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ABSTRACT

Temporal variations of de facto wastewater reuse are relevant to public drinking water systems (PWSs) that obtain water from

surface sources. Variations in wastewater discharge flows, streamflow, de facto reuse, and disinfection by-products (DBPs –

trihalomethane-4 [THM4] and haloacetic acid-5 [HAA5]) over an 18-year period were examined at 11 PWSs in the Shenandoah

River watershed, using more than 25,000 data records, in gaged and ungaged reaches. The relationship of de facto reuse with

DBPs by year and quarter at the PWSs was examined. A linear relationship was found between THM4 and de facto reuse on an

annual average basis (p¼ 0.050), as well as in quarters 3 (July – September) (p¼ 0.032) and 4 (October – December) (p¼ 0.031).

Using a t-test (p, 0.05), the study also showed that there were significant differences in DBP levels for PWSs relative to 1%

de facto reuse. This was found for THM4 based on annual average and quarter 1 (January – March) data, and for HAA5

based on quarter 3 data during the period of record.
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HIGHLIGHTS

• De facto wastewater reuse demonstrates temporal variations.

• Wastewater related to use as an indicator of precursors for disinfection byproducts.

• De facto reuse related to trihalomethanes and haloacetic acids in drinking water water systems.

• Threshold value for de facto wastewater reuse and safe drinking water.

• Data to help inform decision-making about wastewater reuse to improve downstream water quality.
INTRODUCTION

De facto wastewater reuse is an important water cycle component in any given watershed. It has been shown to
contribute a substantial portion of surface water flows across the United States (U.S.) and other countries (e.g.,
China, Germany, and the Netherlands), with higher levels during drought or other low streamflow conditions

(Rice et al. 2013; Wang et al. 2017; Beard et al. 2019; Karakurt et al. 2019) and noted as needing further
study in South Africa (Swana et al. 2020). De facto reuse based on average streamflow has been estimated as
at least 1% for approximately 50% of U.S. drinking water treatment plant (DWTP) intakes (i.e., 1% was the

median contribution of wastewater flow to U.S. DWTPs (Rice & Westerhoff 2015) and provides a realistic refer-
ence point that would be applicable to a broad range of such plants). Others have examined the impacts of de
facto reuse on small communities (Nguyen & Westerhoff 2019) and found that DWTPs serving them have
higher levels of de facto reuse.

The potential impact of de facto reuse on surface water quality and downstream DWTPs is increasingly being
studied – for example for endocrine disrupting compounds and other chemicals of emerging concern (Rice et al.
2015; Ternes et al. 2015; Nguyen et al. 2018; Tran et al. 2018; Barber et al. 2019; Medlock-Kakaley et al. 2020),
This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY-NC-ND 4.0), which permits

copying and redistribution for non-commercial purposes with no derivatives, provided the original work is properly cited (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

a.silverchair.com/wpt/article-pdf/16/4/1434/1102048/wpt0161434.pdf

https://orcid.org/0000-0002-4433-0410
https://orcid.org/0000-0002-0561-0831
https://orcid.org/0000-0002-9178-0692
https://orcid.org/0000-0003-2253-9886
https://orcid.org/0000-0001-9032-9624
mailto:rweisma2@gmu.edu
http://orcid.org/
http://orcid.org/0000-0002-4433-0410
http://orcid.org/0000-0002-0561-0831
http://orcid.org/0000-0002-9178-0692
http://orcid.org/0000-0003-2253-9886
http://orcid.org/0000-0001-9032-9624
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://crossmark.crossref.org/dialog/?doi=10.2166/wpt.2021.076&domain=pdf&date_stamp=2021-08-04


Water Practice & Technology Vol 16 No 4, 1435

Downloaded from http://iw
by guest
on 10 April 2024
disinfection by-products (DBPs) (Rice et al. 2015; Weisman et al. 2019), and pathogens (Rice et al. 2015;
Amoueyan et al. 2017; Caicedo et al. 2019; Soller et al. 2019). These studies showed a range of wastewater
effluent impacts on downstream water quality.

De facto reuse based on the proportion of wastewater in any stream varies with time, as wastewater discharge
flows and streamflow vary (Merritt 1983; Corbitt 1999; Fernandez et al. 2008; Daelman et al. 2015). Municipal
wastewater discharge flows are generally considered directly related to the number of people served by a waste-
water treatment plant (WWTP). Minimum design ranges for U.S. WWTPs have been reported as 0.95–1.5 cubic

meters (m3)/day/person (250–400 gallons (gals)/day/person) (Merritt 1983). WWTP flow is also influenced by
infiltration and inflow (I&I) associated with heavy rain events. Many WWTPs also collect, treat, and discharge
industrial wastewaters – that is, those discharged by industrial facilities including poultry plants, dairies and

breweries.
Streamflow variations over time are mainly influenced by precipitation amount and intensity, and the water-

shed’s characteristics, including drainage area, slope, land use, antecedent moisture conditions, and vegetation

(Mays 2011). Climate change is related to increased levels of extreme weather events, including more severe
droughts and more extreme precipitation events, and can contribute to increased streamflow variability (Sridhar
et al. 2019). Evaporation, transpiration, groundwater recharge, stream channelization, and water abstraction also

influence streamflow, in addition to wastewater discharges (Mays 2011).
De facto reuse may influence the levels and types of precursors associated with DBP formation in surface

water-sourced public water supplies (PWSs; in the U.S., referred to as public water systems) (a PWS may contain
more than one DWTP). Weisman et al. (2019), working in the Shenandoah River watershed, Virginia and West

Virginia, USA, found that the concentrations of trihalomethane-4 (THM4) and haloacetic acid 5 (HAA5) increase
in drinking water systems as de facto reuse increases in their source waters. (THM4 comprises the sum of con-
centrations of chloroform, bromodichloromethane, chlorodibromomethane, and bromoform, and is referred to

in U.S. Environmental Protection Agency (USEPA) drinking water regulations as ‘total trihalomethanes’,
while HAA5 comprises the summed concentrations of monochloroacetic, dichloroacetic, trichloroacetic, mono-
bromoacetic, and dibromoacetic acids.) The study relied on WWTP discharge flows for a single year (i.e., 2015)

and average streamflow over the period 1971–2000, and the assumption that the discharge rates and streamflows
were constant, even though they were expected to vary within the study period.

While WWTPs remove a substantial fraction of the organic load prior to discharge, removal is not complete
and some is discharged, including carbonaceous and nitrogenous compounds. When those waters are a PWS

source, the residual load can serve as precursors and results in DBP formation. DBPs form during water treat-
ment when chlorine is added to water containing organic and inorganic precursors to kill or inactivate
microbiological pathogens (McGuire et al. 2014). DBP concentrations in water systems vary over time as a func-

tion of the amount and nature of the precursors present, and other factors such as the disinfectant type and dose,
temperature (THM4 concentrations are typically higher in warmer months), pH (more THM4 is produced at
higher pH levels), and time following chlorine addition (longer residence times are associated with higher

THM4 concentrations) (Wang et al. 2017; Kennedy et al. 2021).
This study relates to variations in wastewater discharge flow, streamflow, and de facto reuse over 18 years in the

Shenandoah River watershed. The resulting potential variations in the relationship of de facto reuse with DBPs

(THM4 and HAA5) at PWSs in the watershed were also examined, and compared with the results from the prior
study in which temporal variations were ignored (Weisman et al. 2019). The hypotheses tested, for annual aver-
age and quarterly conditions, were that DBP concentrations would be related to proportional de facto reuse and
that a 1% threshold of such reuse (i.e., the median value for U.S. DWTPs) would have a significant impact on the

level of DBP formation.
METHODS

In this study, WWTP discharges to and PWS withdrawals from surface waters in the Shenandoah River water-
shed were modeled over the period 2002–2019 (18 years). Variations in WWTP flow, streamflow, de facto
reuse, and DBP concentrations (THM4 and HAA5) were examined. The Shenandoah River watershed was
chosen because it has a relatively small group of PWSs that abstract supplies from its surface waters, the majority
of which use chlorine, and are less likely to have confounding factors – for example, complex distribution systems

and/or lengthy residence times – than other watersheds.
a.silverchair.com/wpt/article-pdf/16/4/1434/1102048/wpt0161434.pdf



Water Practice & Technology Vol 16 No 4, 1436

Downloaded from http://iw
by guest
on 10 April 2024
The Shenandoah watershed covers portions of northwestern Virginia and eastern West Virginia, in the mid-
Atlantic portion of the USA, with three 8-digit hydrologic unit codes (HUCs) (Figure 1). It is the drinking
water source for more than 200,000 people (U.S. Geological Survey (USGS) 2020a). De facto reuse (proportion

of volumetric flow (%)) during the period was estimated at 11 surface water PWS intakes and evaluated during
annual average and quarterly streamflow conditions (Quarter 1: January – March; 2: April – June; 3: July – Sep-
tember; 4: October – December). De facto reuse (%) was compared to PWS concentrations of THM4 and HAA5
(i.e., in the distribution systems) to evaluate its potential relationship to DBP formation in them and the potential

impact of 1% de facto reuse on DBP formation. Statistical modeling was performed using R (R Core Team 2017).
Figure 1 | The Shenandoah River watershed showing USGS stream gages (with identification numbers), PWSs, and National
Hydrography Dataset Version 2 flowlines.
Flow data for WWTPs discharging into the Shenandoah watershed were obtained from discharge monitoring
report databases compiled by state environmental departments for facilities with permits (Adams 2019; USEPA

2020). WWTP flows were compiled for the period from 2000 to end 2019 (DBP data were not available for 2000
and 2001).

For each WWTP, multiple outfall discharges in any month were combined to give a total monthly flow, and
annual averages were calculated as the average of monthly values (only annual average data were collected

for those WWTPs in West Virginia). WWTPs providing fewer than 10 years of flow data were ignored in the
evaluation. The resulting dataset comprises 98 WWTPs – 22 industrial and 76 municipal WWTPs (94 in Virginia
and four in West Virginia). WWTP flow and treatment information were verified by oral communication with the

plant manager or their designee (2020) for nine of the 14 WWTPs that had calculated annual average flows
exceeding or equal to 0.044 m3/second (sec)] (1 million gals per day [MGD]). These larger WWTPs were
upgraded to enhanced nutrient removal around the mid-point of the study period. Annual average WWTP

flows in the watershed were calculated by year from the average flows from the 98 WWTPs.
The 11 surface water PWSs in the Shenandoah watershed comprise all the surface-water-supplied community

systems in the watershed using conventional treatment (i.e., coagulation/flocculation, sedimentation, and fil-

tration). Five of them serve populations of 10,000–100,000 people, the remainder serve smaller populations –

the average and median populations served are 15,800 and 6,100, respectively. Ten systems use chlorine for
a.silverchair.com/wpt/article-pdf/16/4/1434/1102048/wpt0161434.pdf
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disinfection, the other chloramine. Equally, six use a single surface water source each, the remaining five use
either multiple surface water sources or a combination of surface- and groundwater. In addition to the above,
it is understood that all 11 PWSs maintain relatively similar chlorine levels in their distribution systems and

have residence times generally in the range of 1–2 days (oral communication with the plant manager or their
designee (2017)), suggesting likely consistency in DBPs at monitoring points. The bromide concentration was
below the minimum reporting level (0.02 milligrams per liter (mg/L)) in the source water for all five systems ser-
ving populations exceeding 10,000 people (USEPA 2021).

De facto reuse was estimated for the PWS intakes using geospatial modeling, to estimate wastewater accumu-
lation in a river reach based on effluent discharge from municipal and industrial WWTPs and streamflow (Barber
et al. 2019; Kandel et al. 2019; USGS 2019). Model inputs included reported WWTP discharge flows (Adams

2019; USEPA 2020), National Hydrography Dataset Plus Version 2 (NHDPlus V2) stream networks and hydro-
logic attributes (USEPA 2012), and measured streamflow discharge data from USGS continuous monitoring
streamflow-gaging stations (USGS 2020b). A Python script (Python Core Team 2015) was used to summarize

wastewater inputs by river segment common identifier (COMID) and calculate an accumulated wastewater
(ACCWW) flow for each COMID, representing the total wastewater discharged upstream of the reach of interest.
The intake ACCWWwas used to estimate de facto reuse expressed as a percentage of total streamflow (the sum of

the stream discharge and ACCWW) (Equation (1)),

de facto reuse ¼ ACCWW
Streamflowþ ACCWW

� �� �
� 100 (1)

where streamflow represents stream discharge over a period of interest. For each intake, historic stream discharge

values from the nearest upstream or downstream streamflow-gaging station were used to calculate mean and
median de facto reuse for each year or quarter for the study period. For most intakes, stream gage measured
flow was adjusted to represent river conditions at the intake before calculating the ACCWW. The adjustment

factor was determined by the proportional difference in the estimated NHDPlus V2 mean annual streamflow con-
ditions between the streamflow gage and intake river segments, and the gage’s adjusted quarterly flow calculated
as the product of its measured quarterly flow and the adjustment factor. This adjustment was done for the six

gages where the related intake was more than 1.6 km (1 mile) away, or where incoming tributaries contributed
significant flow between the sites; adjustment factors ranged from 0.89 to 1.25. Average annual streamflow in the
watershed was calculated based on the average streamflow at the PWS intakes.

Annual and quarterly de facto reuse proportions were calculated for each PWS based on the median annual

streamflow and quarterly streamflow (median streamflow provided a more realistic estimate for the periods in
this study). In this manner, earlier models (Barber et al. 2019) were used and adapted to report annual or quar-
terly ACCWW for the intake stream reaches based on measured streamflow. All derived estimates from this work,

including adjustment factors, and annual and quarterly de facto reuse, are stored at the publicly accessible George
Mason University Data Archive (Weisman 2021). Calculation of the proportion of accumulated wastewater in the
watershed was based on the assumption that all wastewater entering a river segment was carried through to all

downstream locations, which was consistent with that used by others previously (e.g., Rice & Westerhoff 2015).
Wastewater quality was not addressed.

DBP compliance monitoring data (i.e., for THM4 and HAA5) from 2002 to 2019 were compiled for all PWSs in
the study. The DBP data used came from locations within the distribution systems – i.e., where the DBP concen-

trations are most relevant to consumers. The THM4 and HAA5 concentrations used in the study were calculated
on the basis of the average concentration at all monitoring locations for the quarter. The annual average for each
PWS was calculated as the numerical average for the four quarters. Annual average DBP concentrations in the

watershed were calculated from the average concentrations at the PWSs. Finally, as THM4 and HAA5 compli-
ance monitoring data were available only for the period 2002–2019 for which WWTP flow data were available,
the study was focused on this 18-year period of record (POR).

RESULTS AND DISCUSSION

The annual WWTP flow values over the POR (Figure 2(a)) show that flows were relatively constant for most of
the period with a small upward trend toward the end. The flows ranged from 0.024 to 0.035 m3/sec (0.54–0.81

MGD) – mean¼ 0.028 m3/sec, median¼ 0.027 m3/sec (mean¼ 0.63 MGD, median¼ 0.62 MGD). Both
a.silverchair.com/wpt/article-pdf/16/4/1434/1102048/wpt0161434.pdf



Figure 2 | Average annual (a) streamflow and de facto reuse among 11 PWSs and 98 WWTPs in the Shenandoah River
watershed, with standard error, and (b) at a specific WWTP near USGS Gage #01622000.
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streamflow and de facto reuse varied more than WWTP flow, and have the expected inverse relationship. Taken
annually over the POR, streamflow ranged from 7.0 to 39.4 m3/sec (160–900 MGD) – mean¼ 17.1 m3/sec,

median¼ 15.8 m3/sec (mean¼ 390 MGD, median¼ 360 MGD) and de facto reuse ranged from 0.96 to 4.5%
(mean¼ 2.4%, median¼ 2.1%). Streamflow was relatively higher in both the earlier and later parts of the
POR, while de facto reuse was lower over those time periods. The Kruskal–Wallis test (a non-parametric

method), showed that streamflow varied significantly from year to year over the POR (p¼ 0.00087), but
WWTP flow and de facto reuse, examined separately, did not do so. Figure 2 also shows the variations (as stan-
dard error) in annual streamflow and de facto reuse among the PWSs (n¼ 11) and WWTP flow among the
WWTPs (n¼ 98) in this study. Annual WWTP flow variations were examined for the WWTP with the highest

annual average flow (Figure 2(b)). Like the other WWTPs, annual flow was influenced by the I&I associated
with heavy rain events – for example, in 2018. Figure 2(b) also shows the annual streamflow variations at
USGS Gage #01622000, (drainage area approximately 974 km2 (376 square miles)) and variations in de facto
reuse at a nearby PWS intake. The WWTP outfall is downstream of the PWS intake and thus not reflected in
the de facto reuse at the PWS. As in Figure 2(a), these data also show streamflow and de facto reuse varying
more than WWTP flow.

The average annual concentrations for both THM4 and HAA5 were relatively constant over the POR, apart
from one relatively high THM4 value at the start (Figure 3). THM4 ranged from 36 to 62 micrograms per liter
(μg/L) (mean¼ 43, median¼ 41) and HAA5 from 21 to 39 μg/L (mean¼ 33, median¼ 34). The Kruskal–

Wallis test also showed that neither parameter varied significantly. Figure 3 also shows the standard error in
annual average concentrations among the 11 PWSs. The average concentrations for both groups of chemical
species were below the U.S. federal maximum contaminant levels (MCLs) of 80 (THM4) and 60 (HAA5) μg/L,
respectively (USEPA 2010). As discussed previously, source water bromide, an important DBP precursor, was

relatively low in the watershed, so no evaluation of bromide-based DBP species was conducted.
The range of streamflow, WWTP flow, and de facto reuse values varied on a quarterly basis throughout the

POR. At quarterly level, streamflow ranged from 0.13 to 83 m3/sec (3.0–1,900 MGD) – mean¼ 19.7 m3/sec,

median¼ 9.2 m3/sec (mean¼ 450 MGD, median¼ 210 MGD) (Figure 4(a)), WWTP flow from 0.0014 to 530
liters per second (L/sec) (0.000031–12 MGD) – mean¼ 25 L/sec, median¼ 1.6 L/sec (mean¼ 0.56 MGD,
median¼ 0.036MGD) (Figure 4(b)), and de facto reuse from zero to 12% (mean¼ 2.8, median¼ 1.8) (Figure 4(c)).

Values in Figure 4(a) and 4(b) that are higher than the ‘whisker’ are plotted individually.
In Quarter 3, median values for streamflow, WWTP flow and de facto reuse were 6.1 m3/sec (140 MGD),

1.6 L/sec (0.037 MGD) and 4.3%, respectively. Separate Kruskal–Wallis tests on quarterly streamflow and

de facto reuse, showed significant variation (p¼ 1.0� 10�14 and 7.8� 10�9, respectively), while WWTP flow
a.silverchair.com/wpt/article-pdf/16/4/1434/1102048/wpt0161434.pdf



Figure 3 | Average annual DBP concentrations among 11 PWSs in the Shenandoah River watershed, with standard error.

Figure 4 | Quarterly value ranges for (a) streamflow (n¼ 44), (b) WWTP flow (n¼ 376), and (c) de facto reuse (n¼ 44) at PWS
intakes in the Shenandoah River watershed (2002–2019).
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showed no significant variation. Dunn’s test (also known as Bonferroni t) showed that there were significant quar-
terly differences for streamflow and de facto reuse. Streamflow in quarters 3 and 4 differed significantly from the
other three quarters, while de facto reuse in quarters 3 and 4 each differed significantly from quarters 1 and 2, but

quarter 3 did not differ significantly from quarter 4.
The THM4 and HAA5 median quarterly concentrations at PWS intakes, respectively, ranged from approxi-

mately 25 to 65 μg/L and 25 to 40 μg/L (Figure 5). HAA5 concentrations generally varied less by quarter than

those for THM4. Separate Kruskal–Wallis tests on quarterly THM4 and HAA5 data showed that they vary signifi-
cantly between quarters (for both, p¼ 2.2� 10�16). Dunn’s test for THM4 showed that quarters 1 and 3 differed
significantly from all other quarters, while quarters 1 and 4 differed significantly from all other quarters for

HAA5. THM4 concentrations in Quarter 2 that were lower than the ‘whisker’ are plotted individually.
a.silverchair.com/wpt/article-pdf/16/4/1434/1102048/wpt0161434.pdf



Figure 5 | Range of average quarterly concentrations for THM4 (n¼ 44) and HAA5 (n¼ 44) at Shenandoah watershed PWSs
(2002–2019).

Water Practice & Technology Vol 16 No 4, 1440

Downloaded from http://iw
by guest
on 10 April 2024
The concentrations of both THM4 and HAA5 increased as a function of de facto reuse on an annual average
basis (Figure 6). THM4 concentrations, as a function of de facto reuse, were generally highest in quarter 3, and

progressively lower in quarters 2, 4, and 1 (Figure 7(a)). The quarterly relationships for HAA5 differed from those
for THM4 when de facto reuse exceeded 1%. Under that condition, HAA5 concentrations as a function of de
facto reuse were generally highest in quarter 2, and then progressively lower in quarters 3, 4, and 1 (Figure 7(b)).

The HAA5 concentration is affected more than that of THM4 by several factors, which may have led to the differ-
ences observed: (1) the hydrophobicity of natural organic matter (NOM) (greater hydrophobicity is associated
with higher HAA5 concentrations (Solarik et al. 2000; Liang & Singer 2003); and (2) the relatively lower temp-

eratures in quarter 2 than 3. HAA5 is susceptible to biodegradation, which would be likely to occur faster at the
higher temperatures in quarter 3 (Bayless & Andrews 2008).
Figure 6 | Average annual DBP concentrations as a function of average annual de facto reuse. (Lines are linear models of
annual averages; data points represent mean annual average values for the 11 PWSs (2002–2019)).
As shown in Table 1, THM4’s linear relationship with de facto reuse was statistically significant for the annual
average (p¼ 0.050, r¼ 0.54), and quarters 3 (p¼ 0.032, r¼ 0.59) and 4 (p¼ 0.031, r¼ 0.60), the quarters when

de facto reuse was at its highest. The linear relationship of THM4 concentration annual average 75-percentiles
with proportional de facto reuse (%) was also statistically significant for the annual average (p¼ 0.038,
r¼ 0.57), and quarters 1 (p¼ 0.035, r¼ 0.58), 3 (p¼ 0.029, r¼ 0.60), and 4 (p¼ 0.043, r¼ 0.56). The linear

relationship of HAA5 with de facto reuse was only significant statistically for quarter 1 at the 25th percentile
(p¼ 0.039, r¼ 0.57), and nowhere else.

Using a t-test with average values for each PWS, significant differences in DBP levels for PWSs relative to 1%

de facto reuse were examined. Table 2 shows that there was a significant difference (p, 0.05) in DBP
a.silverchair.com/wpt/article-pdf/16/4/1434/1102048/wpt0161434.pdf



Figure 7 | Average quarterly concentrations for (a) THM4 and (b) HAA5 as a function of de facto reuse. (Lines are linear models
of quarterly averages; data points represent mean quarterly average values for the 11 PWSs (2002–2019).)

Table 1 | Significance of linear relationship between DBP class and de facto reuse at the Shenandoah River watershed PWSs

DBP class Annual average Quarter 1 Quarter 2 Quarter 3 Quarter 4

Mean values

THM4 YES NO NO YES YES

HAA5 NO NO NO NO NO

75th percentile

THM4 YES YES NO YES YES

HAA5 NO NO NO NO NO

25th percentile

THM4 NO NO NO NO NO

HAA5 NO YES NO NO NO

Table 2 | Significance of linear relationship between DBP class relative to 1% de facto reuse at Shenandoah watershed PWSs

DBP Class Annual Average Quarter 1 Quarter 2 Quarter 3 Quarter 4

Mean values

THM4 YES YES NO NO NO

HAA5 NO NO NO YES NO

75th percentile

THM4 YES YES NO NO NO

HAA5 NO NO NO YES NO

25th percentile

THM4 YES NO NO YES NO

HAA5 NO NO NO NO NO
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concentrations above or below this threshold for the annual average and quarter 1 THM4 concentrations, and for
quarter 3 HAA5 concentrations, as well as at the 75-percentile level. At the 25-percentile level, the annual average
and quarter 3 THM4 concentrations also showed a significant difference. This implies that a 1% de facto reuse

value is an important threshold in annual average THM4 concentrations in PWSs in the watershed (i.e., with elev-
ated annual average levels of DBP precursors) but that quarterly THM4 and HAA5 concentrations may be
influenced more by factors such as temperature or pH than the proportion of reuse.

Temporal variations in WWTP flow, streamflow, de facto reuse, and DBPs, by year and quarter, are relevant to
the water quality at PWSs in the watershed. Combined data from multiple state and federal sources have shown
that a temporal evaluation of DBPs in PWSs can be related to the influence of de facto reuse from upstream

WWTPs. The relationship of de facto reuse with DBPs found is generally consistent with previous studies
a.silverchair.com/wpt/article-pdf/16/4/1434/1102048/wpt0161434.pdf
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(Weisman et al. 2019). However, consideration of temporal variations in this study yielded some new findings.
For example, both studies – this and Weisman et al. (2019) – showed that the annual average THM4 concen-
tration had a statistically significant linear relationship with de facto reuse and that a de facto reuse level of at

least 1% was associated with significantly higher concentrations of DBPs. Both studies showed that THM4 con-
centrations also had a statistically significant linear relationship with de facto reuse under low streamflow
conditions (i.e., quarter 3), but that 1% de facto reuse was not associated with significantly higher THM4 concen-
trations under low streamflow conditions. In contrast to the 2019 study, 1% de facto reuse was not associated

with significantly higher annual average HAA5 concentrations, except during quarter 3, even though the concen-
tration of HAA5 varied less than that of THM4 across the POR.

The de facto reuse results from this study are consistent with those reported in Wiener et al. (2020) – an exam-

ination of temporal de facto reuse and streamflow variations by year and quarter for the Wabash River watershed
(comprising parts of Illinois, Indiana, and Ohio). That study showed a wide range of water reuse (3–134%) with
substantial quarterly variations (highest values in quarter 3). The major wastewater discharges into the Wabash

watershed are from thermoelectric power plants (average 79% of all water discharged), a higher fraction of indus-
trial discharges than found among the larger WWTPs in the Shenandoah watershed (none of the larger
Shenandoah watershed WWTPs reported power plant discharges at a relative volume comparable to those for

the Wabash watershed). Wiener et al. (2020) did not examine DBPs at PWSs in the Wabash River watershed.
The approach used to adjust streamgage flows to represent river conditions at PWS intakes before calculating

the proportion of ACCWW is an innovative way to estimate de facto reuse using real-time streamflow fluctuations
for this watershed. Prior research showed that streamflow varies substantially at the watershed gages – for

example, at USGS Gage #01636500 (Shenandoah River), streamflow varied by a factor exceeding three (24.5–
83.2 m3/sec) (560–1,900 MGD) on an annual average basis and exceeding two (17.7–39.9 m3/sec) (410–910
MGD) on a quarter 3 basis (Krstolic 2015), from the 25- to 75- percentiles. By relating ungaged PWS intakes

to the nearest streamflow station, whether upstream or downstream, the use of historical streamflow gage data
was maximized, improving accuracy.

Information about the de facto reuse and DBP formation relationship can also help to inform decision-making

about wastewater treatment investments as a means of improving downstream water quality (Keiser & Shapiro
2019). Information about temporal de facto reuse variations can also be used by those seeking to control DBPs
better, especially when there are concerns about elevated DBP levels.

Statistical evaluation of multiple data sets has been used to evaluate temporal and spatial variability of water

quality (Singh et al. 2004; Summerhayes et al. 2011), but care is needed with secondary use of multi-source water
quality data (Sprague et al. 2017). In this study, regulatory compliance data for WWTP flows and DBP concen-
trations were combined with high-quality streamgage data and a comprehensive watershed model, and provided a

realistic mechanism for relating de facto reuse to DBPs, demonstrating potentially meaningful results for PWS
operators.

Total organic carbon (TOC) is another indicator for DBP precursors in addition to de facto reuse. For conven-

tional, surface water-supplied PWSs like those studied, U.S. federal drinking water regulations require that TOC
Figure 8 | TOC concentration variability at a PWS intake in the Shenandoah watershed from 2014 to 2018.

a.silverchair.com/wpt/article-pdf/16/4/1434/1102048/wpt0161434.pdf



Water Practice & Technology Vol 16 No 4, 1443

Downloaded from http://iw
by guest
on 10 April 2024
be monitored at the intake (USEPA 2010). TOC monitoring data were examined for the PWS included in this
study, which had the highest proportional de facto reuse among those studied; TOC concentration data for
their intake were compiled twice each month for 5 years (2014–2018) (Figure 8). Source water TOC concen-

trations ranged from approximately 1 to 7 mg/L (mean¼ 2.3; median¼ 2.1); the higher concentrations
occurred in quarter 3 and are consistent with the types of precursor loads expected with the higher proportional
de facto reuse estimated for that quarter.
CONCLUSIONS

The study showed annual and quarterly temporal variations in de facto reuse and DBPs at PWSs in the Shenan-
doah River watershed. The approach used to adjust gaged flow to represent river conditions on ungaged reaches

and subsequently to estimate streamflow fluctuations used in calculating de facto reuse at PWS intakes is inno-
vative. Maximizing the use of detailed historical USGS streamgage data enabled a more detailed streamflow
evaluation and improved the final results.

Quarterly temporal variations were more pronounced than those between years over the 18-year POR. More
extensive temporal variation analysis also supported the linear relationship between de facto reuse and THM4
concentrations, and the 1% de facto reuse threshold value.

This study of the Shenandoah River watershed was limited to conditions with relatively modest levels of de
facto reuse and DBPs, compared to those in national studies (Rice & Westerhoff 2015; Seidel et al. 2017),
thus making it more difficult to discern the potential effects of selected factors on the relationships between de
facto reuse and DBPs.
ACKNOWLEDGEMENTS

The authors wish to acknowledge the contributions from Stig Regli and Dr Adam Cadwallader at USEPA; Stef-
fanie Keefe and Emily Majcher at USGS; and other reviewers who helped improve the paper’s quality. Any use of

trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the U.S.
Government.
FUNDING

This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit
sectors.
DATA AVAILABILITY STATEMENT

All relevant data are available from an online repository or repositories at https://doi.org/10.13021/orc2020/
YIQTTG.
REFERENCES

Adams, D. 2019 Virginia Department of Environmental Quality. Personal communication about discharge monitoring data for
individual permit holders in the Shenandoah River watershed. 5 December.

Amoueyan, E., Ahmad, S., Eisenberg, J. & Pecson, B. 2017 Quantifying pathogen risks associated with potable reuse: a risk
assessment case study for Cryptosporidium. Water Research 119, 252–266. https://doi.org/10.1016/j.watres.2017.04.048.

Barber, L. B., Rapp, J. L., Kandel, C., Keefe, S. H., Rice, J., Westerhoff, P., Bertolatus, D. W. & Vajda, A. M. 2019 Integrated
assessment of wastewater reuse, exposure risk, and fish endocrine disruption in the Shenandoah River watershed.
Environmental Science and Technology 53, 3429–3440. https://doi.org/10.1021/acs.est.8b05655.

Bayless, W. & Andrews, R. C. 2008 Biodegradation of six haloacetic acids in drinking water. Journal of Water and Health 6(1).
https://doi.org/10.2166/wh.2007.002.

Beard, J. E., Bierkens, M. F. P. & Bartholomeus, R. P. 2019 Following the water: characterizing de facto wastewater reuse in
agriculture in the Netherlands. Sustainability 11, 5936. https://doi.org/10.3390/su11215936.

Caicedo, C., Rosenwinkel, K.-H., Exner, M., Verstraete, W., Suchenwirth, R., Hartemann, P. & Nogueira, R. 2019 Legionella
occurrence in municipal and industrial wastewater treatment plants and risks of reclaimed wastewater reuse: review.
Water Research 149, 21–34. https://doi.org/10.1016/j.watres.2018.10.080.

Corbitt, R. A. (ed.) 1999 Standard Handbook of Environmental Engineering, Second Edition. The McGraw-Hill Companies, Inc,
New York, NY.
a.silverchair.com/wpt/article-pdf/16/4/1434/1102048/wpt0161434.pdf

https://doi.org/10.13021/orc2020/YIQTTG
https://doi.org/10.13021/orc2020/YIQTTG
http://dx.doi.org/10.1016/j.watres.2017.04.048
http://dx.doi.org/10.1016/j.watres.2017.04.048
https://doi.org/10.1016/j.watres.2017.04.048/
https://doi.org/10.1016/j.watres.2017.04.048/
http://dx.doi.org/10.1021/acs.est.8b05655
http://dx.doi.org/10.1021/acs.est.8b05655
http://dx.doi.org/10.2166/wh.2007.002
http://dx.doi.org/10.3390/su11215936
http://dx.doi.org/10.3390/su11215936
http://dx.doi.org/10.1016/j.watres.2018.10.080
http://dx.doi.org/10.1016/j.watres.2018.10.080


Water Practice & Technology Vol 16 No 4, 1444

Downloaded from http://iw
by guest
on 10 April 2024
Daelman, M. R. J., van Voorthuizen, E. M., van Dongen, U. G. J. M., Volcke, E. I. P. & van Loosdrecht, M. C. M. 2015 Seasonal
and diurnal variability of N2O emissions from a full-scale municipal wastewater treatment plant. Science of the Total
Environment 536, 1–11. https://doi.org/10.1016/j.scitotenv.2015.06.122.

Fernandez, M. P., Buchanan, I. D. & Ikonomoub, M. G. 2008 Seasonal variability of the reduction in estrogenic activity at a
municipal WWTP. Water Research 42, 3075–3081. https://doi.org/10.1016/j.watres.2008.02.022.

Kandel, C. M., Rapp, J. L. & Barber, L. B. 2019 Shenandoah River Accumulated Wastewater Ratio (ver. 2.0, February 2019):
U.S. Geological Survey data release, https://doi.org/10.5066/F7RF5S8X (accessed 3 August).

Karakurt, S., Schmid, L., Hübner, U. & Drewes, J. E. 2019 Dynamics of wastewater effluent contributions in streams and
impacts on drinking water supply via riverbank filtration in Germany – a national reconnaissance. Environmental Science
and Technology 53, 6154–6161. https://doi.org/10.1021/acs.est.8b07216.

Keiser, D. A. & Shapiro, J. S. 2019 Consequences of the clean water act and the demand for water quality. The Quarterly Journal
of Economics 134, 349–396. doi:10.1093/qje/qjy019.

Kennedy, A., Flint, L., Aligata, A., Hoffman, C. & Arias-Paic ́, M. 2021 Regulated disinfection byproduct formation over long
residence times. Water Research 188, 116523. https://doi.org/10.1016/j.watres.2020.116523.

Krstolic, J. L. 2015 Data Collection and Simulation of Ecological Habitat and Recreational Habitat in the Shenandoah River,
Virginia. Scientific Investigations Report 2015–5005. U.S. Geological Survey Scientific Investigations Reston, VA, https://pubs.
er.usgs.gov/publication/sir20155005.

Liang, L. & Singer, P. C. 2003 Factors influencing the formation and relative distribution of haloacetic acids and
trihalomethanes in drinking water. Environmental Science and Technology 37(13). https://doi.org/10.1021/es026230q.

Mays, L. W. 2011 Water Resources Engineering, Second Edition. John Wiley & Sons, Inc., Hoboken, NJ.
McGuire, M. J., Karanfil, T., Krasner, S. W., Reckhow, D. A., Roberson, J. A., Summers, R. S., Westerhoff, P. & Xie, Y. 2014 Not

your granddad’s disinfection by-product problems and solutions. Journal of the American Water Works Association 106.
https://www.jstor.org/stable/jamewatworass.106.8.54.

Medlock-Kakaley, E. K., Blackwell, B. R., Cardon, M. C., Conley, J. M., Evans, N., Feifarek, D. J., Furlong, E. T., Glassmeyer,
S. T., Gray Jr., L. E., Hartig, P. C., Kolpin, D. W., Mills, M. A., Rosenblum, L., Villeneuve, D. L. & Wilson, V. S. 2020 De
Facto water reuse: bioassay suite approach delivers depth and breadth in endocrine active compound detection. Science of
the Total Environment 699, 134297. https://doi.org/10.1016/j.scitotenv.2019.134297.

Merritt, F. S. (ed.) 1983 Standard Handbook for Civil Engineers, 3rd edn. McGraw-Hill Book Company, New York, NY.
Nguyen, T. & Westerhoff, P. 2019 Drinking water vulnerability in less-populated communities in Texas to wastewater-derived

contaminants. npj Clean Water 2. doi:10.1038/s41545-019-0043-0.
Nguyen, T., Westerhoff, P., Furlong, E. T., Kolpin, D. W., Batt, A. L., Mash, H. E., Schenck, K. M., Boone, J. S., Rice, J. &

Glassmeyer, S. T. 2018 Modeled de facto reuse and contaminants of emerging concern in drinking water source waters.
Journal of the American Water Works Association 110, E2–E18. https://doi.org/10.1002/awwa.1052.

Python Core Team 2015 Python: A Dynamic, Open Source Programming Language. Python Software Foundation. Available
from: https://www.python.org/.

R Core Team 2017 R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna,
Austria. Available from: https://www.R-project.org/.

Rice, J. & Westerhoff, P. 2015 Spatial and temporal variation in de facto wastewater reuse in drinking water systems across the
U.S.A. Environmental Science and Technology 49, 982–989. doi: 10.1021/es5048057.

Rice, J., Wutich, A. & Westerhoff, P. 2013 Assessment of de facto wastewater reuse across the USA: trends between 1980 and
2008. Environmental Science and Technology 47. doi:10.1021/es402792s.

Rice, J., Via, S. H. & Westerhoff, P. 2015 Extent and impacts of unplanned wastewater reuse in U.S. rivers. Journal of the
American Water Works Association 107, E571–E581. https://doi.org/10.5942/jawwa.2015.107.0178.

Seidel, C. J., Samson, C. C., Bartrand, T., Ergul, A. & Summers, R. S. 2017 Disinfection byproduct occurrence at large water
systems after stage 2 DBPR. Journal of the American Water Works Association. https://doi.org/10.5942/jawwa.2017.109.
0082.

Singh, K. P., Malik, A., Mohan, D. & Sinha, S. 2004 Multivariate statistical techniques for the evaluation of spatial and temporal
variations in water quality of Gomti River (India)—a case study. Water Research 38, 3980–3992. https://doi.org/10.1016/j.
watres.2004.06.011.

Solarik, G., Summers, R. S., Sohn, J., Swanson, W. J., Chowdhury, Z. K. & Amy, G. L. 2000 Extensions and verification of the
water treatment plant model for disinfection byproduct formation. In: Natural Organic Matter and Disinfection By-
Products, Vol. 761. American Chemical Society Symposium Series. doi: 10.1021/bk-2000-0761.ch004.

Soller, J. A., Eftim, S. E. & Nappier, S. P. 2019 Comparison of predicted microbiological human health risks associated with de
facto, indirect, and direct potable water reuse. Environmental Science and Technology 53, 13382–13389. https://doi.org/
10.1021/acs.est.9b02002.

Sprague, L. A., Oelsner, G. P. & Arguec, D. M. 2017 Challenges with secondary use of multi-source water-quality data in the
United States. Water Research 110, 252–261. https://doi.org/10.1016/j.watres.2016.12.024.

Sridhar, V., Modi, P., Billah, M. M., Valayamkunnath, P. & Goodall, J. L. 2019 Precipitation extremes and flood frequency in a
changing climate in southeastern Virginia. Journal of the American Water Resources Association 780–799. https://doi.org/
10.1111/1752-1688.12752.
a.silverchair.com/wpt/article-pdf/16/4/1434/1102048/wpt0161434.pdf

http://dx.doi.org/10.1016/j.scitotenv.2015.06.122
http://dx.doi.org/10.1016/j.scitotenv.2015.06.122
http://dx.doi.org/10.1016/j.scitotenv.2015.06.122
http://dx.doi.org/10.1016/j.watres.2008.02.022
http://dx.doi.org/10.1016/j.watres.2008.02.022
https://doi.org/10.5066/F7RF5S8X
https://doi.org/10.5066/F7RF5S8X
http://dx.doi.org/10.1021/acs.est.8b07216
http://dx.doi.org/10.1021/acs.est.8b07216
http://dx.doi.org/10.1093/qje/qjy019
http://dx.doi.org/10.1016/j.watres.2020.116523
http://dx.doi.org/10.1016/j.watres.2020.116523
https://pubs.er.usgs.gov/publication/sir20155005
https://pubs.er.usgs.gov/publication/sir20155005
http://dx.doi.org/10.1021/es026230q
http://dx.doi.org/10.1021/es026230q
https://www.jstor.org/stable/jamewatworass.106.8.54
https://www.jstor.org/stable/jamewatworass.106.8.54
http://dx.doi.org/10.1016/j.scitotenv.2019.134297
http://dx.doi.org/10.1016/j.scitotenv.2019.134297
http://dx.doi.org/10.1038/s41545-019-0043-0
http://dx.doi.org/10.1038/s41545-019-0043-0
http://dx.doi.org/10.1002/awwa.1052
https://www.python.org/
https://www.python.org/
https://www.R-project.org/
https://www.R-project.org/
http://dx.doi.org/10.1021/es5048057
http://dx.doi.org/10.1021/es5048057
http://dx.doi.org/10.1021/es402792s
http://dx.doi.org/10.1021/es402792s
http://dx.doi.org/10.5942/jawwa.2015.107.0178
http://dx.doi.org/10.5942/jawwa.2017.109.0082
http://dx.doi.org/10.5942/jawwa.2017.109.0082
http://dx.doi.org/10.1016/j.watres.2004.06.011
http://dx.doi.org/10.1016/j.watres.2004.06.011
http://dx.doi.org/10.1021/bk-2000-0761.ch004
http://dx.doi.org/10.1021/bk-2000-0761.ch004
http://dx.doi.org/10.1021/acs.est.9b02002
http://dx.doi.org/10.1021/acs.est.9b02002
http://dx.doi.org/10.1016/j.watres.2016.12.024
http://dx.doi.org/10.1016/j.watres.2016.12.024
http://dx.doi.org/10.1111/1752-1688.12752
http://dx.doi.org/10.1111/1752-1688.12752


Water Practice & Technology Vol 16 No 4, 1445

Downloaded from http://iw
by guest
on 10 April 2024
Summerhayes, R. J., Morgan, G. G., Lincoln, D., Edwards, H. P., Earnest, A., Bayzidur Rahman, M., Byleveld, P., Cowie, C. T. &
Beard, J. R. 2011 Spatio-temporal variation in trihalomethanes in New South Wales. Water Research 45, 5715–5726.
https://doi.org/10.1016/j.watres.2011.08.045.

Swana, U. U., Feleni, U., Malefetse, T. J., Mamba, B. B., Schmitz, P. & Nkambule, T. T. I. 2020 The status and quantification of
de facto water reuse in South Africa–a review. Water Practice and Technology 15, 225–247. https://doi.org/10.2166/wpt.
2020.021.

Ternes, T., Joss, A. & Oehlmann, J. 2015 Occurrence, fate, removal and assessment of emerging contaminants in water in the
water cycle (from wastewater to drinking water). Water Research 72, 1–2. doi: 10.1016/j.watres.2015.02.055.

Tran, N. H., Reinhard, M. & Gin, K. Y.-H. 2018 Occurrence and fate of emerging contaminants in municipal wastewater
treatment plants from different geographical regions-a review. Water Research 133, 182–207. https://doi.org/10.1016/j.
watres.2017.12.029.

USEPA 2010 Comprehensive Disinfectants and Disinfection Byproducts Rules (Stage 1 and Stage 2) Quick Reference Guide.
EPA 816-F-10-080. Available from: https://www.epa.gov/dwreginfo/stage-1-and-stage-2-disinfectants-and-disinfection-
byproducts-rules.

USEPA 2012 National Hydrography Dataset Plus Streams – NHDPlus Ver. 2.1, Vector Digital Data Set. U.S. Environmental
Protection Agency, Washington, DC. Available from: https://www.epa.gov/waterdata/nhdplus-national-hydrography-
dataset-plus (accessed 20 June).

USEPA 2020 ECHO Web Site. Available from: https://echo.epa.gov/ (accessed 14 March).
USEPA 2021 UCMR4. Available from: https://www.epa.gov/dwucmr/occurrence-data-unregulated-contaminant-monitoring-

rule#4 (accessed 28 April).
USGS 2019 Shenandoah River Accumulated Wastewater Ratio Mapper Available from: https://va.water.usgs.gov/webmap/

shenmap/ (accessed 21 December).
USGS 2020a Hydrologic Unit Maps. Available from: https://water.usgs.gov/GIS/huc.html (accessed 13 June).
USGS 2020b USGS Water Data for the Nation. http://dx.doi.org/10.5066/F7P55KJN (accessed 13 June).
Wang, Z., Shao, D. & Westerhoff, P. 2017 Wastewater discharge impact on drinking water sources along the Yangtze river

(China). Science of the Total Environment 599–600, 1399–1407. https://doi.org/10.1016/j.scitotenv.2017.05.078.
Weisman, R. J. 2021 Data Associated with Temporal Variations of de Facto Wastewater Reuse and Disinfection by-Products in

Public Drinking Water Systems in the Shenandoah River Watershed, USA. George Mason University Dataverse. https://
doi.org/10.13021/orc2020/YIQTTG.

Weisman, R. J., Barber, L. B., Rapp, J. L. & Ferreira, C. M. 2019 De facto reuse and disinfection by-products in drinking water
systems in the Shenandoah River Watershed. Environmental Science: Water Research and Technology 5, 1699–1708.
https://doi.org/10.1039/C9EW00326F.

Wiener, M. J., Moreno, S., Jafvert, C. T. & Nies, L. F. 2020 Time series analysis of water use and indirect reuse within a HUC-4
basin (Wabash) over a nine year period. Science of the Total Environment 738, 140221. https://doi.org/10.1016/j.scitotenv.
2020.140221.

First received 23 May 2021; accepted in revised form 21 July 2021. Available online 4 August 2021
a.silverchair.com/wpt/article-pdf/16/4/1434/1102048/wpt0161434.pdf

http://dx.doi.org/10.1016/j.watres.2011.08.045
http://dx.doi.org/10.2166/wpt.2020.021
http://dx.doi.org/10.2166/wpt.2020.021
http://dx.doi.org/10.1016/j.watres.2015.02.055
http://dx.doi.org/10.1016/j.watres.2015.02.055
http://dx.doi.org/10.1016/j.watres.2017.12.029
http://dx.doi.org/10.1016/j.watres.2017.12.029
https://www.epa.gov/dwreginfo/stage-1-and-stage-2-disinfectants-and-disinfection-byproducts-rules
https://www.epa.gov/dwreginfo/stage-1-and-stage-2-disinfectants-and-disinfection-byproducts-rules
https://www.epa.gov/dwreginfo/stage-1-and-stage-2-disinfectants-and-disinfection-byproducts-rules
https://www.epa.gov/waterdata/nhdplus-national-hydrography-dataset-plus
https://www.epa.gov/waterdata/nhdplus-national-hydrography-dataset-plus
https://www.epa.gov/waterdata/nhdplus-national-hydrography-dataset-plus
https://echo.epa.gov/
https://echo.epa.gov/
https://www.epa.gov/dwucmr/occurrence-data-unregulated-contaminant-monitoring-rule#4
https://www.epa.gov/dwucmr/occurrence-data-unregulated-contaminant-monitoring-rule#4
https://www.epa.gov/dwucmr/occurrence-data-unregulated-contaminant-monitoring-rule#4
https://va.water.usgs.gov/webmap/shenmap/
https://va.water.usgs.gov/webmap/shenmap/
https://va.water.usgs.gov/webmap/shenmap/
https://water.usgs.gov/GIS/huc.html
https://water.usgs.gov/GIS/huc.html
http://dx.doi.org/10.1016/j.scitotenv.2017.05.078
http://dx.doi.org/10.1016/j.scitotenv.2017.05.078
https://doi.org/10.13021/orc2020/YIQTTG
https://doi.org/10.13021/orc2020/YIQTTG
https://doi.org/10.13021/orc2020/YIQTTG
http://dx.doi.org/10.1039/C9EW00326F
http://dx.doi.org/10.1039/C9EW00326F
http://dx.doi.org/10.1016/j.scitotenv.2020.140221
http://dx.doi.org/10.1016/j.scitotenv.2020.140221

	Temporal variations of de facto wastewater reuse and disinfection by-products in public water systems in the Shenandoah River watershed, USA
	INTRODUCTION
	METHODS
	RESULTS AND DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	FUNDING
	DATA AVAILABILITY STATEMENT
	REFERENCES


