria (FIB) (specifically, total coliforms and Escherichia coli (E. coli)) were
included in the analysis; these results were collected in 2017 immediately after Hurricane
Harvey for each survey participant. Demographic data (county of residence, education,
ethnicity, and annual income) were also collected in the 2017 survey. This 2020 survey
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was administered electronically via Qualtrics (Qualtrics XM, Utah, USA) and included
28 questions; the survey required less than 15 min to complete. The survey distribution
and communication procedures followed online survey administration methods [29]. An
initial pre-contact email was sent to notify those who had participated in 2017 of this
follow-up study; this was followed by an email that included the link to the survey and
then two reminder emails each week for two weeks. The follow-up survey was conducted
with Texas A&M University Institutional Review Board approval (IRB2017-0760M).

Table 1. Specific survey questions included in the analysis.

Survey Question Answer Choices
If you have treatment, was it added after Hurricane Harvey? Yes, No, Don’t know
[To determine whether their wellhead was submerged]: If your well head Yes, have raised the casing; No, haven't raised the
was submerged under floodwater during Harvey, has the casing of the casing; Well head wasn’t submerged; I don’t know if
well been raised above the level of the previous flood? the well head was submerged.
List all the ways in which you use(d) your well water. Check all that apply:
Before Flood Cooking. Drinkine. Bathine. Pets. Oth
After Flood ooking, Drinking, Bathing, Pets, er
What were (or are) your family’s primary sources of drinking water? Check all that apply:
Before Flood Unfiltered well water, Bottled or purchased water,
After Flood Filtered /treated well water, Other

Please indicate your level of agreement

I feel my well water is safe to drink
I feel my well water is safe for cooking 1 = disagree, 5 = agree
I feel my well water is safe for bathing

I am comfortable managing my well (testing, treating, and maintaining)

Yes, we did it ourselves; Yes, someone else did it; No;

. »

Have you ever had your well system disinfected? Don’t know
Do you test your water more frequently since the flood? Yes, No, or Don’t know
Do you feel your water is safe? Yes, No, or Don’t know

Of the original survey participants who completed the 2017 questionnaire (n = 630),
79.0% provided email addresses (n = 498). However, several email addresses were deter-
mined to be no longer valid (n = 62), leaving a total number of 436 valid email addresses to
be used for survey distribution. In total, 69 surveys were completed, resulting in a submis-
sion rate of 15.8%. There were 7 surveys that were started and not completed (for a total of
n = 76 surveys); these were therefore omitted from the data analysis. The survey question
response rates for the individual questions varied since some respondents selected to skip
specific questions (there were no survey questions that were required to be completed). For
those who elected to respond to the survey, there was a 91% completion rate. The responses
to the questions regarding perceptions of well water, well stewardship, and well water uses
were evaluated to characterize well user behavior three years after experiencing Hurricane
Harvey. There was no incentive payment included in the survey distribution.

2.2. Statistical Analyses

Descriptive statistics were used to evaluate the responses from the 2020 follow-up
survey. Pearson’s chi-square tests of independence and Fisher’s exact tests were utilized to
assess the associations between the demographic characteristics, the well water stewardship
practices, the wellhead being submerged, the positive bacteria tests in the well water, and
the perceptions of well water quality. McNemar’s paired sample proportion tests evaluated
the differences in reported water uses before and after flooding. When conducting the
statistical analyses, the “Don’t Know” and missing responses were generally omitted. The
“No” and “Don’t Know” responses were combined only for the question “Do you feel your
water is safe?”, given that the perception of the water not being safe and uncertainty about
the safety of the water are relatively similar. The statistical package for Social Sciences
(SPSS) Version 29 was used for all data analyses. Some data (specifically the Likert scale
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questions) were modified so that they could be evaluated as nominal variables. We assumed
a null hypothesis that response frequencies would not differ among the various questions.
The significance level was defined as « < 0.1.

3. Results
3.1. Demographics of Survey Well Users

The survey participants predominantly identified as white (84.8%), with only 4.5%
(n =3) and 1.5% (n = 1) identifying as Hispanic/Latino or Black/African American, respec-
tively (Table 2). Participants from 14 different counties completed the follow-up survey,
with 33.8% (n = 23) living in Wharton County, followed by Victoria (19.1%, n = 13) and
Harris Counties (10.3%, n = 7). Nearly two-thirds of respondents had a bachelor’s degree
or post-college education (59.7%, n = 40), while 35.8% (n = 24) reported having a high
school diploma or having completed some college. Specifically, 14.9% (n = 10) reported
having a high school diploma, 20.9% (n = 14) reported having completed some college,
40.3% (n = 27) had a college degree, and 19.4% (n = 13) had a post-college degree (master’s
degree or PhD). The information regarding annual income was less informative, given that
35.8% (n = 24) of the participants provided “prefer not to answer”. Of the information
available, 14.9% (n = 10) reported an income of USD 45,000 or less; 29.9% (n = 20) reported
an income between USD 45,001 and USD 85,000; and 19.4% (n = 13) reported an income
of USD 85,001 or higher. In this survey, the percentage of participants who identified as
being white and having a college degree or higher was greater than that of the overall Texas
population [30].

Table 2. Demographics and water consumption of participants.

Variable % (#)
Wharton 33.8% (23)
Victoria 19.1% (13)
Harris 10.3% (7)
Hardin 8.8% (6)
_ Liberty 5.9% (4)
County (n = 68) Waller 4.4% (3)
Orange 4.4% (3)
Tyler 2.9% (2)
Chambers 2.9% (2)
Other ! 7.5% (5)
Less than a bachelor’s degree 35.8% (24)
Education (n = 67) Has a bachelor’s degree or post-college education 59.7% (40)
Prefer not to answer 4.5% (3)
USD 45,000 or less 14.9% (10)
Income (n = 67) USD 45,001-USD 85,000 29.9% (20)
USD 85,001 or higher 19.4% (13)
Prefer not to answer 35.8% (24)
Black or African American 1.5% (1)
.. _ Hispanic or Latino 4.5% (3)
Ethnicity (n = 66) White or Caucasian 84.8% (56)
Prefer not to answer 9.1% (6)
Yes, with filter/treatment 36.2% (25)
Drink Water from Kitchen Tap? (n = 69) Yes, but not with filter /treatment 34.8% (24)
No 29.0% (20)
2 cups 6.3% (3)
4 cups 18.8% (9)
Average Number of Cups Consumed (n = 48) 6 cups 16.7% (8)
8 cups 45.8% (22)
I don’t know 12.5% (6)

Notes: ! Other includes the counties Calhoun, DeWitt, Goliad, Gonzales, and Refugio. These counties each had
1 response (1.5%).
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Regarding drinking well water from the tap, the participants were nearly evenly split
between those who drank water with filtration or treatment (36.2%, n = 25), those who
drank water without filtration or treatment (34.8%, n = 24), and those who did not drink
water from the tap (29%, n = 20). The majority of the participants (45.8%, n = 22) reported
drinking eight cups of water per day (approximately 1.89 L). This verified a key assumption
utilized in human health risk assessments. A common assumption used to estimate the
human health risks associated with exposure is that an individual will ingest approximately
one to two liters of water per day [31].

3.2. Well Stewardship

Well stewardship activities, including well water testing and disinfecting a well system,
typically have low rates of implementation by well users. Nearly half of the respondents
(46.3%, n = 31) indicated that they or someone else had disinfected their well system,
while approximately 44.7% (n = 30) reported never disinfecting their well, and 9.0% (n = 6)
identified as not knowing whether they had ever disinfected their well (Figure 1). For
those who had disinfected their well, 80.6% (n = 25) reported doing it themselves and
only 19.4% (n = 6) reported having someone else do it. Of the respondents who indicated
that they had disinfected their well system, 41.9% (n = 13) reported disinfecting due to a
“concern for contamination from flooding/heavy rains”, while 22.6% (n = 7) disinfected
due to a positive bacteria test or for routine maintenance. Only 12.9% (n = 4) disinfected
due to taste or odor issues. No stewardship practices or demographics were identified as
being associated with well disinfection, which is consistent with the findings from the 2017
survey [5] (Table S2).

Why did you disinfect?

Have you ever had your well system 419
.. 45 :
disinfected? 40
35
[
2 30 22.6 226
Don't Know s 9.0 § 25
20
No I 44.7 § 15 12.9
Yes-someone else did it S 9.0 12
Yes-we did it ourselves I 37.3 0
Concern for Positive Taste/odor Routine
0 10 20 30 40 50 contamination bacteria test issues maintenance
Percentage from

flooding/heavy
rains

Have you tested your well water since the
flood?

Don'tknow W 1.5

No I 53.7

Yes I 44.8

0

10

20

30 40 50 60

Percentage

Figure 1. Well water disinfection and testing practices reported by well users three years after
experiencing Hurricane Harvey.

Well water testing occurred at relatively similar percentages to those of well system
disinfection. Approximately 44.8% (n = 30) of the respondents reported testing their
well water since Hurricane Harvey (Figure 1), which is higher than the well testing rates
previously reported by well users in Texas [32]. Nearly 57.1% of well users who reported
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testing their well since Hurricane Harvey also reported having their well system disinfected,
while 45.5% of well users who reported not testing their well did report that they had
disinfected their well system. However, this was not a significant association (p = 0.363;
Table S1), which may be attributable to the small sample size. Interestingly, testing well
water since Hurricane Harvey was not identified as having a significant association with
demographics (income, education, and counties) or stewardship (disinfection, treatment,
and submerged wellhead) (Table S3).

3.3. Wellhead Submersion, Water Quality, and Well Treatment Devices

Of the well users who participated, 27.9% (n = 19), reported that their wellhead was
submerged, while 72.1% (n = 49) reported that their wellhead was not submerged, or they
did not know if it had been submerged by flooding. Of the 19 well users who reported
that their wellhead was submerged, only 15.8% (n = 3) reported that they had raised the
casing of their wellhead. Overall, while more than one-third of the participants (37.7%,
n = 26) had wells that tested positive for total coliform, only 4.3% (n = 3) had tested positive
for E. coli after Hurricane Harvey. However, for the well users who reported that their
wellhead was submerged, there was a significant association with the well testing positive
for E. coli (p = 0.011) (Table S4). The same association was not identified for wells that had
tested positive for total coliform (p = 0.518). Well users reporting that their wellhead was
submerged and testing their well since the Hurricane Harvey flooding were not identified
as being significantly associated (p = 0.707) (Table S3). Interestingly, there was a significant
association between a well being submerged and the well users feeling that their well water
was safe (p = 0.066) (Table S4). Additionally, wellhead submersion was not significantly
associated with demographics, well water testing, well disinfection, or whether a treatment
system had been added (Table 54).

The wells that tested positive for total coliform had a significant association with
the well water being tested (p = 0.026); yet, the wells that tested positive for E. coli did
not (p = 0.106) (Table S3). While the wells that were disinfected did not have a significant
association with testing positive for total coliform (p = 0.716), there was a significant
association with testing positive for E. coli (p = 0.081) (Table S2). Feeling that the water
was safe was significantly associated with the wells testing positive for total coliforms
(p = 0.012) and E. coli (p = 0.060) (Table S5). Additionally, a significant association was
identified between income and the participants who had well water that tested positive
for total coliforms (p = 0.025) (Table S5) (however, this may have been skewed by the
large percentage of participants who preferred not to answer the income question). No
significant associations were identified between bacteria detected in the well water and
county of residence and education (Table S5).

The well users were asked if they had a water treatment device in their home and if it
had been added after Hurricane Harvey. When the respondents were asked if they had a
water treatment device installed in their home drinking water system, 27.4% responded
that they did not have any treatment system, while 25.5% indicated that they had a water
softener, and 17.0% indicated that they had a sediment filter (Figure S1). Treatment systems
that would help mitigate bacteria contamination, including a chlorinator (0.9%), reverse
osmosis (6.6%), and ultraviolet light (0.9%), were not reported as being widely used. For
the well users who had water treatment devices installed, only 10.5% (n = 4) indicated that
the system was added after Hurricane Harvey. For those homes which had water treatment
devices, there was an association with location (Wharton County vs. other counties,
p = 0.077), income (p = 0.055), and feeling that their well water was safe (p = 0.002) (Table 3).
Other well stewardship practices, education, and previously having had well water tested
for FIB were not significantly associated with a water treatment device being added.
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Table 3. Demographic and stewardship associations with well water treatment device being added
after Hurricane Harvey.

Well Water Treatment Device Added

Yes No p-Value
Counties @
Wharton Counties 3 (75.0%) 19 (30.3%) 0.077
Other Counties 1 (25.0%) 23 (69.7%) :
Education P
<Bachelor’s Degree 2 (50.0%) 9 (28.1%)
Bachelor’s Degree or Higher 2 (50.0%) 22 (68.8%) 0.647
Prefer not to answer 0 (0%) 1(3.1%)
Income P
USD 45,000 or less 1 (25%) 5 (15.2%)
USD 45,001 to USD 85,000 3 (75%) 6 (18.2%)
USD 85,001 or higher 0 (0%) 9 (27.3%) 0.055
Prefer not to answer 0 (0%) 13 (39.4%)
Total Coliforms Detected in Well Water 2
Yes 0 (0%) 14(41.2%) 0276
No 4 (100%) 20 (58.8%) )
E. coli Detected in Well Water 2
Yes 0 (0%) 2 (5.9%)
No 4(100%) 32 (94.1%) 0.999
Wellhead Submerged ?
Yes 2 (50%) 8 (26.7%)
No 2 (50%) 22 (73.3%) 0.336
Well Disinfected 2
Yes 2 (66.7%) 18 (58.1%) 0.773
No 1(33.3%) 13 (41.8%) :
Well Water Tested Since Flood 2
Yes 2 (50%) 15 (44.1%) 0823
No 2 (50%) 19 (55.9%) :
Feel that Water is Safe 2
Yes 1 (25%) 30 (88.2%) 0.002
No or Don’t Know 1 (75%) 4 (11.8%) ’

Notes: @ Fisher’s exact test. ® Pearson’s chi-squared test.

3.4. Perceptions of Well Water Safety

The well users were asked if they felt that their well water was safe. Overall, 77.6%
(n = 52) of the well users responded that they felt their well water to be safe, with 19.4%
responding “don’t know” and only 3% (n = 2) reporting that they felt their water to be
unsafe. The greatest percentage of participants who reported feeling that their water was
safe also drank their well water from the kitchen tap (76.9%). Of the well users who
reported not drinking their well water, most reported “don’t know” with regard to their
well water safety. Of the two participants who indicated that they did not feel that their
well water was safe, both reported drinking their well water without filtration/treatment
(Figure 2).

The well user perceptions regarding their feelings about whether their well water was
safe for drinking, cooking, and bathing and their comfort in managing their well were
evaluated along with well stewardship practices (Table S6). Conducting well water testing
was associated with feeling that the water was safe to drink (p = 0.085). Well users who had
a positive total coliform water quality test were also associated with feeling whether their
water was safe for bathing (p = 0.035). No other associations were identified between well
stewardship, FIB water quality tests, and well water perceptions.
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23.1%
Yes, | feel my water is safe 34.6%
42.3%

No, I do not feel that my water is safe ||  |EG<NGEGEGENEEEEE 100.0%

B No (do not drink well water) M Yes (no filter/ treatment) M Yes (with filter/treatment)

46.2%
| don't know 30.7%
23.1%

0% 20% 40% 60% 80% 100% 120%

Figure 2. Perceptions of well water safety for well users who report drinking (with and without
filter /treatment) and not drinking their well water.

3.5. Domestic Water Uses before and after Flooding

To evaluate how well users use/used their well water before and after the Hurricane
Harvey flooding, the participants were asked to identify the ways that their well water
had been used for domestic needs. Domestic water uses that included cooking (p = 0.083),
drinking (p = 0.059), and using water for pets (p = 0.046) showed a statistically significant
decrease in use after the flood (Table 4, Supplementary Figure S2). While there was no
significant difference in drinking water sources, there was a decrease in well users reporting
the drinking of unfiltered well water, and an increase in the use of bottled water (and filtered
well water) after the flood. The increase in drinking bottled or filtered well water instead
of unfiltered well water suggests a change in perception by the well users regarding the
suitability of their well water quality for drinking. There was no difference in the use of
well water for bathing before and after the flooding.

Table 4. Well water uses before and after Hurricane Harvey among well users.

Well Water Uses ? Before Flood After Flood Percent Change p-Value ®
Domestic Uses
Cooking 92.8% (64) 88.4% (61) —4.4% 0.083
Drinking 76.8% (53) 69.6% (48) —72% 0.059
Bathing 95.7% (66) 95.7% (66) 0% No change (NS)
Pets 82.6% (57) 76.8% (53) —5.8% 0.046
Drinking Water Source
Unfiltered well water 36.2% (25) 31.9% (22) —4.3% NS (0.180)
Bottled water 47.8% (33) 52.2% (36) +4.4% NS (0.257)
Filtered well water 34.8% (24) 36.2% (25) +1.4% NS (0.705)

Notes: 2 McNemar's test of paired sample proportions. ® Multiple selections for each response were allowed.

4. Discussion

Our previous work evaluating the human health risks associated with wells affected
by Hurricane Harvey identified elevated human health risks for well users exposed to
contaminated well water [28]. An estimated 15,000 well users experienced floodwater
inundation and up to 500,000 well users may have been affected by the Hurricane Harvey
flooding [5]. The responses to this survey suggest that well users experiencing a positive
test for FIB in their well water and/or flooding (e.g., wellhead submersion) tend to engage
in well stewardship practices (disinfecting and testing) that would help protect their well
water quality.
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4.1. Well Stewardship after a Natural Disaster

While professional associations (e.g., American Water Works Association) and state
and federal agencies provide an array of resources, guidelines, and requirements for public
water utilities to assist in natural disaster preparedness and management, guidance for
private wells remains limited. Public utilities, such as those in Texas, are advised to not
only prepare their facilities and operations in advance of a natural disaster event [11],
but also to have comprehensive guidance regarding sampling, planning for emergency
drinking water, and risk communication [33]. While the Centers for Disease Control and
Prevention and the U.S. Environmental Protection Agency both provide general guidance
for private well management before and after a natural disaster, specific guidelines for
well stewardship (e.g., frequency of testing, disinfection protocols, etc.) are developed by
state agencies, which vary greatly among the states or may not even be available [18]. As a
result, well stewardship practices, under both disaster and non-natural disaster conditions,
are critical for ensuring safe drinking water and protecting public health. Within the three
years since Hurricane Harvey, 44.8% of the well users who participated in the survey
reported having tested their well water at least once. Other studies have reported a range
of well testing rates by well users, ranging from only 10% of Wisconsin well users testing
their well water within 12 months [17] to 79% of New Jersey well owners testing their
well water prior to an outreach event [34]. Given that Texas has no private well water
testing requirements (unlike New Jersey, which requires wells to be tested for real estate
transactions [34,35]), the well water testing rate reported here is relatively greater than that
of other well owner/user studies.

Well users are strongly encouraged to have their well disinfected after a flood event
to inactivate any microbial pathogens. However, proper well disinfection, commonly
called shock chlorination, is often implemented by the well user and can be improperly
administered [36]. Water chemistries, organic matter, and the appropriate application of
chlorine can all affect the disinfection efficacy [37]. The majority of well users (53.7%) in the
study reported not ever having their well disinfected (or not knowing). Of the 46.3% who
have disinfected their well, most indicated that they had disinfected their well themselves.
Gilliland et al. [38] evaluated the impact of a pilot well disinfection class on well user
knowledge after a flood event. Post-class surveys completed by the participants showed
an 88% improvement in knowledge of disinfection procedures, and 46% of participants
improved their technical knowledge of well disinfection. In this study, for the well users
who reported disinfecting their well, there was an association with receiving a positive
E.coli test result; this was not the case with the total coliform tests. The proportion of
well users who reported never disinfecting their well, and of those who had disinfected
and did so by themselves, emphasizes the critical need for well users to have access to
reliable platforms (online chlorination calculators, workshops, and informational resources)
that would provide the appropriate protocols for disinfection, especially during natural
disasters when well maintenance professionals may not be readily available.

Additionally, wellhead submersion is a significant pathway for well water contam-
ination. Of the 19 well users who reported having their wellhead submerged (27.9%),
only 3 (15.8%) reported having raised the casing of their wellhead since Hurricane Harvey.
Boellstorff et al. (2021) reported that wells that had been submerged after Hurricane Harvey
were much more likely to test positive for both total coliforms (56% vs. 37%) and E. coli
(23% vs. 3%) than wells that were not submerged. Given the low number of well users who
had reported raising their well casing, efforts to inform or potentially regulate raising well-
head casings to a minimum height should be pursued. Currently, the Texas Administrative
Code (16 TAC, section 76.100(a)(5)) requires wellheads to be cased above previous flood
levels (even if that exceeds 36 inches) for wells located in floodplains [39]. The increased
protection and long-term resiliency that a raised wellhead casing provides emphasizes the
value of this well stewardship practice for public health protection. Financial assistance to
well users to subsidize and aid in meeting the costs for raising wellhead casings should
be considered.
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4.2. Demographics and Well Water Perceptions and Stewardship

Previous work has indicated that education and income are significant predictors
impacting well stewardship [17,21,40,41]. While education was not identified to be asso-
ciated with any well stewardship practices, a lower income was found to be associated
with wells that had tested positive for total coliforms (p = 0.025) and with well users who
reported having water treatment devices added (p = 0.055). Location (Wharton County vs.
other counties) was also identified as being significantly associated with well users who
had had water treatment devices added (p = 0.077). The lack of association between the
demographic characteristics could be due to the small sample size and/or survey design or
because, as in some cases, the demographic factors were found to be unrelated to water
testing practices [20]. The location of residence has also been found to influence health
risks and well water management, as has been suggested in this study [42,43].

The perceived risk can directly influence well stewardship practices. A well user’s
perception of their water’s safety or quality can affect decisions regarding whether to test
or treat well water. For example, a low perceived risk will often result in well owners
not testing or treating their water [20]. The feeling that the well water was safe to drink
was associated with well water testing (p = 0.096). Overall, the well users felt strongly
that their well water was safe (77.6%), which is supported by previous studies indicating
that well users believe their well water is equal to or even superior to (from a safety
perspective) water from public systems, and they often feel that they are in control of
their own well water quality [23,44]. Future work aimed at understanding what factors
drive this perception of feeling that water is safe should be investigated, as it may identify
opportunities to engage with well users and develop effective intervention strategies that
may improve well stewardship practices.

Risk perception may also affect well stewardship following a natural disaster. While
not all well users who participated in the study had their wellheads submerged/inundated
by floodwater, the Hurricane Harvey flooding impacted nearly the entire Texas Gulf
Coast region. Previous work has identified that not experiencing significant damage after
enduring a risk may influence individuals to think that they will not be impacted by future
risks (i.e., natural disasters) [19,45]. All the survey participants had previously been a
part of post-Hurricane Harvey well water testing campaigns, and prior experience with
flooding did appear to influence well stewardship practices.

4.3. Study Limitations

This study, despite its limitations, provides an assessment of well user perceptions
three years after experiencing a significant natural disaster event. A relatively small
proportion of well users who participated in the original survey administered in the fall of
2017 immediately after Hurricane Harvey participated in this follow-up survey. However,
fourteen different counties were represented in the study, providing a broad representation
of the Texas Gulf Coast area. Given that the follow-up survey was not in the original study
design following the distribution of the first survey, it is probably inappropriate to apply
pre- and post-study analyses between the two surveys. This survey is an example of a
cross-sectional study, and while informative, it does have its limitations regarding the
ability to infer well user behavior and motivations.

The follow-up survey was administered online during the COVID-19 pandemic in
October and November 2020. While online surveys are relatively inexpensive to administer
and can gather data quickly and minimize survey error, there are limitations that should be
considered [46], including the fact that online surveys require participants to have access
to reliable internet. Given that all the participants were contacted with email addresses
provided by the first survey, it was assumed that all the contacted individuals would have
internet access. However, many private well users live in rural areas and there may have
been limitations involved in the accessing and/or completing of the survey. The survey
design also allowed the participants to easily skip questions, and it was shorter than the
first survey to increase completion [29,46].



Water 2023, 15, 3943

11 0f 14

Even with these limitations, the results from the study are critically informative
in representing well user stewardship after experiencing a natural disaster event. Well
stewardship activities appear to be implemented following a positive bacteria test or after
experiencing wellhead submersion. Future work which examines the perceptions regarding
why well users implement/do not implement these stewardship practices after a natural
disaster or positive bacteria test is recommended. While this study is unique to a specific
region of the Gulf Coast of Texas and the well water perceptions could potentially differ
from those of well users in other areas, it could be representative of those communities
impacted by hurricane flooding or of those living in other coastal areas. Evaluating why
well users believe their well water is safe/unsafe for different household uses should also
be investigated. Lastly, as extreme weather events continue to occur and increase in severity
due to climate change, evaluating well user perceptions and behaviors over time may be
informative for educational outreach and risk communication.

4.4. Conclusions

The well users who participated in this study had been previously impacted by Hurri-
cane Harvey and had participated in a well water testing campaign and educational out-
reach. The participants in this study indicated that they perceived their well water to be safe
and implemented well stewardship practices (e.g., testing and disinfection) at rates similar
to and/or higher than previously reported in the literature [17,32,34,43]. The information
gained from this study is informative for well user outreach efforts in Texas and other
coastal areas in the United States that are impacted by natural disasters/flooding events.

Knowledge and educational outreach are critical components for overcoming barriers
that may be preventing well stewardship. Future outreach should consider the perceptions
and social norms of well users and continue/expand upon current educational efforts to
implement workshops and well water testing events in these rural communities. Outreach
before disaster events that includes information regarding where to have well water tested
and well disinfection protocols is needed. Due to their proximity to the Gulf of Mexico, the
participants in this study will likely experience flooding in the future, further emphasizing
the critical importance of increasing well stewardship engagement. Survey evaluations
are useful tools that can provide information about gaps or disconnects in well water
perceptions and well management practices; this information is needed in order to identify
potential public health risks and to develop disaster management recommendations for
well users.
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